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Introduction

Scrapie is a chronic, progressive and invariably fatal neurode-
generative disorder of sheep and goats. It is the archetype of 
the transmissible spongiform encephalopathies (TSEs) that 
naturally affect several mammalian species. Other naturally-
occurring TSEs include chronic wasting disease in cervids, 
transmissible mink encephalopathy and bovine spongiform 
encephalopathy (BSE). They belong to a group of misfold-
ing protein disorders, also known as prion diseases, whose 

Prion diseases exhibit different disease phenotypes in their natural hosts and when transmitted to rodents, and this 
variability is regarded as indicative of prion strain diversity. Phenotypic characterization of scrapie strains in sheep can 
be attempted by histological, immunohistochemical and biochemical approaches, but it is widely considered that strain 
confirmation and characterization requires rodent bioassay. Examples of scrapie strains obtained from original sheep 
isolates by serial passage in mice include ME7, 79A, 22A and 87V. In order to address aspects of prion strain stability across 
the species barrier, we transmitted the above murine strains to sheep of different breeds and susceptible Prnp genotypes. 
The experiment included 40 sheep dosed by the oral route alone and 36 sheep challenged by combined subcutaneous 
and intracerebral routes. Overall, the combined route produced higher attack rates (~100%) than the oral route (~50%) 
and 2–4 times shorter incubation periods. Uniquely, 87V given orally was unable to infect any sheep. Overall, scrapie 
strains adapted and cloned in mice produce distinct but variable disease phenotypes in sheep depending on breed 
or Prnp genotype. Further re-isolation experiments in mice are in progress in order to determine whether the original 
cloned murine disease phenotype will reemerge.
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pathogenesis primarily involves the conversion of a host-
encoded glycoprotein, termed cellular prion protein (PrPc), into 
a misfolded form usually termed diseased-associated PrP (PrPd), 
PrP scrapie (PrPSc) or protease-resistant PrP (PrPres).1 The phe-
nomenon of PrPc conversion is initiated by exposure to exog-
enous prions followed by an autocatalytic process that results in 
the deposition of PrPd/PrPres in different tissues and viscera. The 
accumulation of PrPd in the ovine brain is associated with pro-
gressive neurodegeneration characterized by variable early astro-
cytosis, spongiform change, loss of synaptic proteins, microglial 
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in an unpredictable outcomes. Documented scenarios16 indicate 
that some species are refractory to specific prions. However, the 
single documented attempt to transmit the murine ME7 strain 
into sheep was successful27 in 2 out of 25 Cheviot sheep when 
inoculated with 5 ml of a 10% brain homogenate supernatant 
by the sub-cutaneous route. Despite no strain typing tools were 
available at the time histopathological examination of the sheep 
brains confirmed that spongiform lesions were characteristic of 
scrapie. The present paper describes the phenotype of the disease 
in sheep after inoculation with cloned ME7, 79A, 22A and 87V 
murine strains. The limitations and relevance of biological clon-
ing after interspecies transmission in an attempt to characterize 
strains are discussed.

Results

Attack rates and survival times. Table 1 gives an overview of 
the experimental design for both single oral and combined chal-
lenges, and summarizes the results on attack rates (AR) and sur-
vival times (ST). Six sheep, which died of intercurrent disease, 
have not been included in the AR calculations: (1) in the ME7 
oral experiment, one VRQ/VRQ (1/5) and one ARQ/ARQ 
(1/5) Cheviot sheep that died at 844 and 838 d post-inoculation 
(dpi), respectively; (2) in the 79A combined experiment, one 
VRQ/VRQ and one ARQ/ARQ Cheviot sheep that died at 52 
and 48 dpi, respectively; (3) two VRQ/VRQ Cheviot sheep in 
the 22A oral and combined experiments, that died at 1,624 and 
208 dpi, respectively.

Oral infections with ME7, 79A and 22A were successful in 
10/11 (91%), 2/9 (22%) and 6/9 (67%) sheep, respectively. The 
87V strain did not produce disease by the oral route (0/9). In 
contrast, 100% AR (9/9) were obtained for the ME7 and 87V 
infections, and 78% (7/9) and 89% (8/9) for the 79A and 22A 
strains, respectively, when the combined routes were used. Ataxia 
was the most frequent clinical sign. Occasional signs included 
weight loss and pruritus. Dysphagia and behavioral problems 
were rarely observed.

Overall, sheep developed clinical signs with significantly 
shorter incubation periods when infected by the combined 
routes. For the oral ME7 infection, Cheviot VRQ/VRQ (4/4) 
and ARQ/ARQ (4/4) sheep died with averaged ST of 1,146 ± 193 
dpi and 1,388 ± 12 dpi, and only two of the three Suffolk sheep 
developed terminal disease at 763 and 1,209 dpi (the sheep that 
did not acquire infection-culled at 2,465 dpi- was methionine/
threonine (MT) heterozygote at codon 112). In the combined 
counterpart, all Suffolk (3/3), VRQ/VRQ (3/3) and ARQ/ARQ 
(3/3) Cheviot sheep developed terminal disease at 365 ± 256 dpi, 
659 ± 100 dpi and 624 ± 60 dpi, respectively. The longest and 
shortest ST were found in the single ARQ/ARQ (2,450 dpi) and 
VRQ/VRQ (481 dpi) Cheviot sheep after oral 79A. Although no 
evidence of infection was found in the three ARQ/ARQ Suffolk 
sheep when inoculated orally with 79A (culled at 2,457 dpi), all 
of this breed and genotype combination succumbed to terminal 
disease when challenged by the combined routes (446, 473 and 
1,039 dpi). Similarly, 79A combined challenge VRQ/VRQ (2/2) 
Cheviot sheep developed terminal disease at 671 and 743 dpi 

activation and abnormal neuromodulary responses at clinical 
stages of the disease.2

The significance of different lesions in TSEs can be difficult to 
establish as they may vary markedly from case to case depending 
on the source (strain),3-6 or on host factors like the Prnp geno-
type.7-9 Vacuolar lesion profiles in sheep7,10 were insufficiently 
reproducible when individuals experimentally challenged with a 
single scrapie isolate were compared.10 Instead, the PrPd profiling 
and the epitope mapping approaches proved to be more reliable.11 
The full3-5 or short6 PrPd profiles in clinically-affected sheep with 
different TSE strains show that the relative magnitude of different 
morphological types of PrPd found in specific cells and brain areas 
are characteristic of particular strains. The recent demonstration 
of different PrPd profiles in different European sheep populations 
of the same PrP genetic background refutes the proposition that 
differences in the Prnp genotype are the sole determinate of the 
PrPd profile.12 The epitope mapping approach using immunohis-
tochemistry (IHC) revealed differences between strains like BSE 
and CH1641 in comparison with scrapie.13

Experimentally, scrapie can be transmitted to a number 
of species, including livestock and laboratory animals. Cross-
species transmission, if successful, is generally characterized by 
prolonged incubation periods, which is interpreted as the spe-
cies barrier phenomenon.14-16 Nevertheless the “species-barrier” is 
abrogated with the adaptation of the strain to the new host after 
2–3 passages.17 Characterization of sheep TSE strains, also known 
as strain typing, has been historically performed by serial passage 
at limiting dilution of individual or pooled sheep scrapie brains in 
rodents.14,18-20 Strain typing metrics consist of incubation period 
(survival times), vacuolar lesion profile, PrPd immunohistochem-
istry and the molecular PrPres profile. Serial passages of different 
natural sheep scrapie sources showed distinct disease phenotypes, 
and perpetuation of the same biological properties upon serial 
passages in mouse lines of the same genetic background. These 
data suggested that mice could be used for TSE strain charac-
terization.21 Subsequently, the mouse bioassay tool was able to 
discriminate between sheep scrapie and cattle BSE and similari-
ties in the rodent transmission phenotype suggested that variant 
Creutzfeldt-Jakob disease in humans originated from cattle BSE 
sources.22,23 This multiplicity of different disease phenotypes and 
inferred strains in mice with identical genetic background24 has 
been difficult to accommodate within the protein-only hypoth-
esis as few stable conformational variants of abnormal PrP have 
been identified.25

Around 20 murine scrapie-adapted strains have been identi-
fied following initial transmission from natural sheep or goat 
scrapie infected brains.24,26 Nevertheless the relationship between 
these mouse strains and natural strains in the sheep population 
remains obscure. It remains possible that murine scrapie strains 
isolated from sheep sources are novel strains that emerge during 
the process of inter-species limiting dilution serial passage and 
the significance of murine strains for field strain classification or 
discrimination between natural scrapie strains therefore remains 
untested. If, within a particular species, there are several determi-
nants (or factors) influencing and controlling prion adaptation, 
in cross-species transmission they may be maximized and result 
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(452, 467 and 607 dpi) and VRQ/VRQ (544, 663 and 854 dpi) 
sheep, and ARQ/ARQ Suffolk sheep (567, 719 and 1,686 dpi).

Accumulation of PrPd in peripheral organs. None of the 87V 
infections resulted in detectable PrPd accumulation in peripheral 
tissues. Sheep infected with ME7 and 22A showed widespread 
PrPd accumulation in the LRS and PNS compartments (Table 1), 
while those infected with 79A showed lesser amounts of PrPd in 
the same compartments (with the exception of the single orally-
infected VRQ/VRQ sheep), which appeared to correlate with the 
low AR after oral infection. Overall, the combined route gave 
more widespread PrPd accumulation than the oral route alone. 
The VRQ/VRQ Cheviot sheep had the most generalized accu-
mulation of PrPd in peripheral tissues regardless of the murine 
strain, followed by the ARQ/ARQ Suffolk sheep, while the ARQ/
ARQ Cheviot sheep showed the least involvement of peripheral 
tissues (Table 1). Overall, there was a correlation between the 

whereas the 79A combined challenge ARQ/ARQ (2/2) Cheviot 
sheep did so with incubation periods of 647 and 1,043 dpi. In 
the 22A oral experiment, ARQ/ARQ Cheviot sheep succumbed 
to terminal end point at 1,870, 2,012 and 2,439 dpi whereas 374, 
843 and 843 dpi were obtained when challenged by the com-
bined routes. A single Cheviot sheep of the VRQ/VRQ genotype 
orally challenged with 22A died with clinical disease after 1,865 
dpi whereas two Suffolk sheep, which were culled at the termi-
nation of the experiment (2,274 dpi), showed pathological fea-
tures consistent with preclinical infection. In the 22A combined 
challenge, the two VRQ/VRQ Cheviot sheep died with 259 and 
479 dpi, whereas all three Suffolk sheep developed PrPd deposi-
tion in their brain at intercurrent death at 87 dpi, terminal scrapie 
at 471 dpi and at cull at 1,218 dpi. For the 87V strain, 100% 
(9/9) of sheep succumbed to disease when the combined route 
was used with variable survival times: Cheviot ARQ/ARQ sheep 

Table 1. Summary of the experimental design, attack rates (AR), survival times (ST) and global immunohistochemical results on the central nervous 
system (CNS), peripheral nervous system (PNS), gut-associated lymphoid tissues (GALT) and non-GALT (nGALT)

Strain Host Route Recipients AR ST CNS PNS GALT nGALT

ME7

Suff AA
Oral 3 2/3R 763, 1209 8.4 4.6 0.4 1.8

Combined 3 3/3R 365 ± 256 7.6 3.2 12 3.8

Chev VV
Oral 5 4/4 1146 ± 193 11.6 6.6 9.1 35.7

Combined 3 3/3 659 ± 100 9.1 3.1 4.7 19.2

Chev AA
Oral 5ID1 4/4 1388 ± 12 11 5 2.5 10.2

Combined 3 3/3 624 ± 60 5.7 0.9 0 2.2

79A

Suff AA
Oral 3 0/3R,* - - - - -

Combined 3 3/3R 653 ± 335 7.7 1 0 0.4

Chev VV
Oral 3 1/3 481 6.9 3.1 1 5.4

Combined 3ID1 2/2 671, 743 8.8 0.7 4.1 12.4

Chev AA
Oral 3 1/3* 2450 7.5 0.5 0 1.7

Combined 3ID1 2/2 647, 1043 5.5 0.2 0 1.7

22A

Suff AA
Oral 3 2/3* 2274* 0.5 0 0 0

Combined 3 3/3 592 ± 575 7.3 1.3 3.7 16.4

Chev VV
Oral 3ID2 1/2 1865 12.3 2.1 1.3 14.4

Combined 3ID1 2/2 259, 479 8.9 1.5 3.1 18.3

Chev AA
Oral 3 3/3 2107 ± 296 6.3 1 4 13.5

Combined 3 3/3 687 ± 270 7.2 0.4 4.9 16.9

87V

Suff AA
Oral 3 0/3 - - - - -

Combined 3 3/3R 991 ± 607 9.1 0 0 0

Chev VV
Oral 3 0/3 - - - - -

Combined 3 3/3 687 ± 156 14.4 0 0 0

Chev AA
Oral 3 0.3 - - - - -

Combined 3 3/3 509 ± 85 10.1 0 0 0

Standard deviations are given for the ST (in days) to highlight individual variation. Scores for the different compartments indicate the sum of the aver-
aged magnitude of PrPd in each individual tissue or area contained in each compartment. The combined route (in italics) includes the oral, sub-cuta-
neous and intracerebral routes. All groups, except for the oral ME7 Cheviot sheep, which had a total of five VRQ and five ARQ sheep, initially contained 
a total of three sheep. However, some sheep died of intercurrent deaths before the first positive animal of that group did and are excluded from the 
table. The superscript (ID) followed by a number in the column of recipients indicates the number of sheep that died with intercurrent deaths. The 
superscript R indicates that one animal in that group was polymorphic at codon M112T (R). *Designates culled at the end of the experiment. Survival 
times (in days), which are defined as the interval of days between the inoculation date and the post-mortem, are only given for sheep that were de-
monstrably infected, and are given as individual values rather than as an average if groups are smaller than three sheep.
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or genotype, and were independent of the strain. For example, 
Cheviot sheep had higher magnitudes of intraglial types than 
did Suffolk sheep whereas the neuropil-associated (NRPL) PrPd 
types predominated in Suffolk sheep (Fig. 1 and Table 2). The 
influence of the route of inoculation was evident in ARQ/ARQ 
Cheviot sheep (Fig. S1), while the disease phenotype of the 87V 
strain appeared less susceptible to host factors. The 87V strain 
was characterized by abundant intracellular forms of PrPd and 
the lack of or minimal astrocyte-associated (GLAS) PrPd forms, 
and this profile was consistent across breed and genotypes. ME7 
infected sheep displayed low amounts of truncated intracellu-
lar PrPd forms and abundant NRPL-associated types (Figs. 1 
and 2). However, modulation of the PrPd profile was influenced 
by the breed. Cheviot sheep displayed high stellate and intra-
glial levels of PrPd, whereas Suffolk sheep revealed high NRPL-
associated PrPd types. In the 22A infections, the predominant 
pattern was glia-associated extracellular PrPd (Fig. 1). However, 
the PrPd phenotypes also appeared to be modulated by the Prnp 

GALT and non-GALT compartments: when one was positive 
usually the other also was, and when one is little positive or nega-
tive the other was too. In contrast no such correlation was found 
when the LRS and PNS compartments were compared, at least 
for ARQ/ARQ sheep infected with 22A or 79A.

Accumulation of PrPd in the CNS. No correlation was found 
between the PrPd CNS magnitude or its topography, and the 
severity of clinical signs or incubation period. Cheviot VRQ/
VRQ sheep had the highest magnitude of PrPd in the CNS and 
peripheral organs but they were not necessarily the ones with 
the most severe clinical signs (data not shown) or the longest ST 
(Table 1). In general sheep with widespread distribution of PrPd 
in LRS and PNS showed high magnitudes of CNS PrPd.

The patterns of PrPd accumulation in the telencephalon 
(Fig. 1 and Table 2) or in the entire brain (Fig. S1) were distinct 
between strains. However, within a single strain the breed, PrnP 
genotype, route of inoculation also affected the pathological phe-
notype. Some PrPd types were more frequent in a particular breed 

Figure 1. Influence of the host breed and genotype on the PrPd profiles when inoculated with ME7, 79A, 22A and 87V by the combined route. The x 
axis of the above graph refers to different morphological types of PrPd labeling identified by immunohistochemistry. PrPd types are: ITNR, intraneu-
ronal; ITAS, intrastrocytic; ITMG, intramicroglial; STEL, stellate; SBPL, subpial; SBEP, subependymal; PRVS, perivascular; PVAC, perivacuolar; PART, fine 
particulate-coalescing; LINR, linear; PNER, perineuronal; EPEN, ependymal; NVPL, non vascular plaques; VASC, vascular plaques.
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genotype: both ARQ/ARQ Cheviot and Suffolk sheep displayed 
similar profiles, which were very different from those of VRQ/
VRQ Cheviot sheep (Fig. S1). Higher levels of intraglial PrPd 
types compared with intraneuronal accumulations were charac-
teristic of 79A infections (Fig. 1). Nevertheless, modulation of 
the PrPd pattern was observed according to the route of inocu-
lation in Cheviot ARQ/ARQ sheep, which displayed unusu-
ally high intraneuronal types when orally-dosed with 79A and 
lower intraglial types when inoculated by the combined route 
(Fig. S1).

Although there were some similarities in the PrPd profiles 
of ME7 and 79A strains (Fig. 1), Suffolk sheep with 79A dis-
played high intraglial and low linear PrPd types, but the reverse 
was the case for the ME7 strain. Coalescing plaque-like types 
(NVPL) were present in the white matter of 22A inoculated 
sheep (Fig. 2) but these were absent following ME7 infection. 
In contrast, ME7-infected VRQ/VRQ Cheviot and ARQ/ARQ 
Suffolk sheep displayed vascular plaques (VSPL, Fig. 1 and 
Table 2). Suffolk sheep displayed high intraglial PrPd and weak 
stellate PrPd when infected with 79A (Fig. 2), which was in con-
trast with the patterns observed after 22A infection.

Table 2. Summary of the PrPd cell distribution according to strain and host

Strain Host ITNR ITGL GLAS NRPL EPEN NVPL VSPL

ME7 Suff AA 23 ± 2 10 ± 2 19 ± 0 44 ± 5 1 ± 2 0.3 ± 0 2 ± 2

Chev VV 14 ± 9 23 ± 5 29 ± 8 31 ± 18 0.0 0.0 2 ± 2

Chev AA 23 ± 16 18 ± 4 23 ± 2 35 ± 21 0.0 0.0 0.0

79A Suff AA 12 32 21 35 3 0.0 0.0

Chev VV 4 ± 3 37 ± 10 35 ± 13 25 ± 0 0.0 0.0 0.0

Chev AA 18 ± 15 23 ± 20 21 ± 23 37 ± 13 0.0 0.0 0.0

22A Suff AA 22 23 23 29 2 0.0 0.0

ChevVV 19 ± 6 26 ± 8 32 ± 1 10 ± 5 13 ± 19 0.0 0.0

Chev AA 5 ± 5 4 ± 2 34 ± 12 44 ± 15 4 ± 6 11 ± 15 0.0

87A Suff AA 44 29 1 26 0.0 0.0 0.0

Chev VV 45 36 0.5 18 0.0 0.0 0.0

Chev AA 52 37 1 10 0.0 0.0 0.0

The scores shown are average short PrPd profiles grouped according to the host and to the strain but not the route. The intraneuronal (ITNR) score (in 
percentage) is the amount of PrPd found within the perikarya of neurons relative to that found elsewhere. The intraglial (ITGL) type includes the intra-
astrocytic and intra-microglial. The glia-associated PrPd (GLAS) includes the stellate, subpial, subependymal, perivascular and perivacuolar PrPd types. 
The neuropil-associated PrPd includes the particulate, linear and perineuronal. Plaque-like PrPd was scored as associated with plaques (vascular plaques 
[VSPL]) or not (non-vascular plaques [NVPL]). The host was either Suffolk (Suff) or Cheviot (Chev) sheep and of ARQ/ARQ (AA) or VRQ/VRQ (VV) Prnp 
genotype.

Figure 2. Main PrPd features in brains of sheep infected with ME7, 79A, 
22A or 87V. In ME7 infections (A–C), neuropil-associated PrPd types 
predominated, like-wise perineuronal, coalescing or diffuse punctate. 
A prominent characteristic of the 22A agent in sheep (D–F) was the 
glia-associated PrPd types like the perivascular and perivacuolar in the 
white matter with some plaque-like depositions (arrows) in particular 
in Cheviots of the ARQ/ARQ genotype. 79A infections (G–I) resulted 
in a combination of intraglial-coalescing pattern (G) with stellate-like 
labeling (H and I). Sheep infected with 87V (J–L) unequivocally showed 
most PrPd associated with neurons or glial cells. Immunohistochemis-
try for PrPd using R145 antibody. Magnifications: x10 (D–F, H and I); x20 
(A–C, G and J–L).
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like classical scrapie. The 87V strain suffers frequently from a 
strain breakdown upon transmissions in mice and is considered 
unstable in this species,28 but the significance of the emergence 
of a BSE-like or CH1641-like strain in the 87V challenged sheep 
is unclear. According to previous cross-species experiments,14-16,35 
passage of this sheep strain variant back into their original hosts, 
in this case the VM mouse line, should allow the properties of 
87V to re-emerge. The experiment challenge of the above sheep 
87V strain back into VM mice is still in progress and it there-
fore remains to be determined whether a new strain has been 
established.36

According to the protein-only hypothesis, the properties of 
any given prion isolate are determined, at least in part, by the 
sequence of PrP encoded within both the inoculated recipient 
and donor animals. Intra-species transmission of natural scrapie 
shows a strong interaction between the amino acid sequence of 
the sheep donor and of the recipient.37 The current results may 
suggest an influence of the genetic background of the donor and 
of the recipient. Only the Prnpaa allele, used for the ME7 and 
79A transmissions, but not the Prnpbb allele used for the 87V 
and 22 transmissions, might have a disease effect as the former 

IHC results on epitope mapping indicated that all 
infected sheep behave like scrapie cases with the exception 
of 87V-infected Cheviot sheep, which showed truncation 
sites similar to those of sheep infected with BSE or CH1641 
(Fig. 3).

Glycoform ratio of sheep PrPres originated from murine 
strains. An overview of the glycoprofiles of PrPres is shown in 
Figure 4. For sheep infected with ME7 or 22A the di-glyco-
sylated band was the most prominent. Sheep infected with 
79A displayed a different glycoprofile, with little di-glycosyl-
ated PrPres and higher percentages of the mono-glycosylated 
band. 87V infection in Cheviot sheep produced prominent 
mono-glycosylated bands, similar to 79A-infected sheep, but 
with lesser and lower a-glycosylated bands.

Discussion

The species barrier is known to play a major role in inter-
species transmissions of scrapie resulting in prolongation 
of ST and incomplete AR at first passage. Potentially, the 
species barrier may predispose toward the emergence of new 
strains. The present series of experiments demonstrated suc-
cessful transmissions of cloned scrapie strains ME7, 79A, 
22A and 87V from mice to their putative natural sheep host. 
Sheep were most susceptible to the ME7 strain regardless 
of the route of challenge but they were completely or sig-
nificantly resistant to murine 87V and 79A infection by the 
oral route. Nevertheless, the species barrier to 87V and 79A 
was overcome when routes other than the oral were used. 
Another factor contributing to prolonged ST in ARQ/ARQ 
Suffolk sheep was the MT polymorphism at codon 112.32,33 
Polymorphic sheep inoculated by the combined route (with 
ME7, 79A or 87V) displayed prolonged ST (608, 1,039 and 
1,686 dpi, respectively) when compared with the non-poly-
morphic ones and these polymorphic sheep contribute to the 
high standard deviations of ST in Suffolk sheep compared with 
Cheviot sheep. The two polymorphic sheep inoculated with ME7 
or 79A by the oral route (Table 1) did not succumb to disease. 
The ST was substantially reduced (by 1/3 or 1/4 when compared 
with the oral route) for all strains administered by intracerebral 
challenge. Interestingly, those strains that transmitted best by the 
oral route (ME7 and 22A) were also those that replicated most 
efficiently in peripheral tissues.

Variation in pathological phenotype, that is, the pattern of 
histological lesions and PrPd accumulation in scrapie affected 
mice, is related to the interaction between the host (genotype, 
age, sex and breed) and the agent strain (passage history, dose 
and route of inoculation, donor genotype and organ used for pre-
paring inoculum).20 The present study used the PrPd phenotype 
to monitor interactions that might occur between the pathogen 
and the host. The 87V strain displayed the most consistent pro-
files across sheep of different breeds and genotypes suggesting 
that it is highly stable upon inter-species transmission. Using 
epitope mapping, the 87V strain transmitted to Cheviot sheep 
showed N-terminal PrP truncation characteristics similar to 
BSE or CH1641. All other strain-host combinations behaved 

Figure 3. Epitope mapping results for the 87V infections in the dorsal mo-
tor nucleus of the vagus nerve of sheep. Note that Suffolk ARQ/ARQ sheep 
displayed intraneuronal immunolabelling with C-terminal antibodies such as 
R145 (A) and N-terminal antibodies such as P4 (B). Instead, Cheviot VRQ/VRQ 
(C and D) and ARQ/ARQ (E and F) sheep displayed the intraneuronal type 
with Bar224 (C and E) but not with P4 (D and F), a feature that is characteristic 
of strains like BSE and CH1641 when experimentally passaged in sheep. Im-
munohistochemistry for PrPd using Bar224 or P4 antibodies. Magnifications: 
x10 (A–D), x20 (E and F).
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Our studies show several examples of 
this PrPd profile shift. Amyloid plaques 
are abundant and characteristic of murine 
87V, occur inconsistently in ME7 and 
22A infections, and are absent in mice 
challenged with 79A.41 However, plaques 
were absent in 79A and 87V infected sheep 
brains and only vascular plaques were 
occasionally present in ME7 infections 
of VRQ/VRQ Cheviot and ARQ/ARQ 
Suffolk sheep, while non-vascular plaques 
were found in Cheviot ARQ/ARQ sheep 
infected with 22A. Thus it would appear 
that the host can have both qualitative 
and quantitative influence of some PrPd 
types. In contrast, some disease charac-
teristics that were intrinsic to each cloned 
scrapie strain were apparently transferred 
to sheep. Thus, different sheep PrP pro-
teins arising from different Prnp haplo-
types did not necessarily alter the specific 
brain PrPd profile or LRS phenotype. By 
IHC, for instance particulate labeling 
types predominated in 87V and ME7; the 
perineuronal types in 79A infections, and 
high frequencies of the perineuronal and 
linear types in 22A infections regardless 
of the genetic background of the host. In 
addition, some tissue tropisms appeared 
common to both murine and ovine 
hosts: the 87V agent did not replicate in 

the periphery of any host and the 79A only did exceptionally. 
Similarly, the western-blot analyses revealed distinct patterns of 
PrPres glycoform ratio which showed better correlation with strain 
rather than sheep breeds or genotypes. Therefore it seems reason-
able to suggest that some features of the disease phenotype might 
be strain-encoded and propagated in the new host.

As shown in Table 2, different sheep scrapie isolates showed 
different proportions of PrPd types. Thus, 22A in sheep displayed 
the highest glia-associated PrPd depositions, the 87V the intracel-
lular ones, the ME7 the neuropil one and the 79A the intraglial. 
As suggested for other sheep TSEs27,42 these accumulation pat-
terns may reflect strain specific differences in the propagation 
efficiency in different cell types, and differences in PrPd traffick-
ing and processing pathways.

These results show that (1) some properties of cloned strains 
are lost upon interspecies transmissions resulting in new char-
acteristics in the new host, (2) some strain properties remain 
distinct and consistent on transmission from mice to sheep of 
different breeds and genotypes, but (3) a selective process oper-
ates among sheep of different Prnp genotypes or breed; each 
likely to favor the selection of different cellular tropisms and 
processing pathways for PrPd when compared with the original 
cloned strain. Without further data on the re-isolation of the 
sheep adapted strains back into mice it is not yet possible to know 
whether new strains have been created from the original cloned 

resulted in significant variation in disease phenotype although 
not necessarily with shorter ST. Moreover, the Prnp genotype of 
the recipient seems to influence both the nature and magnitude 
of the PrPd profile regardless of the scrapie strain/mouse line. 
VRQ/VRQ sheep displayed the highest magnitudes of PrPd in 
the CNS and LRS tissues with similar incubation periods (or 
even shorter) than ARQ/ARQ sheep did. Nevertheless, the PrPd 
accumulated in brains from VRQ/VRQ sheep is usually associ-
ated with glial cells, both intra- and extracellular whereas that 
observed in brains from ARQ/ARQ Suffolk sheep is more associ-
ated with neurites (Table 2).

Prion strain biology is hampered by the absence of specific 
molecular or structural characteristics that may be used to define 
strains. When a new disease phenotype is seen following pas-
sage, it has been difficult therefore to differentiate between host 
and strain effects, and in particular to know whether there has 
been strain mutation or adaptation or whether the new host has 
selected from a mixture of pre-existing strains in the donor.38-40 
Our results confirm that not all the pathological features of 
cloned murine strains are transferred to the sheep host, in which 
phenotypic variability appears to be dependant of host factors 
such as Prnp genotype or breed. Although not definitive as the 
inocula were cloned this phenotypic variability would not appear 
to be due to the existence of a mixture of strains in the infectious 
material given to sheep.

Figure 4. Triplot analyses from brains of sheep infected with cloned murine strains. Colors denote 
strain whereas symbol denotes breed and genotype. This plot shows total number of animals 
infected either by a single oral dose or a combined challenge. Eighteen sheep infected with ME7 
(green) gave a positive result in western blot. Nine did with 79A (blue). Eleven sheep infected 
with 22A (red) gave a positive result in WB. All nine sheep infected with 87V (yellow) displayed 
strong signals of PrPres in their brains. Note that the PrPres associated with ovine ME7 showed 
higher amounts of the di-glycosylated band, followed by intermediate amounts of the mono-
glycosylated band and low amounts of the A-glycosylated band. The characteristics of PrPres in 
ovine 22A infections are similar to ME7 ones but with a relatively lower and higher amount of 
the di- and A-glycosylated bands, respectively. The mono- and the A-glycosylated bands of PrPres 
are significantly higher after 79A infections. This pattern was similar to that observed for the 
PrPres associated with the 87V strain in Cheviot sheep of the VRQ/VRQ (triangles) and ARQ/ARQ 
(squares) genotypes, but not in the Suffolk sheep of the ARQ/ARQ genotype (circles), in which, the 
di-glycosylated band predominated.
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that point, sheep were killed by an intravenous overdose of barbi-
turates and necropsies performed.

All animal procedures complied with the Animals (Scientific 
Procedures) Act 1986 and were approved by the ethics committee 
at Moredun Research Institute.

At necropsy, brains were removed rapidly from the skull and 
sliced sagittally; one hemi-brain was immersed in 10% buffered 
formalin for 8–12 d and processed for morphological studies, 
and the other hemi-brain was rapidly frozen and stored at -80°C 
until required for biochemical examinations. A total of 38 tissue 
samples representative of different areas of the central nervous 
system (CNS), nerves and ganglia of the peripheral nervous sys-
tem (PNS), gut-associated lymphoid tissues (GALT) and sec-
ondary lymphoid organs (LRS) were taken. All formalin-fixed 
samples were processed for paraffin-wax embedding according 
to standard procedures. For PrPd IHC, sections (4 μm) were 
mounted on glass microscope slides and subjected to immuno-
labelling as described previously in reference 5. Briefly, antigen 
retrieval included immersion in 98% formic acid for 15 min at 
24°C, followed by autoclaving in 0.2% citrate buffer (pH 6.2) 
at 121°C for 30 min. Tissues were incubated overnight at 24°C 
with monoclonal antibody R145 (diluted 1:4,000). The IHC 
procedure was completed by an immunoperoxidase method 
(Vector-elite ABC kit; Vector Laboratories) with diaminoben-
zidine (DAB, Sigma-Aldrich Company Ltd.) as a substrate, and 
sections were finally counterstained with Mayer’s hematoxylin. 
For the epitope mapping approach sections were incubated with 
primary antibody P4 (dilution 1:12,000) as described previously 
in reference 11. Sections from positive-control and negative-
control tissue blocks were included in each IHC run to ensure 
consistency in the sensitivity and specificity of the IHC proce-
dure, respectively.

Assessment of PrPd detected by IHC. The PNS structures 
examined included nerve cell ganglia (trigeminal, nodose, stel-
late, sympathetic chain and cranial mesenteric ganglion), plexi of 
the enteric nervous system (ENS) at several gut segments (jeju-
num, distal ileum and colon) and peripheral nerves (vagus and 
sciatic). Intra- and extra-cellular PrPd deposits in those structures 
were subjectively scored from 0 to 3. The GALT comprised the 
Peyer’s patches at jejunal, ileal and colon intestinal segments, and 
the recto-anal mucosal associated lymphoid tissue (RAMALT). 
The LRS tissues comprised structures enclosed in the head (pala-
tine tonsil and retropharyngeal and prescapular lymph nodes), 
in the gut (the proximal and the distal jejunal lymph nodes) and 
in the periphery (the spleen and the popliteal lymph node). The 
degree of involvement of the GALT and LRS tissues was deter-
mined as a factor of the proportion of lymphoid follicles with 
PrPd accumulation, and of the magnitude and distribution of the 
PrPd immunolabelling in positive follicles as previously detailed 
in reference 30.

The morphometric examination of the sheep brain was based 
on the short PrPd profiling in several divisions of the telencepha-
lon.6 The PrPd types subjectively scored from 0 (absence) to 3 
(severe) included intracellular and extracellular types, ependy-
mal, non-vascular plaques and vascular plaques. Average val-
ues for each PrPd type in the telencephalon were converted into 

murine strains by interspecies passage. However, the profound 
phenotypic changes found on passage of the cloned murine scra-
pie strains into sheep combined with the marked phenotypic 
changes associated with different sheep host factors suggest that 
greater caution needs to be exercised in the use of rodents to bio-
assay strains in natural hosts.

Materials and Methods

Selection of cloned mouse-adapted scrapie strains and trans-
mission to sheep. Cloned murine scrapie strains are defined by 
their (1) relative incubation periods in different inbred mouse 
lines (2) vacuolar lesion profiles produced in the brain of infected 
mice and (3) stability upon serial passages in mice in terms of 
reproducing such properties. We selected the murine scrapie 
strains ME7, 79A, 22A and 87V for transmission into sheep 
based on their differences in origin and distinct stability and 
pathology.14,28,29 Briefly, the ME7 strain originated from a natu-
ral scrapie isolate in Suffolk sheep following passage into C57BL 
mouse lines. The 79A strain originated from serial passages of the 
“drowsy” experimental scrapie in goats to C57BL mice. The 22A 
strain, from Cheviot sheep experimentally infected with SSBP/1 
transmitted into VM mouse line, and the 87V, from natural scra-
pie in crossbred Cheviot and Border Leicester sheep also into VM 
mice.

A total of 220 mice per strain were inoculated intracerebrally 
with 20 μl of a 10% brain homogenate at 8 weeks of age in order 
to generate enough inoculum to perform the sheep transmissions. 
Following previous experiments17 mouse inoculations with the 
ME7 or the 79A strain were performed in mice homozygous for 
the Prnpaa (formerly known as s7) whereas those with the 22A 
or the 87V strain used mice homozygous for the Prnpbb allele 
(formerly known as p7) of the Prnp (Sinc) gene. Mice were left to 
develop clinical disease and killed at terminal end-point. Mouse 
brains were removed immediately after death, pooled as a 20% 
homogenate and kept at -80°C until required. Representative 
brains not used for the inocula were examined by histology and 
IHC to confirm that specific strain characteristics were main-
tained in this further mouse serial passage (data not shown).

A total of 24 Suffolk and 52 Cheviot 3–5 mo-old sheep were 
challenged. Sheep were homozygous for either the VRQ or ARQ 
Prnp allele (Table 1). Each sheep received either a single oral dose 
of 25 ml of 20% suspension of mouse brain infected with the 
appropriate strain of scrapie or a combination of that oral dose 
and additional injections of 1 ml and 2 ml of a 10-1 dilution of the 
mouse brain homogenates by the intracerebral and subcutaneous 
routes, respectively. Five additional sheep of different Prnp geno-
types were introduced as environmental controls. Sheep inocu-
lated with different mouse strains were kept in separate boxes 
in order to avoid cross-contamination. Monitoring for clinical 
signs of scrapie was performed daily in order to detect signs of 
(1) locomotor dysfunction/ataxia, (2) behavioral changes, (3) 
dysphagia, (4) pruritus and (5) weight loss. These clinical abnor-
malities were scored from 0 to 3 (data not shown). Clinical end 
point was reached when any one of those five groups of signs was 
given a score of 3 or when a combined score of 8 was reached. At 
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PVDF membrane (GE Healthcare) at 30 V for 1 h. Non-specific 
antigen binding on the membrane was blocked by soaking in 2% 
non-fat milk in trizma buffered saline (TBS) with 0.1% Tween20 
(Sigma Chemical Company,) and probed with SAF 84. Signal 
was detected using Super Signal West Dura Chemiluminescent 
Substrate (Pierce,) and a Kodak IS440 image station (Labtech 
International Ltd.). The relative intensities of the di-, mono- and 
aglycosyl bands of PrPres were determined by scanning the west-
ern blot image using Kodak 1D Image Analysis Software.
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percentage figures of the total PrPd magnitude, and its graphical 
representation constituted the “short PrPd profile.”6 In addition 
morphological PrPd types were subjectively scored from 0 to 3 in 
the seven brain areas and selected spinal cord segments, so that 
for each animal, the total magnitude of PrPd was expressed as the 
sum of all CNS topographical individual scores.

Western blotting (WB). Samples of caudal medulla were ana-
lyzed by WB with monoclonal antibody SAF84 (R-biopharm) 
as described previously in reference 31. Briefly, samples were 
homogenized at 20% (w/v) in lysis buffer and frozen at -20°C 
overnight. Lysates were further diluted to 10% in lysis buffer 
before centrifugation at 100x g for 5 min and then the super-
natant was aspirated to new tubes. Two hundred microliters 
of lysate were treated with 20% sarkosyl for 20 min and then 
digested with 50 μg/ml proteinase K solution for 1 h, both at 
37°C and with agitation. Digestion was terminated by adding 
1  mM Pefabloc SC (Roche Diagnostics, Burgess Hill, West 
Sussex, UK). Samples were then centrifuged at 20,000x g for 1 
h at 4°C, the supernatants discarded and the pellets resuspended 
in 45 μl 2x SB (Invitrogen, Paisley, UK) containing 5 μl of 10x 
sample reducing agent (Invitrogen, Paisley, UK). Samples were 
heated at 100°C for 10 min and once cooled pulsed for 5 sec 
at 5,000 rpm. SDS-PAGE was performed on 10 μl of sample 
on 4–12% Bis-Tris NuPAGE gels (Invitrogen, Paisley, UK) at 
150 V for 1 h. Proteins were electrotransferred onto Hybond P 
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