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The susceptibility of sheep to scrapie is known to involve, as a major determinant, the nature of the prion
protein (PrP) allele, with the VRQ allele conferring the highest susceptibility to the disease. Transgenic mice
expressing in their brains three different ovine PrPVRQ-encoding transgenes under an endogenous PrP-
deficient genetic background were established. Nine transgenic (tgOv) lines were selected and challenged with
two scrapie field isolates derived from VRQ-homozygous affected sheep. All inoculated mice developed neu-
rological signs associated with a transmissible spongiform encephalopathy (TSE) disease and accumulated a
protease-resistant form of PrP (PrPres) in their brains. The incubation duration appeared to be inversely
related to the PrP steady-state level in the brain, irrespective of the transgene construct. The survival time for
animals from the line expressing the highest level of PrP was reduced by at least 1 year compared to those of
two groups of conventional mice. With one isolate, the duration of incubation was as short as 2 months, which
is comparable to that observed for the rodent TSE models with the briefest survival times. No survival time
reduction was observed upon subpassaging of either isolate, suggesting no need for adaptation of the agent to
its new host. Overexpression of the transgene was found not to be required for transmission to be accelerated
compared to that observed with wild-type mice. Conversely, transgenic mice overexpressing murine PrP were
found to be less susceptible than tgOv lines expressing ovine PrP at physiological levels. These data argue that
ovine PrPVRQ provided a better substrate for sheep prion replication than did mouse PrP. Altogether, these
tgOv mice could be an improved model for experimental studies on natural sheep scrapie.

Sheep scrapie is the most common transmissible spongiform
encephalopathy (TSE) and naturally evolves following an in-
fectious mode. TSEs are a group of neurodegenerative dis-
eases which includes Creutzfeldt-Jakob disease (CJD) and
Gerstmann-Sträussler-Scheinker syndrome (both affecting hu-
mans), as well as bovine spongifom encephalopathy (BSE).
These diseases are characterized by the accumulation of an
abnormal isoform of the host prion protein (PrP) called PrPsc,
which is assumed to be responsible for the observed disorders
(38). The transmissible nature of TSE is attributed to yet
incompletely defined agents, designated prions, whose infec-
tiveness is intimately associated with PrPsc (13, 37, 39).

Experimental transmission to laboratory rodents has been
achieved with TSE agents from many naturally affected spe-
cies. Such studies have set forth the notion of species barrier
(16, 35, 38), which refers to the resistance to disease encoun-
tered following experimental inoculation with TSE agent de-
rived from a foreign species. This resistance is manifested by
either a lack of or an incomplete disease transmission associ-
ated with prolonged and heterogeneous incubation times prior
to clinical disease. The adaptation of a TSE agent to its new
host requires one or more passages, and a strain showing stable

properties usually results upon further passaging in the same
host. Multiple strains have been derived from TSE isolates
(including isolates from sheep); these strains differ by their
incubation times in various inbred mouse lines and by their
neuropathological manifestations in affected brains (4, 5, 11,
17).

There is compelling genetic evidence that transmission of
TSEs is tightly controlled by the PrP-encoding gene (Prnp) (38,
40, 52). Apart from modulating the individual susceptibility to
the disease through natural polymorphism or mutation, PrP
appears to play a critical role in determining the prion host
range. Transgenetic studies have shown that the species barrier
encountered during transmission from hamster to mice is over-
come by introducing the hamster Prnp gene into recipient
wild-type mice (36, 43). This observation has provided the
rationale for the production of transgenic mice exhibiting an
enhanced susceptibility to human or bovine prions (9, 15, 27,
44, 48).

Such investigations, however, have revealed that the expres-
sion of a donor-derived PrP transgene may not always be
sufficient to erase the species barrier to TSE transmission. The
susceptibility of mice to foreign prions has been found to be
increased when a given PrP transgene is introduced into PrP
knockout mice, implying that the resident murine gene may
inhibit the propagation of the foreign prions (6, 48, 53). The
so-called interfering effect of endogenous mouse PrP on trans-
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mission of most human prions is strongly reduced in mice
expressing a chimeric mouse-human PrP transgene, suggesting
the possible involvement of additional, species-specific factors
in prion replication (47, 48). Though the transmission of classic
CJD agent is greatly enhanced in transgenic mice expressing
human PrP only, this is not the case for a variant CJD agent,
despite its primary structure being identical to that of the
human PrP, indicating that a strain-specific component may
contribute to the transmission barrier (15, 27). Finally, intro-
duction of a single-amino-acid change into the endogenous
murine PrP gene was recently reported to have removed most
of the human-to-mouse transmission barrier for a Gerstmann-
Sträussler-Scheinker syndrome case (33).

Sheep scrapie strain characterization and infectivity mea-
surement involve extensive use of mouse bioassays (5, 24).
These studies, however, are hampered by the facts that the
disease commonly requires between 1 and 2 years to develop
and that a number of isolates do not transmit easily to mice
(28). Recently, accelerated transmission of sheep scrapie to
transgenic mice overexpressing bovine PrP has been men-
tioned (45). In an effort to develop an improved model for the
experimental transmission of sheep scrapie, we have expanded
transgenic lines of mice which express ovine PrP. In sheep,
different Prnp alleles have been identified that closely modu-
late both the incidence and age of onset of natural or experi-
mental scrapie. Three codons (at positions 136, 154, and
171) act as major determinants of this susceptibility. The
136V154R171Q allele (where V, R, and Q stand for valine,
arginine, and glutamine, respectively) was found to confer the
highest susceptibility, whereas the 136A154R171R allele
(where A stands for alanine) was associated with an absolute
clinical resistance (2, 14, 20, 21, 29, 56). We report here that
the interspecies transmission of a TSE agent from sheep to
mice expressing the PrPVRQ allelic variant was greatly facili-
tated compared to that from sheep to conventional mice.

(A portion of this research was presented as part of the
Characterization and Diagnosis of Prion Diseases in Animal
and Man Symposium, Tübingen, Germany, September 1999.)

MATERIALS AND METHODS

Constructs. The tg1 construct was derived from the phgPrP half-genomic
vector (18) by inserting the ovine PrPVRQ open reading frame (ORF) in place of
the murine ORF. The ovine ORF was cloned by PCR using cDNA as a template
and GAGCCGATACCCCGGGCAGGGCAGTC and TCATCCCACGATGA
GAAAAATGAGG as the 59 and 39 primers. The 59 primer is homologous to the
region from positions 185 to 210 of the sheep Prnp cDNA (GenBank accession
no. M31313) and introduced a SmaI restriction site. The 39 primer is comple-
mentary to the 39 end of the ovine ORF (starting at nucleotide [nt] 818) and
includes 10 nt complementary to the murine Prnp sequence (nt 855 to 864,
GenBank accession no. M13685). Another PCR was performed using CCTCA
TTTTTCTCATCGTGGATGA and GGCTGTTTTCCAGGGCGCCATCCCC
as the 59 and 39 primers and phgPrP as a template, to amplify part of the 39
murine Prnp untranslated region (UTR). This 59 primer covers the same region
of the murine cDNA as the 39 primer did in the PCR described above, whereas
this 39 primer is complementary to the region from positions 1258 to 1282 of the
murine cDNA and contains a NarI restriction site. The two PCR products, the
ovine ORF and the murine 39 UTR, were mixed in a third PCR with both the 59
primer of the first PCR and the 39 primer of the second PCR in order to obtain
the ovine ORF linked to the murine 39 UTR. This product was cloned into
pUC19 and sequenced. The SmaI/NarI insert was released and inserted in place
of the murine SmaI/NarI partial cDNA within the phgPrP vector, leading to the
tg1 construct.

The tg2 construct was derived from tg1 by substituting the human cytomega-
lovirus (CMV) promoter for the murine PrP promoter. The tg1 construct was

first digested with SalI and BamHI, and the 8-kb internal fragment (encompass-
ing the tg1 transcription unit, the 39 flanking region, and part of the promoter)
was gel purified. This fragment was digested by SmaI, and the resulting 4.5-kb
SmaI/SalI and 3.5-kb BamHI/SmaI restriction fragments were isolated. The
3.5-kb fragment was further digested with EcoRI to derive a 1.9-kb EcoRI/SmaI
subfragment, encompassing part of intron 1 and the start of exon II of tg1, that
was in turn cloned into pPolyIII.I between the corresponding sites of the
polylinker (31). The recombinant vector was digested with SmaI and SalI, and
the above-mentioned 4.5-kb SmaI/SalI fragment, encompassing the end of exon
II and the 39 flanking region of tg1, was inserted into it. The resulting 6.4-kb
BamHI/SalI insert was excised. To substitute a BamHI site at the EcoRI site
located at intron 1 of the murine Prnp gene (nt 1695, GenBank accession no.
U52821) and to introduce an EcoRI site within the 59 UTR of exon I of this gene
(nt 1993), this region was amplified by PCR using phgPrP as the template, as well
as the primer 59 GACGAATTCTGGGCGCTGCG and the primer 39 GGAGG
ATCCTGCGCACCCGC. The PCR product was cloned into pUC19 and se-
quenced. This BamHI/EcoRI insert was subcloned into pPolyIII.I. The XhoI/
EcoRI human CMV promoter (positions 2675 to 175), isolated from the
pUHG17-1 plasmid (23), was inserted into this recombinant plasmid between the
SalI and EcoRI sites of the polylinker. The resulting 1.25-kb BamHI/NotI insert
was excised. Finally, the two above-mentioned 6.4-kb BamHI/SalI and 1.25-kb
BamHI/NotI inserts were ligated together within the SalI and NotI sites of
pPolyII (31), leading to the tg2 construct. The tg1 (see above) and tg2 inserts
were excised with NotI and SalI and gel purified for microinjection (51).

The tg3 construct was isolated from an ovine bacterial artificial chromosome
(BAC) library constructed with PrnpVRQ/VRQ ram brain DNA (50). The library
was screened by PCR using primers (59 CAGAAGGTAGTGGAACAAAAG
and 39 GCTAAGGACAACACAGAAGAG) that amplified a 160-bp internal
fragment of Prnp exon 3, as described previously (42). To evaluate possible
chimerism, the DNA from the isolated BAC clone was analyzed by fluorescent in
situ hybridization (FISH), as previously described (42). Location of the Prnp
transcription unit within the BAC insert was assessed by restriction mapping
analysis. Purification for microinjection of the BAC DNA insert following NotI
digestion was performed as previously described (46).

Generation of transgenic mice. Microinjection of the constructs directly into
oocytes derived from Prnp0/0 mice (7) was unsuccessful, due to a very low rate of
survival of these oocytes after injection. Subsequently, microinjection was per-
formed on pronuclei of (C57BL/6 3 CBA) 3 Prnp0/0 hybrid eggs. Tail biopsies
were taken 2 weeks after birth, and the genomic DNA was purified as previously
described (51). PstI-digested genomic DNA was size fractionated in 1% agarose
gels, transferred to Hybond N filters and hybridized with an [a-32P]dCTP-oligo-
nucleotide-labeled ovine and murine Prnp cDNA probe derived from tg1. This
probe recognizes both the transgene and the endogenous Prnp loci. Twelve, six,
and eight transgenic founder mice were obtained with transgenes tg1, tg2, and
tg3, respectively. Transgenic mice were backcrossed with Prnp0/0 mice in order to
establish the transgenes under a murine Prnp0/0 genetic background. This intro-
gression was performed for at least three generations.

Expression analysis of ovine Prnp transgenes. Northern blot analyses were
performed as described previously (51), using 20 mg of total RNA per sample.
Hybridization was carried out with an ovine and murine Prnp cDNA probe
derived from tg1. Ten percent brain homogenates were obtained using an Ultra-
Turrax Antrieb T25 in 0.32 M sucrose solution containing 0.5% Nonidet P-40
and 0.5% deoxycholic acid. Residual cell debris were removed by low-speed
centrifugation, and the total protein contents of the homogenates were deter-
mined by the Lowry procedure. Homogenate samples were subjected to sodium
dodecyl sulfate–13% polyacrylamide gel electrophoresis (SDS–13% PAGE) and
transferred onto nitrocellulose membranes. PrP bands were visualized using the
monoclonal antibody l42 (26) or 2D6 (41) and an enhanced chemiluminescence
detection system (ECL; Amersham). PrP contents were determined using a
Pharmacia LKB Imagemaster DTS scanning system.

Scrapie isolates. Brain materials derived from two sheep affected with natural
scrapie were used as a source of infectious agent: PG127/98 (referred to here as
PG127) from a Cheviot-Welsh sheep breed (Veterinary Laboratory Agency,
Addelstone, United Kingdom), and LA404 from a Romanov sheep (Institut
National de la Recherche Agronomique [INRA], Langlade, France). Both ani-
mals were homozygous for the VRQ allele. Brain tissue was homogenized at
10% (wt/vol) in a sterile 5% glucose solution using a Ribolyser cell disrupter
(Hybaid, Ashford, United Kingdom). Homogenates were kept at 280°C. Prior to
inoculation, they were heated at 80°C for 20 min to inactivate possible viral or
bacterial contaminants and sonicated for 1 to 2 min in a cup-horn apparatus.

Inoculation and determination of incubation period. Female and male mice
were kept in groups of 4 to 8 or 1 to 4 animals, respectively. Six- to 8-week-old
mice were inoculated intracerebrally with 20 to 25 ml of undiluted 10% brain
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homogenate using a 27-gauge disposable hypodermic needle inserted into the
right parietal lobe. In some experiments, dilutions of 10% homogenate in 5%
glucose were used. Sonicated, unheated 10% brain homogenates were used for
mouse-to-mouse passages. Beginning 1 month after inoculation, the mice were
examined for neurologic dysfunction every 2 days, and once the first clinical signs
were detected in a littermate, the mice were examined daily. Any animal whose
death was clearly imminent was killed by cervical dislocation, and its brain was
immediately removed and processed for histopathological examination and/or
detection of a protease-resistant form of PrP (PrPres). Brains from animals
found dead of scrapie (about 10% of animals) were also taken and processed for
PrPres detection. Surgical instruments were decontaminated by immersion in 1
N NaOH overnight and then subjected to two cycles of autoclaving at 136°C for
20 min. The mean incubation period—actually, the survival time—was calculated
as the interval between inoculation and death or the in extremis stage. Data for
a few animals who died of intercurrent disease, as assessed by the lack of PrPres
accumulation in Western blot analysis and/or of neurological symptoms, were
excluded from the analysis.

PrPres detection in brain homogenate. Brain homogenates (typically 200 ml of
10% brain homogenate) were digested for 1 h with 10 mg of proteinase K (PK)
per ml, and the reactions were stopped with 4 mM Pefabloc. After addition of
10% sarcosyl and 10 mM Tris-HCl (pH 7.4), samples were incubated for 15 min
at room temperature. They were centrifuged at 245,000 3 g for 30 to 45 min at
20°C on 10% sucrose cushions. Pelleted material was resuspended in sample
buffer, resolved by SDS–12% PAGE, and analyzed by immunoblotting. Visual-
ization and comparative quantification of PrPres signal were performed as de-
scribed for PrP.

Histopathological procedures. Fixed, paraffin-embedded mouse brains were
investigated by hematoxylin and eosin staining and immunohistochemistry as
described previously (25). After formic acid and treatment with PK (4 mg/ml),
followed by hydrated autoclaving, the slices were incubated with either mono-
clonal antibody (MAb) l42 for detection of ovine PrPres or an antibody to glial
fibrillary acidic protein (DAKO, Roskilde, Denmark).

RESULTS

Generation and expression analyses of transgenic mice. A
schematic representation of the transgenes tg1, tg2, and tg3,
designed for targeting expression of ovine PrPVRQ in mice, is
given in Fig. 1. tg3 corresponds to a 125-kb BAC insert. Re-
striction fragment analysis revealed that it contains around 40
and 60 kb of the 59 and 39 Prnp-flanking sequences, respec-
tively. FISH analysis showed that it maps to chromosome
13q17, as described previously (12), and that it is not chimeric.
Preliminary data indicate that this BAC insert contains at least
part of the Prnd (Doppel-encoding [34]) locus (data not
shown).

The constructs were microinjected into (C57BL/6 3 CBA) 3
Prnp0/0 hybrid eggs (see Material and Methods). Transgenic
mice were backcrossed with Prnp0/0 mice (6) in order to obtain
animals carrying the transgene on a murine Prnp knockout
genotype (48, 53). Expression analyses were performed on
;6-week-old mice heterozygous at the transgene locus. De-
tectable expression of the ovine PrP in the brain was revealed
by Western blot analyses of 3 of 11 tg1 lines, 4 of 6 tg2 lines and
8 of 8 tg3 lines. Nonexpressing lines were discarded, as was one
tg1-expressing line that carried the transgene close to the wild-
type murine Prnp locus, as assessed by the consistent cosegre-
gation of the two loci. The transgene of each of the 14 remain-
ing lines was introgressed for at least three generations onto
the murine Prnp0/0 genetic background, before reassessment of
its expression in each line. The expression levels did not differ
significantly from those observed in animals from the first
generation. As often occurs with the use of large DNA frag-
ments (19), expression of the tg3 construct was essentially site
independent and copy number related (Table 1 and data not
shown).

The tissue distribution of the expression of the transgenes
analyzed by Northern blotting was found to be similar for mice
bearing the same construct and was found to differ slightly for
animals carrying different constructs (data not shown). In all
lines, the highest level of ovine Prnp mRNA was observed in
the brain. Lower levels could be detected in other tissues. The
two Prnp mRNAs of 4.6 and 1.9 kb that occur in sheep tissues
(22) were observed in the tg3 mice (data not shown).

A striking feature common to all tg2 lines (CMV promoter)
was the occurrence of spontaneous neurological disorders. The
predominant phenotype included kyphosis and paresis of the
rear limbs, which led to complete paralysis as the animals aged.
Such an abnormal phenotype is reminiscent of earlier obser-
vations of mice carrying a high copy number of cosmid con-
structs encoding mouse, hamster, or sheep PrP (54, 55). How-
ever, a simple gene dosage effect is unlikely to explain the tg2
phenotype, since no evidence of spontaneous disorders was
found in any of the tg1 and tg3 lines, even at a higher PrP
expression level. A more complete description of tg2 mice will
be published elsewhere. Since the observed disorders did not
notably affect life expectancy, the same mice were used for
transmission experiments.

Susceptibility of tgOv(PrPVRQ) mice to natural sheep
scrapie. Two tg1, four tg2, and three tg3 lines (see Table 1)
were selected for transmission experiments, which were all
performed on Prnp0/0 mice heterozygous for the transgene.
Two scrapie field isolates from distant geographical origins
(isolate PG127, from the United Kingdom, and isolate LA404,
from France) were used (both from a diseased sheep homozy-
gous for the PrPVRQ allele). The mice were inoculated intra-
cerebrally with heated brain homogenate from either one of
these animals or from a healthy, presumably uninfected sheep.
Conventional mice, mice from a RIII congenic line or (C57BL/
6 3 129/Sv)F1 mice derived from congenic lines, as well as
mouse PrP transgenic mice (tga20 line [18]), were challenged
in the same way.

From the results summarized in Table 1, three main conclu-
sions could be drawn. (i) Complete (100%) disease transmis-
sion was observed in all nine PG127-inoculated and all three
LA404-inoculated tgOv lines. All mice showed acute neuro-

FIG. 1. Schematic representations of the ovine PrP-expressing con-
structs tg1, tg2, and tg3. The thin lines represent flanking and intronic
regions, as indicated. Ovine and murine exonic sequences are repre-
sented by the black and the white boxes, respectively. The gray box
indicates the human CMV (hCMV) promoter. E1, exon I.
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logical disorders typical of TSE before dying or being sacrificed
at a terminal stage. The survival curves were essentially
monophasic, and the latencies between inoculation and termi-
nal clinical symptoms displayed standard deviations on the
order of a few percentage points (Table 1 and data not shown).
All mock-inoculated animals (two tg1 lines, four tg2 lines, and
the tg328 line) remained free of scrapie. (ii) The brain PrP
content, which ranged from ,0.4- to 8-fold that in sheep brain
among the tgOv lines, had a potent effect on the time of
disease onset, i.e., mice with the highest steady-state level of
ovine Prnp gene expression had the shortest survival time and
vice versa. (iii) The observed survival times of tgOv mice were
markedly reduced (by at least 40%) compared to those of
wild-type RIII and (C57BL/6 3 129/Sv)F1 mice, and this was
true for both isolates. The sole exception was the tg116 line, a
result consistent with its very low level of transgene expression.

In the tg301 line, which expressed PrP at the highest level
(eightfold that of the sheep brain), the mean survival time was
dramatically shortened: 73 days versus 423 days in RIII mice
after PG127 isolate infection, i.e., a reduction of more than
80% (Table 1). The survival time was even more reduced
compared to that of the wild-type (C57BL/6 3 129/Sv)F1 mice,
whose genetic background is closer to that of mice of the tgOv
lines than to that of RIII mice (see Materials and Methods).
The mean survival time of tg301 mice infected with the LA404
isolate (205 days) was significantly longer than that of mice
infected with the PG127 isolate but, again, considerably
shorter than that of (C57BL/6 3 129/Sv)F1 control mice. In-
complete transmission of LA404 to RIII mice was observed.

In order to examine whether overexpression of a murine PrP
would also accelerate the transmission of sheep scrapie to
mice, tga20 mice were infected with the same two isolates.
Mice of the tga20 line (18) have the same genetic background
as the tgOv mice and the same type of transgene as mice of the
tg1 lines. All the inoculated mice died of scrapie, with mean
survival times of 240 and 413 days for PG127- and LA404-

infected animals, respectively (Table 1). Thus, although ex-
pressing PrP at an even higher level than tg301 mice (Fig. 2),
tga20 mice appeared to be less susceptible than tgOv mice
expressing ovine PrP at physiological levels (mice of the tg143,
tg207, and tg335 lines).

To determine whether a reduction of incubation time upon
further passaging would occur in tgOv mice, serial transmis-
sions were performed on mice of the tg211 line. As shown in
Fig. 3, no significant (P . 0.01 by Student’s t test) change was
recorded on the second and third passages of the PG127 iso-
late or on the second passage of the LA404 isolate.

Experiments aimed at analyzing the response of the tgOv
lines to intracerebral injection of a serially diluted inoculum
are still in progress. Preliminary data available for the PG127
isolate showed that the resulting survival time protraction dif-
fered strikingly between the tg301 and tg211 lines (with, re-

TABLE 1. Susceptibility of transgenic and nontransgenic mice to intracerebral inoculation with two isolates of sheep scrapiea

Line Genotypeb
PrP-encoding gene tg copy

number

PrPc level (fold)c Days to terminal disease (n/n0) following
inoculation withd:

Sheep Mouse Sheep Mouse PG127 LA404

RIII Prnp1/1 Prnpa 1 423 6 6.1 (8/8) .600 (2/5)
F1

e Prnp1/1 Prnpa 1 566 6 8 (8/8) 620 6 22 (7/8)

tg301 tg31/2, Prnp0/0 bacPrnpVRQ 6 8 73 6 3 (7/7)p 205 6 12.8 (10/10)p
tg328 tg31/2, Prnp0/0 bacPrnpVRQ 4 3.5 101 6 5 (8/8)p na
tg206 tg21/2, Prnp0/0 cmv/phgPrnpVRQ 9 2.2 113 6 4.4 (7/7)p na
tg211 tg21/2, Prnp0/0 cmv/phgPrnpVRQ 4 1.9 107 6 2.7 (12/12)p 341 6 5 (8/8)p
tg223 tg21/2, Prnp0/0 cmv/phgPrnpVRQ 19 1.6 143 6 5 (8/8)p na
tg143 tg11/2, Prnp0/0 phgPrnpVRQ 30 1.5 149 6 4.3 (8/8)p 351 6 5 (8/8)p
tg207 tg21/2, Prnp0/0 cmv/phgPrnpVRQ 8 1.2 196 6 10 (8/8)p na
tg335 tg31/2, Prnp0/0 bacPrnpVRQ 1 1.2 200 6 9.3 (6/6)pp na
tg116 tg11/2, Prnp0/0 phgPrnpVRQ 4 .0.4 399 6 6 (7/7) na

tga20f tga201/1, Prnp0/0 phgPrnpa 60f 10f 240 6 3 (8/8) 413 6 16.8 (6/6)

a Heated 10% brain homogenate.
b tg1, tg2, and tg3 as described in the legend to Fig. 1; Prnp0/0 as described in reference 7.
c Compared to level of sheep or wild-type (C57BL/6) mouse brain.
d Values are means 6 standard errors of the means. Each value in parentheses is the number of animals terminally ill/the number of animals inoculated. Statistical

comparison to tga20 was performed with the unpaired Student’s t test. p, P , 0.005; pp, P # 0.05. na, not available.
e F1, (C57BL/6 3 129/Sv)F1.
f As described in reference 18.

FIG. 2. Comparison of PrP levels of expression in ovine tg301 and
murine tga20 transgenic mice. PrP levels in the brain of tg301 (tg31/2,
Prnp0/0), tga20 (tga201/1, Prnp0/0 [18]), C56BL/6, and Prnp0/0 (6) mice
were analyzed by Western blotting using 2D6 antibodies raised against
the ovine PrP sequence. Fifty micrograms of total brain homogenates
from 4- to 5-week-old female mice were analyzed as described in
Materials and Methods.
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spectively, approximately 1- and 3-week- increases per 10-fold
dilution). This leads to an apparent multiplication rate of the
infectious agent that is about threefold higher, for a fourfold
increase in the PrP expression level (data not shown).

Clinical and neuropathological features. All scrapie-inocu-
lated mice displayed typical symptoms, including at least two of
the following signs: hindlimb paresis, waddling gait, plastic tail,
and lethargy. In addition, obesity (11) was frequently observed
in LA404-inoculated transgenic lines with incubation periods
over 300 days. The duration of the clinical phase for transgenic
animals was significantly decreased compared to that for non-
transgenic animals, where it lasted from 1 month to several
months. In tg301 mice, a rapid progression of the illness was
observed after the appearance of the first symptoms, leading to
death within 1 or 2 weeks after inoculation with PG127 or
LA404, respectively. Western blot analysis revealed accumula-
tion of PrPres in the brain of every inoculated mouse. The
PrPres expression patterns of both isolates showed a predom-
inance of a biglycosylated species (Fig. 4) similar to that ob-
served with the sheep brain inocula. LA404-challenged mice
accumulated PrPres at a slightly higher level than PG127-
challenged mice (e.g., about fivefold relative increase in the
tg211 line), consistent with immunohistochemistry analyses
performed on the tg211 and tg301 lines (not shown). The
PrPres levels did not greatly differ (at most three- to fivefold)
among the different lines. Histopathological examination per-
formed on the tg2 and tg3 lines revealed both spongiform
changes and astrocytosis, mainly located in the midbrain and
cerebellum. These effects were less pronounced in PG127-
than in LA404-inoculated mice (to be reported elsewhere).

DISCUSSION

Ovine PrP transgene expression may facilitate scrapie dis-
ease transmission from sheep to mice. In this study, it was
shown that expression of ovine PrPVRQ in transgenic mice

lacking the mouse PrP gene (PrP0/0 mice) conferred an en-
hanced susceptibility to scrapie. The tgOv lines were generated
from three different constructs (Fig. 1). Two of them were
based on a half-genomic vector (18) in which the PrP coding
sequence is driven by either mouse Prnp (tg1 lines) or CMV
promoter (tg2 lines) sequences. The third construct introduced
into the mouse genome a large piece of sheep DNA in which
expression of Prnp is under the control of its natural regulatory
sequences (tg3 lines). Following intracerebral inoculation with
two sheep isolates, the tgOv mice showed a survival time that
was dramatically reduced compared to those of two groups of
conventional mice (Table 1). In the tg301 line, which expressed
PrP at the highest level, the incubation duration was between
2 and 7 months, depending on the isolate. These are the short-
est survival times after inoculation with sheep prion recorded
to date.

The survival time in the different tgOv lines was overall
inversely related to the transgene brain expression level, an
observation which reiterates those from earlier studies on
transgenic mice expressing hamster or mouse PrP (8, 32, 36, 49,
55). No influence (P $ 0.1 by Student’s t test) of the type of
construct was discernible (Table 1). All tgOv lines showed a
preferential expression of the transgene in the brain. For tg2
mice, this corroborates the results of an earlier study in which
the brain, including neuron-like cells, was a major target for

FIG. 4. Results of immunoblot analysis of PK-resistant PrP in
brains of scrapie-infected transgenic (tgOv1/2, Prnp0/0) mice. Brain
homogenates (10%) were prepared from terminally ill animals. Sam-
ples (brain equivalent, 2 mg) were digested with PK as described in
Material and Methods. After SDS–12% PAGE, Western blotting was
performed using MAb 2D6. (A) tg211 mice inoculated with PG127
isolate (lanes 1) or with PG127 passaged once (lanes 2) or twice (lanes
3) in tg211 mice; (B) PG127-infected tg211 mice untreated (2) or
treated with PK (1); (C) tg211 mice postinoculation with healthy brain
(HB) homogenate (18 months postinoculation) or with LA404 isolate;
(D) PG127-inoculated tg207 or tg301 mice. p, C506M3 (mouse-adapt-
ed) strain-infected C57BL/6 mice (brain equivalent, 0.1 mg); pp,
PG127-infected sheep.

FIG. 3. Serial transmission of sheep scrapie agent in ovine PrP
transgenic mice. Survival curves of tg211 mice (tg21/2, Prnp0/0) in-
fected intracerebrally with 10% brain homogenate of a primary inoc-
ulum or a serially transmitted inoculum from two different scrapie
isolates are shown. Black, gray, and white triangles, first passage
(107 6 2.7 days), second passage (99 6 5 days), and third passage
(106 6 2 days), respectively, of the PG127 isolate; black and white
circles, first passage (341 6 5 days) and second passage (354 6 6 days),
respectively, of the LA404 isolate. (Values in parentheses are mean
survival times 6 standard errors of the means.)
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CMV-driven expression in mice (1). To what extent the PrP
regional distribution into the brain differs among the three
types of lines, as well as whether extraneural routes of inocu-
lation would reveal a differential effect of the construct, has to
be examined.

Several lines of evidence argue that ovine PrP promoted a
more favorable context than mouse PrP for sheep prion rep-
lication, at least for the two isolates studied. Firstly, overex-
pression of the ovine PrP transgene was not required for an
accelerated transmission. For two lines expressing the trans-
gene at a nearly physiological level (tg207 and tg335), the
incubation duration was at least 200 days shorter than that for
wild-type mice. Secondly, a transgenic line overexpressing
mouse PrP, the tga20 line (18), was found to exhibit levels of
susceptibility to both sheep isolates that were significantly
higher than those exhibited by wild-type mice but not those
exhibited by tgOv mice expressing lower levels of PrP (Table
1). The tga20 and tgOv mice have very close genetic back-
grounds, since the lines were derived by introgression of the
transgene onto the same PrP0/0 mice. Finally, another trans-
genic line, which is a murine counterpart of the tg2 lines and
expresses mouse PrP at a level 1.2-fold greater than that of
wild-type mice (tg440; data to be published elsewhere) was
found to be poorly susceptible to scrapie. More than 370 days
postinoculation with the fastest-acting sheep isolate, no disease
has yet occurred in those mice.

Earlier experimental transmissions of hamster, human, and
bovine prions to transgenic mice expressing a cognate Prnp
gene has led to the proposition of a complete or nearly com-
plete removal of the species barrier (15, 36, 44). In this study,
no substantial change of the incubation period occurred upon
subsequent passage of either of the two sheep isolates in tg211
mice, tg211 being the only tgOv line examined so far in this
regard (Fig. 3). This is in sharp contrast with the common
observation that the incubation duration of natural scrapie
isolates is markedly reduced from the initial to the second
passage in conventional mice (3). Collectively, these data may
indicate that transmission of the sheep TSE agent to tgOv mice
requires little or no adaptation. This issue, however, has to be
further documented through transmission studies including a
larger number of isolates, additional tgOv lines, and a com-
parison of the infectivity detection limit with that in the natural
host.

Transgenic lines expressing ovine Prnp were described sev-
eral years ago, (54) but, as was mentioned in a subsequent
review (53), their susceptibility did not exceed that of nontrans-
genic controls. Although some relevant information, such as
the PrP protein expression levels and the number and genotype
of the donor animal(s), is lacking, differences in both the trans-
gene construct and the mouse genetic background might ac-
count for the inefficient transmission previously observed.
Firstly, a sheep cosmid clone harboring an ARQ allele was
used. While the nature of the vector is unlikely to be of concern
(see above), the divergence at codon 136 (i.e., arginine instead
of valine [56]) may explain, at least in part, these discrepant
results. Secondly, the transgene was not expressed onto a
Prnp0/0 knockout background. The presence of endogenous
PrP may thus have impaired the propagation of scrapie agent,
as documented for other transgenic mice (6, 48, 53). Experi-
ments are under way in an attempt to determine the extent to

which the above-mentioned parameters modulate the suscep-
tibility of tgOv mice to sheep TSE agent.

TgOv mice: an improved model for experimental studies on
natural sheep scrapie? Despite intensive studies performed
during the last few decades on sheep scrapie, a number of
crucially important questions, such as the natural mode of
sheep to sheep transmission and the diversity and possible
evolution of the strains which circulate in the field, remain
unanswered. The existence of sheep-derived scrapie strains
with clearly distinct biological properties though propagated in
the same inbred mouse line is a well established fact (3, 4, 11,
17). Such strains, however, result from the passage of a TSE
agent into a new host species, and there is ample evidence that
both agent and host contribute to strain properties (4, 21, 38).
As a consequence, a precise idea of the natural scrapie strain
diversity has yet to be gained. Addressing this point has be-
come even more important since the emergence of the BSE
epidemics, because of the consequences that an accidental
transmission of cattle TSE to sheep would entail for the public
health (10). The availability of a laboratory animal endowed
with increased susceptibility to sheep agent, such as these tgOv
mice, may bring new opportunities with regard to field strains
characterization and infectivity measurement.

The term susceptibility was dealt with in this study solely in
reference to transmission pace. Whether tgOv mice would
allow not only for the faster but also for the more sensitive
detection of infectivity is not yet known, and parallel endpoint
titrations on conventional and tgOv mice have been under-
taken to answer this question. With regard to strain character-
ization, it came to light that the two isolates tested, issuing
from one British and one French natural scrapie case, while
showing indistinguishable PrPres banding patterns, exhibited
fairly distinct properties in vivo. Their respective incubation
periods in each of the three tgOv lines analyzed differed strik-
ingly and remained essentially unchanged after subpassaging
(Fig. 3). Moreover, the PrP deposition and lesion patterns in
the brains of infected mice (for both primary and secondary
infection) clearly differed between the two isolates (data to be
published elsewhere). Transmission to tgOv mice thus allowed
these two isolates to be differentiated within a much shorter
period of time than would have been the case with wild-type
mice. A further advantage of transmission from sheep to tgOv
mice could be a lower selection pressure on the incoming
agent, possibly resulting in a more accurate assessment of the
natural scrapie strain diversity. Evaluating tgOv mice as an
alternative tool for strain typing will require the analysis of an
enlarged panel of field isolates. In particular, it would be worth
learning whether and to what extent the donor sheep PrP
genotype influences the efficiency of transmission in tgOv, as
only transmissions in which PrP alleles from donors and recip-
ients were homologous are reported here. It would also be
informative to test isolates whose incubation times in conven-
tional mice appear to exceed the natural life span of the host
(28).

Finally, an unanticipated outcome of this work was the de-
velopment of a model of TSE with one of the shortest incu-
bation times of any such model. Indeed, one combination,
tg301 mice inoculated with the PG127 isolate, led to a survival
time of around 10 weeks postinoculation, with the clinical
phase lasting less than 1 week. This time is remarkably brief
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compared to that reported for TSE human and bovine isolates
in relevant tg mice (from ;25 to ;35 weeks [15, 27, 44, 48]).
Furthermore, while resulting from a sheep-to-mouse primary
transmission, such an incubation time is comparable to that
reported for the the available rodent TSE models with the
shortest incubation times (18, 30, 43). Therefore, the new
model introduced here might be of benefit for various aspects
of TSE research.

ACKNOWLEDGMENTS

We are grateful to J. P. Deslys (CEA, Fontenay-aux-Roses, France)
for teaching us basic TSE-specific skills, O. Andreoletti (ENVT-INRA,
Toulouse, France) for histopathological analysis on tg301 mice, and
J. M. Elsen (INRA, Toulouse, France) for providing scrapie-infected
material. We also thank the following persons from INRA, Jouy,
France: A. Vaiman for performing the FISH analysis, J. Grosclaude
for providing the antibody 2D6, B. Cayron and colleagues for animal
care, and E. Cribiu and C. La Bonnardière for support and helpful
discussions. We are particularly indebted to C. Weissmann for making
the PrP0/0 mice, the tga20 mice, and the phgPrP vector available to us.
The RIII mice originated from the Neuropathogenesis Unit, Edin-
burgh, United Kingdom, and were kindly provided by P. Sarradin
(INRA, Tours, France).

This work was supported by grants from the European Community
(FAIR 5CT-973304), from the CCI-EST (Cellule de Coordination
Interorganismes sur les EST), and from INRA.

REFERENCES

1. Baskar, J. F., P. P. Smith, G. Nilaver, R. A. Jupp, S. Hoffmann, N. J. Peffer,
D. J. Tenney, A. M. Colberg-Poley, P. Ghazal, and J. A. Nelson. 1996. The
enhancer domain of the human cytomegalovirus major immediate-early pro-
moter determines cell type-specific expression in transgenic mice. J. Virol.
70:3207–3214.

2. Bossers, A., B. E. C. Schreuder, I. H. Muileman, P. B. G. M. Belt, and M. A.
Smits. 1996. PrP genotype contributes to determining survival times of sheep
with natural scrapie. J. Gen. Virol. 77:2669–2673.

3. Bruce, M. E., and A. G. Dickinson. 1987. Biological evidence that scrapie
agent has an independent genome. J. Gen. Virol. 68:78–89.

4. Bruce, M. E., I. McConnell, H. Fraser, and A. G. Dickinson. 1991. The
disease characteristics of scrapie in Sinc congenic mouse lines: implications
for the nature of the agent and host control of pathogenesis. J. Gen. Virol.
72:595–603.

5. Bruce, M. E., H. Fraser, P. A. McBride, J. R. Scott, and A. G. Dickinson.
1992. The basis of strain variation in scrapie, p. 497–508. In S. B. Prusiner, J.
Collinge, J. Powell, and B. Anderton (ed.), Prion diseases of humans and
animals. Ellis Horwood, New York, N.Y.
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