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Molecular analyses of the protease-resistant prion protein (PrPres) from a few natural scrapie isolates
showed by Western blotting some partial similarities with those observed in experimental ovine bovine
spongiform encephalopathy (BSE). They showed a low apparent molecular mass of unglycosylated PrPres,
although diglycosylated PrPres was less abundant than in ovine BSE. The prototype of such cases is the CH1641
experimental scrapie isolate. We analyzed PrPres molecular features from three French natural “CH1641-like”
isolates, in comparison with CH1641 and BSE, after transmission of the disease in ovine transgenic mice
(TgOvPrP4). One of these isolates (TR316211) behaved like the CH1641 isolate, with PrPres features in mice
similar to those in the sheep brain. From two other isolates (O100 and O104), two distinct PrPres phenotypes
were identified in mouse brains, with either high (h-type) or low (l-type) apparent molecular masses of
unglycosylated PrPres, the latter being similar to that observed with CH1641, TR316211, or BSE. Both
phenotypes could be found in variable proportions in the brains of the individual mice. In contrast with BSE,
l-type PrPres from “CH1641-like” isolates showed lower levels of diglycosylated PrPres. From one of these cases
(O104), a second passage in mice was performed for two mice with distinct PrPres profiles. This showed a
partial selection of the l-type phenotype in mice infected with a mouse brain with predominant l-type PrPres,
and it was accompanied by a significant increase in the proportions of the diglycosylated band. These results
are discussed in relation to the diversity of scrapie and BSE strains.

Prion diseases, such as Creutzfeldt-Jakob disease in humans,
scrapie in sheep and goats, and bovine spongiform encephalopa-
thy (BSE) in cattle, are closely associated with the accumulation
in infected tissues of an abnormal form of a host-encoded cellular
prion protein (PrP C) (34). This disease-associated form of the
protein (PrPd) differs from the normal form in its biochemical
properties, including insolubility in nondenaturing detergents
and partial resistance to degradation by proteases. Whereas
the normal protein is fully sensitive to proteases (PrPsen), the
abnormal prion protein is only partly degraded (PrPres), with
its amino-terminal end being removed. The exact relationship
between the infectious agent allowing the transmission of the
disease and the prion protein remains controversial (13, 31,
34), but the expression of the prion protein is required for the
development of the clinical disease, as demonstrated by trans-
mission studies in mice devoid of the prnp gene encoding the
mouse prion protein (12). A major hallmark of these diseases
is the existence of different strains essentially defined by dif-
ferent features of the disease, including differences in the in-
cubation periods and in the distributions of brain lesions, as
shown by transmission experiments in mice of different geno-
types (21). This has been related to some extent with the
biochemical and biophysical properties of the disease-associ-
ated PrP protein, which might be related to the conformation
of the protein (6, 7, 14, 30, 35–37, 40, 41).

Until recently, in contrast with the diversity of experimen-
tal strains originating from scrapie, the infectious agent
involved in BSE in cattle was thought to be extremely uni-

form and stable following transmission to other species and
to be linked to the infection by a single major strain (9, 10).
A typical molecular signature of the BSE agent was identi-
fied by PrPres Western blot analysis (3, 14, 23, 30, 38, 42).
These were the first experimental data to suggest a relation-
ship between the variant form of Creutzfeldt-Jakob disease
in humans and the BSE agent infecting cattle (14), which
was later confirmed by the analysis of the pathogenic behav-
ior of the infectious agent following transmission of the
disease in wild-type mice (11). Such an approach has also
made it possible to search for the possible transmission of
the BSE agent under natural conditions in animals, such as
sheep and goats (3, 22, 23, 33, 38, 39, 42). This recently led
to the identification of the first, and so far unique, case of
prion disease in a goat with molecular and biological prop-
erties similar to that found in BSE (18). Although still un-
confirmed by bioassay, another case in a goat with molecular
properties indistinguishable from BSE was recently re-
ported in the United Kingdom (26).

However, a few cases of transmissible spongiform encepha-
lopathies (TSEs) that showed partial similarities to experimen-
tal ovine BSE were described in sheep. This was first demon-
strated in the CH1641 experimental scrapie isolate, originally
isolated from a British scrapie case and then maintained by
serial transmissions in sheep (20, 24). This experimental isolate
was characterized by a lower apparent molecular mass of un-
glycosylated PrPres, very close to that found in ovine BSE (3,
24, 38). Similarly, we previously reported two cases (O100 and
O104) with similar properties within a French scrapie-infected
flock, although detailed analysis by both Western blotting and
immunohistochemistry also revealed features different from
those of ovine BSE in these cases (32). In both experimental
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(CH1641) and natural (O100 and O104) situations, molecular
characterization using an immunohistochemical approach has
been helpful for discrimination of these isolates from BSE
(25, 32).

The usefulness of transgenic mice expressing the ovine prion
protein for the detection and characterization of the infectious
agent involved in sheep prion diseases has been emphasized by
several studies in recent years (2, 16, 17, 43). The transmission
in TgOvPrP4 ovine transgenic mice of the CH1641 isolate, which
had previously consistently failed to transmit to wild-type mice,
was previously reported (24). We now report the detailed molec-
ular characterization of PrPres proteins of three similar French
natural TSE isolates (O100, O104, and TR316211) following the
transmission of the disease in TgOvPrP4 mice, in comparison
with CH1641, all of them sharing some molecular similarities with
ovine BSE regarding the low apparent molecular mass of ungly-
cosylated PrPres.

MATERIALS AND METHODS

TSE sheep isolates. TSE sheep isolates included the CH1641 experimental
scrapie isolate (kindly provided by N. Hunter, Institute for Animal Health,
Edinburgh, United Kingdom) and three unusual French natural TSE isolates.
Molecular analyses of CH1641 transmitted to TgOvPrP4 ovine transgenic mice
have been previously described (2). The three natural isolates were two
V136R154Q171 homozygous sheep diagnosed with TSE in 1996 and 1997 within a
scrapie-infected flock (32) in Pyrénées-Atlantiques and a case identified in 2003
in an A136R154Q171 homozygous sheep in another region of France (Allier). The
last isolate also showed, as previously described in experimental ovine BSE (2),
a low apparent molecular mass of unglycosylated PrPres (0.1 to 0.4 kDa lower
than in cattle BSE) and reduced PrPres labeling with P4 monoclonal antibody.

Mouse lines and experimental infections. The ovine transgenic mouse line
TgOvPrP4 expressing the ovine prion protein (A136R154Q171 sequence) under
the control of the neuron-specific enolase promoter on a murine prnp null
background has been previously described (17). The mice were cared for and
housed according to the guidelines of the French Ethical Committee (decree
87-848) and European Community Directive 86/609/EEC. Experiments were
performed in the biohazard prevention area (A3) of the authors’ institution with
the approval of the Rhône-Alpes Ethical Committee for Animal Experiments.

Four- to 6-week-old female mice were inoculated intracerebrally with 10%
(wt/vol) brain homogenates in 5% glucose in distilled water (20 �l per animal),
and the brains were sampled at the terminal stage of the disease or after death
of the animal for intercurrent disease or ageing. The whole brain of every second

mouse was frozen and stored at �80°C before Western blot analysis, and the
other brains were fixed in 4% paraformaldehyde for histopathological studies.

Extraction of PrPres. PrPres was obtained following concentration by ultracen-
trifugation, as previously described (4). Dissociation of half of the mouse brain
after sagittal section was performed in 5% glucose in distilled water (10%
[wt/vol]), using disposable blenders, and complete homogenization was obtained
by forcing the brain suspension through a 0.4-mm-diameter needle. A 330-�l
volume was brought to 1.2 ml in 5% glucose before incubation with proteinase
K (10 �g/100 mg brain tissue; Roche) for 1 h at 37°C. N-Lauroyl sarcosyl (30%;
600 �l; Sigma) was added. After incubation at room temperature for 15 min,
samples were centrifuged at 100,000 � g for 2 h on a 10% sucrose cushion in a
Beckman TL100 ultracentrifuge. The pellets were resuspended and heated for 5
min at 100°C in 50 �l TD4215 denaturing buffer (4% sodium dodecyl sulfate, 2%
�-mercaptoethanol, 192 mM glycine, 25 mM Tris, 5% sucrose).

In some experiments, deglycosylation was performed using peptide:N-glycosi-
dase F (PNGase) (kit P07043; BioLabs). Denatured samples of PrPres in TD4215
buffer (1 to 2 �l) were mixed with denaturing buffer from the PNGase kit, G7
buffer, NP-40, and PNGase according to the manufacturer’s instructions. After
incubation at 37°C for 1 h, samples were ready for Western blot analysis, fol-
lowing appropriate dilution in TD4215 buffer.

Western blot analysis. Samples were run in 15% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and electroblotted to nitrocellulose mem-
branes in transfer buffer (25 mM Tris, 192 mM glycine, 10% isopropanol) at a
constant 400 mA for 1 h. The membranes were blocked for 1 h with 3% bovine
serum albumin in phosphate-buffered saline–Tween 20 (0.1%) (PBST). After
two washes in PBST, the membranes were incubated (1 h at room temperature)
with the monoclonal antibody Bar233 (1/5,000; kindly provided by J. Grassi,
C. E. A.-Saclay) or P4 (0.2 �g/ml; r-biopharm, Germany) against the ovine PrP
sequences 144-FGNDYEDRYYRE-155 and 89-GGGGWGQGGSHSQWNK-
104 PrP, respectively (32). After three washes in PBST, the membranes were
incubated (30 min at room temperature) with peroxidase-labeled conjugate anti-
mouse immunoglobulin G (heavy and light chains; 1/2,500 in PBST) (reference
1010-05; Clinisciences). Streptavidin (5 ng/ml; S5512) was added to the conjugate
solution. After three washes in PBST, bound antibodies were detected either on
films after exposure of the membranes to Kodak Biomax MR films (Sigma) using
ECL (Amersham) chemiluminescent substrate or, for quantitative studies, by
direct capture with the Versa Doc (Bio-Rad) analysis system using a Supersignal
(Pierce) chemiluminescent substrate. Quantitative studies were performed using
Quantity One (Bio-Rad) software following at least three independent runs of
the samples. Glycoform ratios were expressed as mean percentages (� standard
deviations) of the total signal for the three PrPres glycoforms, and the apparent
molecular masses were evaluated by comparison of the positions of the PrPres

bands with a biotinylated marker (B2787; Sigma). The intensities of PrPres

signals obtained with Bar233 or P4 antibody were compared by quantification of
total PrPres signals obtained with both antibodies.

TABLE 1. TSE sources transmitted to TgOvPrP4 ovine transgenic micea

TSE source Breed PrP genotypeb Survival period (days p.i. �mean � SD�) PrPd-positive
micec

Sheep isolates
CH1641 Cheviot AxQ/AxQ 245 � 17 (p1) 12/12

220 � 31 (p2) 11/11
O100 Manech tête rousse VRQ/VRQ 364 � 61 12/12
O104 Manech tête rousse VRQ/VRQ 248 � 50 (p1) 10/10

204 � 6 (p2 from a PrPres l-type mouse) 13/13
238 � 29 (p2 from a PrPres h-type mouse) 13/13

TR316211 Unknown ARQ/ARQ 235 � 26 8/8

Experimental strainsd

Chandler 396 � 100 9/9
C506M3 333 � 26 11/11
87V 258 � 44 10/10
79A 342 � 20 12/12
BSE 375 � 51 12/12

a Incubation periods of the disease and results of detection of disease-associated PrP by Western blotting or immunohistochemistry are shown.
b Amino acids 136, 154, and 171.
c Number of positive mice/number of mice examined by Western blotting or immunohistochemistry.
d Second passage in TgOvPrP4 mice from previously reported primary passage (2).
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RESULTS

Two distinct molecular behaviors of “CH1641-like” isolates
in TgOvPrP4 ovine transgenic mice. We transmitted the dis-
ease by intracerebral inoculation in TgOvPrP4 ovine trans-
genic mice of three natural sheep TSE isolates (O100, O104,
and TR316211) and one from the CH1641 experimental
scrapie source. These four isolates showed a lower apparent
molecular mass of unglycosylated PrPres in sheep brain than in
cattle BSE and reduced PrPres labeling by P4 monoclonal an-
tibody, as found in experimental ovine BSE. The transmission
results, with mean survival periods and detection of PrPd as-
sessed by Western blotting or immunohistochemistry, are given
in Table 1, showing that these four isolates were efficiently
transmitted to ovine transgenic mice.

We then examined the PrPres Western blot profile from each
of the positive mice available for Western blot analysis. The
results (Fig. 1) showed two distinct behaviors depending on the
isolate. For both TR316211 natural and CH1641 experimental
TSE isolates, all the mice showed similar PrPres patterns, with
Bar 233 antibody directed against the 144-to-155 ovine PrP
sequence, characterized by a low apparent molecular mass of
unglycosylated PrPres (	18.5 to 19.0 kDa) (Fig. 1A and B); in
comparison with a PrPres control from TgOvPrP4 mice in-
fected with the C506M3 scrapie strain, the apparent molecular
mass of the unglycosylated PrPres was 0.5 to 1 kDa lower in
mice infected with the TR316211 isolate. This was associated
with strongly reduced labeling by P4 antibody, directed against
the 93-to-99 ovine PrP sequence, compared to that observed
with Bar233 antibody.

In contrast, not all of the mice infected with the O100 or
O104 isolate (Fig. 1C) showed the same molecular pattern
with Bar 233 antibody. More precisely, Western blot analyses

showed the possible presence of two PrPres species, character-
ized by a higher (h-type) or a lower (l-type) apparent molec-
ular mass of unglycosylated PrPres, in variable proportions
depending on the individual mice. In some mice, both types
could be detected (Fig. 1C, lane 4), while in other mice a
marked preponderance of one of the two types was observed
(Fig. 1C, lanes 2 and 3). While l-type PrPres had an apparent
molecular mass similar to that found in CH1641-infected mice,
h-type PrPres was similar to that found in C506M3-infected
mice. Such differences between individual mice were also de-
tected between the different mice after deglycosylation by
PNGase treatment (Fig. 2A). This was also associated with
reduced labeling by P4 monoclonal antibody in mice with l-type
PrPres, including after PNGase treatment (Fig. 2B). A P4-
labeled PrPres population, however, could be detected in all of

FIG. 1. Western blot features of PrPres detected with Bar233 anti-
body in individual TgOvPrP4 mice infected with CH1641 (A),
TR316211 (B), or O104 (C) sheep isolates, shown in lanes at the right
of the molecular mass marker (M). PrPres from TgOvPrP4 mice in-
fected with C506M3 is shown in the lane to the left of the molecular
mass marker in each panel. The bars on the left of the panel indicate
the 29.0- and 20.1-kDa marker positions.

FIG. 2. Western blot features of PrPres after PNGase deglycosyla-
tion in TgOvPrP4 mice infected with BSE (lane 1), C506M3 (lane 2),
and O104 at first passage (lanes 3 to 7). The O104-infected samples in
lanes 3 to 7 are from the same mice as those in Fig. 1C, lanes 3, 2, 5,
1, and 4, respectively. PrPres was detected with Bar233 (A) and P4
(B) monoclonal antibodies. The bars on the left of the panels indicate
the 20.1- and 14.3-kDa marker positions.

FIG. 3. Western blot features of PrPres in TgOvPrP4 mice infected
with, from the left to the right lanes in each panel, BSE, CH1641,
TR316211, O104, and O100. In the last two cases, the samples were
from one of the inoculated mice showing predominant l-type PrPres.
PrPres was detected by Bar233 (A) and P4 (B) antibodies. The bars on
the left of the panels indicate the 29.0-, 20.1-, and 14.3-kDa marker
positions.
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the mice following sufficient exposure of the blots, but contrary
to what was observed with Bar 233 antibody in those mice that
showed a mixture of the two PrPres types, the unglycosylated
PrPres always appeared as a single h-type band, as observed in
the C506M3 scrapie strain control. These data are consistent
with the preferential detection of h-type PrPres by P4 antibody.

Using Bar 233 and P4 antibody, l-type PrPres from mice
infected with the three natural TSE isolates or with experimen-
tal scrapie CH1641 behaved similarly to PrPres in mice infected
with experimental ovine BSE on the bases of the apparent
molecular masses of unglycosylated PrPres and reduced PrPres

labeling by P4 monoclonal antibody (Fig. 3). Analysis of the

glycoform proportions, however, showed, as in sheep isolates,
lower proportions of the diglycosylated band in mice infected
with the three natural TSE isolates and with CH1641 (Fig. 4B)
than in BSE-infected mice (Fig. 4A).

Partial selection of the two PrPres phenotypes following a
second passage in ovine transgenic mice. We then studied, in
comparison with the CH1641 isolate, the behavior at the sec-
ond passage in TgOvPrP4 mice of one of the natural isolates
(O104), which showed variable PrPres Western blot profiles
among the different infected mice at the first passage. Two
different mice from the first passage of O104 were chosen, one
with only l-type PrPres detectable (“l-type mouse”) (Fig. 1C,

FIG. 4. Glycoform ratios (means � standard deviations) of PrPres detected in TgOvPrP4 mouse brains with Bar 233 antibody. (A) Means
obtained from all of the Western blot-positive mice (five or six) of the experimental groups at the second passage for experimental scrapie or BSE
strains derived from mouse-adapted strains and for CH1641. (B) Means obtained from each of the individual mice with l-type PrPres in the
experimental groups at the first passage of CH1641 (yellow diamonds), TR316211 (green diamonds), O100 (pink square), and O104 (blue squares).
(C) Means obtained from each of the individual mice with l-type PrPres of the experimental groups infected at the first (blue squares) or second
(pink squares) passage from isolate O104 or at the second passage from mouse-adapted BSE (red diamonds).
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lane 3) and the other one (“h-type mouse”) with predominant
h-type PrPres (Fig. 1C, lane 2). As summarized in Table 1,
transmission results showed a slightly shortened incubation
period at the second passage (10 to 44 days difference in the
mean incubation periods) and, for the O104 isolate, also indi-
cated that the incubation period was significantly shorter (P 

0.0002) and less variable in mice inoculated with the first pas-
sage l-type mouse (204 � 6 days postinoculation [p.i.]) than
with the first passage h-type mouse (238 � 29 days p.i.). These
incubations are in the same range as those observed with the
CH1641 isolate (220 � 31 days p.i. at the second passage).

As for analysis of the PrPres profiles with Bar233 antibody,
all but one (six of seven) of the mice inoculated with the l-type
mouse (group 1) showed a single band corresponding to l-type
PrPres, and all of the mice (six of six) (group 2) inoculated with
predominant h-type PrPres showed a mixture of the two PrPres

types. This was shown by the analysis of the apparent molec-
ular masses using Bar 233 antibody (Fig. 5A and B) and by P4
labeling, which showed recognition of the single h-type PrPres

band (Fig. 5C and D). All the mice inoculated with CH1641 at
the second passage, as at the first passage, had l-type PrPres.

Molecular comparisons of l-type PrPres in mice infected
with “CH1641-like” natural isolates or with experimental
scrapie and BSE sources. Finally, we compared the PrPres

electrophoretic patterns in mice with l-type PrPres with that
found in a panel of experimental scrapie or BSE sources orig-
inating from scrapie or BSE strains previously adapted in wild-
type mice and then transmitted to TgOvPrP4 ovine transgenic
mice. Analyses were performed at the second passage in
TgOvPrP4 mice in order to reproduce the absence of a species
barrier during transmission of sheep isolates to ovine trans-
genic mice. The transmission results from these experiments
are summarized in Table 1.

In each of these experimental groups, PrPres profiles were
similar in all the individual mice, and for each strain, they were
similar at this second passage in TgOvPrP4 mice to those
previously described at the first passage. This implies that the
87V scrapie strain and BSE shared an l-type PrPres, as shown

with Bar 233 antibody (Fig. 6A), that was poorly reactive with
P4 antibody (Fig. 6B), which thus appears comparable, regard-
ing the PrPres cleavage, to the situation in some (O100 and
O104) or all (TR316211 and CH1641) of the mice infected
with “CH1641-like” sheep TSE samples. In contrast, mice in-
fected with the C506M3, Chandler, and 79A scrapie strains
showed higher apparent molecular masses of unglycosylated
PrPres and strong PrPres labeling by P4 antibody.

As for glycoform ratios, BSE was heavily diglycosylated and
Chandler and 79A were poorly diglycosylated, while 87V,
C506M3, and CH1641 shared close and intermediate levels of
diglycosylated PrPres (Fig. 4A). Glycoform ratios in mice with
l-type PrPres infected with “CH1641-like” isolates were similar
to those observed with the 87V, C506M3, and CH1641 scrapie
sources (Fig. 4B). However, a major change occurred at the
second passage performed from the O104-inoculated mice
with l-type PrPres (Fig. 4C). This led to a shift toward signifi-
cantly higher levels (P � 0.0001) of the diglycosylated band,
although these proportions remained significantly lower (P �
0.0001) than those found in BSE-infected mice (Fig. 6C).

DISCUSSION

We report the analysis in ovine transgenic mice (TgOvPrP4)
of several natural TSE isolates identified in France, the study
of which had been triggered by the observation of similarities
with experimental ovine BSE in regard to some of the molec-
ular features of PrPres. The situation of these isolates was not
unprecedented, since a well-known scrapie isolate (CH1641),
identified decades ago in the United Kingdom and then used
for experimental studies of scrapie, had been shown by West-
ern blot analysis to present similar features (24). While the last
experimental source had always failed to be transmitted to
wild-type mice, the associated strain of TSE agent could not be
studied by such methods (20, 24). We previously reported that
TgOvPrP4 mice allowed efficient transmission of CH1641 and
maintained the PrPres features initially described in the sheep
brain (2). By Western blotting, only some subtle differences
from ovine BSE were found, the most obvious being the pro-
portions of the different PrPres glycoforms. As previously de-

FIG. 5. Western blot features of PrPres detected with Bar233 (A
and B) or P4 (C and D) antibody in TgOvPrP4 mice infected with
O104 isolate at the second passage. (A and C) PrPres from the seven
mice inoculated with an l-type PrPres mouse at the first passage; the left
lanes (Ch) show a PrPres control from one of the other six mice
inoculated with predominant h-type. (B and D) PrPres from the six
mice inoculated with predominant h-type PrPres; the right lanes (Cl)
show l-type PrPres from one of the other seven mice inoculated with
l-type PrPres. The bars on the left of the panels indicate the 29.0- and
20.1-kDa marker positions.

FIG. 6. Western blot features of PrPres in TgOvPrP4 mice infected
with CH1641 isolate (lane 1) and with Chandler, 87V, 79A, BSE, and
C506 strains (lanes 2 to 6, respectively) at the second passage in
TgOvPrP4 mice. PrPres was detected by Bar233 (A) and P4 (B) anti-
bodies. The bars on the left of the panels indicate the 29.0- and
20.1-kDa marker positions.
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scribed, at different passages during serial transmission of
CH1641 in sheep (25), proximity between CH1641 and BSE in
the apparent molecular masses of PrPres bands and in PrPres

labeling by P4 antibody were demonstrated during two succes-
sive passages in TgOvPrP4 mice. All of our previous experi-
ments with TgOvPrP4 mice had shown, and the present study
confirms, that these mice faithfully reproduce the PrPres mo-
lecular features of the inoculated sources (2, 16), even follow-
ing cross-species transmissions, such as scrapie and BSE from
wild-type mice (2) or BSE from cattle (15). We have now
extended our initial observations with the CH1641 source, and
we report that a natural sheep TSE isolate (TR316211) showed
the same molecular behavior in TgOvPrP4 mice.

Two other French natural TSE isolates (O100 and O104)
from the same scrapie-infected flock were previously shown to
exhibit molecular features comparable to those of the CH1641
isolate (32). These two isolates, however, showed a distinct and
puzzling behavior after transmission in TgOvPrP4 mice with
the presence of two PrPres types, either “CH1641-like,” i.e.,
with a low apparent molecular mass of unglycosylated PrPres

(l-type), or with a higher apparent molecular mass of unglyco-
sylated PrPres (h-type) and thus comparable to most classical
scrapie cases (3, 23, 33, 38, 42). Whereas both molecular types
could be identified in variable proportions depending on the
individual mouse, the l-type phenotype could be more clearly
separated by a second passage in ovine transgenic mice. Al-
though this could be suggested by our data, it is presently
unknown whether these two molecular phenotypes represent
two distinct prion strains, a concept which has been based on
the analysis of the phenotype of the disease (incubation peri-
ods, distribution and nature of brain lesions, and molecular
features of PrPres) following transmission in wild-type mouse
lines. While further studies are being considered to analyze the
histopathological features in these ovine transgenic mice com-
pared to scrapie and BSE strains, it is nevertheless not possible
to rely on a large background of knowledge of prion strains, as
in wild-type mice. Interestingly, as previously described for the
CH1641 isolate, we failed in our attempts to transmit the
disease from one of these three natural isolates (O100) in both
RIII and C57BL/6 mice. It also cannot be established from our
data whether the strains associated with l-type PrPres are iden-
tical in the three French natural isolates and in CH1641, al-
though in TgOvPrP4 mice, their associated molecular features
are quite similar and their incubation periods were in the same
range (	200 to 250 mean incubation periods), at least at the
second passage.

The possible existence of a mixture of strains from a single
scrapie case, which can only be separated by biological cloning,
has been documented following bioassay in mice or hamsters
(9, 10, 27). The best-studied example, however, has been that
originating from transmissible mink encephalopathy, which al-
lowed the isolation of two strains (HY and DY) characterized
by major differences in clinical signs and incubation periods of
the disease in a hamster model (8). This was found to be
associated with distinct biochemical properties of PrPres, in-
cluding a 1- to 2-kDa-faster migration of DY PrPres (	19 kDa)
than of HY PrPres (	21 kDa), identified by Western blotting,
associated with different cleavage sites for proteinase K and
different �-sheet conformations (6, 7, 13). In some experi-
ments, a mixture of the 	19- and 	21-kDa PrPres proteins

could be identified, associated with a mixture of clinical signs (5).
These data strongly resemble our molecular data in TgOvPrP4
mice following inoculation of the two unusual sheep isolates,
O100 and O104. A major difference with transmissible mink
encephalopathy studies, however, lies in the fact that our ex-
periments did not involve any species barrier associated with a
different prnp sequence of the experimental model. This favors
the hypothesis that the two phenotypes found in mice could
be the result of the presence of two strains in sheep as well,
rather than of a possible change associated with the experi-
mental model.

Detailed analysis of the two sheep brains for which such
puzzling observations were made (O100 and O104) dismissed
the idea that such sheep could represent BSE in sheep (32). In
addition to the subtle differences observed by Western blot-
ting, such as the lower proportions of diglycosylated PrPres and
more intense PrPres labeling by P4 monoclonal antibody, the
most obvious differences were revealed by epitope mapping of
PrPd by immunohistochemistry using different antibodies
against different PrP regions. Unlike ovine BSE, strong intra-
neuronal P4 labeling was indeed observed in some brain stem
nuclei, but not in others. Given the results obtained in ovine
transgenic mice, it is tempting to speculate that this could have
been the result of the presence of the two PrPres phenotypes in
sheep brains as well, which might possibly be present in differ-
ent brain stem nuclei. This would be consistent with the inter-
mediate PrPres P4 labeling observed by Western blotting. Im-
portantly, during the second passage in TgOvPrP4 mice, which
is not affected by variations in infectious titers in the sheep
brain, this incubation period was significantly shorter than that
found following BSE transmission in the mouse model. These
data suggest a major biological difference between l-type-asso-
ciated strains and BSE in these experiments. Although we
cannot fully exclude the possibility that the BSE strain prop-
erties might be affected by passage in sheep, as was recently
demonstrated (19), incubation periods at the second passage
from ovine BSE were in the same range (more than 300 days
p.i.) as those here shown for BSE initially derived from mouse-
adapted BSE. It should be noted, however, that, intriguingly,
after a second passage in TgOvPrP4 mice from an l-type mouse
brain infected with the O104 isolate, an increase in the pro-
portions of the diglycosylated PrPres occurred, and molecular
differences from BSE, although still statistically significant,
were less important. It is unknown whether this reflects the
selection process of l-type PrPres, allowing accurate identifica-
tion of the intrinsic properties of this PrPres form, or a genuine
molecular change. Such a phenomenon, however, was not ob-
served in scrapie sources derived from mouse-adapted exper-
imental scrapie strains. This reinforces the need to initiate
studies to characterize the infectious agent present in these
mice infected with “CH1641-like” isolates at different passages
in comparison with BSE and CH1641. The availability of
TgOvPrP4 mouse brain tissues with different molecular fea-
tures offers some opportunities for further attempts to transmit
and characterize the involved strain(s) of infectious agent.

Together with the observation that 87V led to an incubation
period shorter than those of other strains and in the same
range as the “CH1641-like” isolates, further examination of
possible similarities between these strains is required. It is
indeed puzzling that 87V is the only scrapie strain that showed
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some molecular similarities with BSE in wild-type mice (29, 30,
36) that were also reproduced in TgOvPrP4 mice (2). 87V
transmits to wild-type mice, but in C57BL mice with the sinc s7
allele, incubation periods are very long (�700 days p.i.) and
some mice do not develop the disease during their life spans
(9). We previously emphasized the intriguing common behav-
iors of 87V, CH1641, and BSE regarding their unusual inter-
actions with the genetic background of the host (1). The
CH1641 isolate has been considered in different studies to be a
prototype of a particular group of scrapie strains (“C” strains)
(20, 24).

Although isolates with such molecular features have rarely
been reported (24, 32), the precise prevalence of this molecu-
lar phenotype in sheep is presently unknown. Furthermore,
our data question the possibility that they might coexist within
a mixture of strains that could in some cases prevent their
identification by current discriminatory molecular methods.
The identification and characterization of this particular phe-
notype could only be achieved by initiating transmission stud-
ies in a transgenic mouse model. Interestingly, a recent study
has shown the existence of two distinct PrPres phenotypes in
cattle that had been intracerebrally inoculated with a British
scrapie brain pool collected in the 1990s (28). These two phe-
notypes, which differed between animals or, in one case, in the
brain from a single animal, clearly recall the results obtained
here in TgOvPrP4 mice. In a second experiment with a scrapie
brain pool prepared from 11 sheep collected prior to 1975, all
inoculated cattle showed PrPres with low apparent molecular
masses, close to that of BSE. Experiments with the post-1990
brain pool showing five of seven animals with high apparent
molecular masses of unglycosylated PrPres, however, demon-
strated that such molecular changes were not necessarily asso-
ciated with sheep-cattle transmission and with the presence of
the bovine prnp gene of the experimental host. Such a possi-
bility could have been considered following the finding of l-
type PrPres after transmission, with long incubation periods, of
three scrapie isolates in bovine transgenic mice (19). Since
experiments in cattle were performed with a scrapie brain pool
prepared from a limited number of sheep and since both
scrapie pools showed a Western blot PrPres pattern like those
of most scrapie cases (“h-type”), these data could suggest that
TSE sources associated with l-type PrPres might be more fre-
quent in sheep than expected and/or highly pathogenic for
cattle.
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