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INTRODUCTION

Scrapie is a transmissible disease which affects the central nervous 
system of sheep and goats. Natural scrapie has been endemic in Europe for 
over 250 years and can be transmitted from affected to healthy sheep (and 
other species) by inoculation or feeding of diseased tissues. Scrapie and 
related diseases are invariably fatal and are characterised by long, 
largely asymptomatic, incubation periods which may last for months or years 
(Dickinson, 1976; Parry, 1984).

Scrapie has been reported in most parts of the world although a few 
countries are regarded as free from the disease, notably Australia and New 
Zealand. Many countries prohibit the import of sheep from areas with 
scrapie, and this has a major effect on the UK export trade. Import of 
sheep to Australia requires their quarantine in Tasmania for upwards of 5 
years but even this does not guarantee exclusion of the disease. In part, 
this is due to the long survival time of infected sheep and the lack of a 
diagnostic test for the transmissible factor or pathogen of scrapie. There 
are over 40 million sheep in the UK, and in some flocks up to a tenth of 
the sheep succumb to the disease in any one year. The economic loss to the 
UK of scrapie in sheep was estimated to be £1.7M in 1980; the loss is 
probably much more and is well appreciated by the sheep industry. Concern 
about the disease has heightened in recent years following the apparent 
spread of scrapie from sheep to cattle (to produce bovine spongiform 
encephalopathy or BSE) (Wells et al., 1987; Wilesmith et al., 1988). The
cost of BSE to the cattle industry has yet to be calculated.

Scrapie is caused by an unusual pathogen. This pathogen has some of the 
properties of a conventional virus but can survive normal virucidal 
procedures such as prolonged exposure to formalin, dry heat and some 
regimes of autoclaving. The molecular structure of the pathogen is unknown. 
It can only be detected by transmission to other animals, hence it is very 
difficult to monitor and eradicate. Biochemical studies of scrapie 
infectivity have indicated that a protein may be the sole or, at least, an 
integral part of the infectious particle and a candidate host protein (PrP 
or prion protein) has been identified (Prusiner, 1982; McKinley et al., 
1983). Prion, virino and slow virus are among the many names used for the 
causative agent of scrapie and related diseases. Scrapie-associated fibrils 
(SAF), and other modified forms of PrP, accumulate 'in the brain and some 
peripheral tissues (spleen, lymph nodes) during the development of these 
diseases (Merz et al., 1981; Diringer et al., 1983; Hope et al., 1986, 
1988; Doi et al., 1988; Kitamoto et al., 1989). To date, these aggregated 
forms of a normal host protein are the only candidate antigens which either 
specifically (as part of a virino or prion structure) or non-specifica11 y 
(occluding a normal virus) co-purify with the infectious particle of 
scrapie.

Diagnosis of the disease is based on clinical signs and post-mortem 
brain pathology (Fraser, 1976). Some of the neurological lesions of scrapie 
are found in the other members of this group of transmissible spongiform 
encephalopathies: common features include the widespread formation of
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membrane-bound vesicles or vacuoles in cell bodies of nerve cells, 
vacuolation of the extracellular space and a proliferation of astroglial 
cells in the absence of demye1ination or other overt inflammatory response. 
These features develop in the later stages of the incubation period, and it 
is very difficult to detect those animals with scrapie which are not 
visibly affected by the disease. This has greatly hindered the 
effectiveness of approaches for the control and management of scrapie.

The overall rate of replication of the transmissible agent, and hence 
the incubation period of the disease, depends primarily on the interaction 
between the strain(s) of the pathogen and the genotype of the affected 
animal (Dickinson and Meikle, 1971). Over the past twenty years, the 
problem of scrapie has been tackled by culling and selection of sheep which 
are relatively resistant or susceptible to natural or experimental scrapie 
infection. This has been expensive and time-consuming. In this article, we 
review our understanding of the biology and molecular genetics of scrapie 
susceptibility and how the application of a simple blood test may 
facilitate animal health programmes aimed at the control and eradication of 
scrapie and BSE.

THE Sip GENE

It has been known for over two hundred years that the development of 
natural scrapie in sheep depended on genetic factors (Anon, 1755). 
Similarly, the survival time of sheep inoculated with scrapie (SSBP/1) is 
mainly determined by a single genetic locus - Sip, with two alleles sA and 
pA. SSBP/1 (Sheep Scrapie Brain Pool 1) is thought to be a mixture of 
scrapie strains and was derived from a pool of three brains taken from pure 
or cross-bred Cheviot sheep at the terminal stage of scrapie (see 
Dickinson, 1976). When injected intracerebra11y , Sip sA/sA or sA/pA sheep 
die sooner than Sip pA/pA animals. If the inoculum is given sub-cutaneous1y 
to Cheviot sheep, only sA/sA or sA/pA animals develop scrapie while pA/pA 
sheep survive a natural lifespan (Dickinson et al. , 1968). Isolates (and 
perhaps natural outbreaks) of scrapie can be classified according to their 
relative effects on sheep of the different Sip genotypes. Most isolates 
(Group A) produce the disease in carriers of the sA allele faster than in 
pApA sheep, but with at least one isolate (CH1641) (Group C) the ranking of 
Sip type (in respect of survival time) is not clear cut and may even be 
reversed (Foster and Dickinson, 1988; see Table 1). The incidence of 
natural scrapie also appears to be controlled by the Sip gene, although in 
this case the sA allele appears to be recessive (Foster and Dickinson, 
1988).

Genetic selection strategies for sheep with a reduced mortality to a 
subcutaneous dose of scrapie have been used in the UK to produce other 
nucleus flocks in which natural scrapie rarely if ever occurs (Nussbaum et 
al., 1975; Davies and Kimberlin, 1985). These selected flocks are believed 
to contain mostly "low susceptibility" sheep (Sip pA/pA) in which 
replication or the deleterious effects of the scrapie pathogen may be 
sufficiently inhibited to allow survival. It is not known where Sip acts in 
the replication cycle of the scrapie pathogen to determine the Fate of the 
infected animal. Extensive studies by Hadlow, Ecklund and colleagues From 
the late 1950's and more recently by Kimberlin and Walker have helped 
define the spread of infection within an animal following natural or 
experimental infection with scrapie (Hadlow et al., 1983; Kimberlin and 
Walker, 1988a). Infection via peripheral routes appeared to better mimic
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the natural disease, where the earliest rises in titre were in parts of the 
alimentary tract, the spleen and various lymph nodes. Infectivity was 
detected in the central nervous system at a much later stage in the 
development of the disease. These data were consistent with the idea of 
maternal transmission of the disease from ewe to lamb via an oral route 
(Hadlow et al., 1983). Kimberlin and Walker have suggested that Sirtc, 
the murine Sip homologue, acts by controlling the pathogen's route from 
sites of peripheral replication into the central nervous system (kimberlin 
and Walker, 1988b). If true, and if Sip acts similarly, these 
"low-susceptibility" flocks cannot be regarded as scrapie-free and may act 
as carriers of infection. Unfortunately, data on the "carrier-status" of 
Sip pA/pA flocks is lacking, as there has been no convenient assay for 
infection or Sip genotype.

The expense and time involved in selecting sheep by their response to 
exposure to scrapie has hindered its practical application. Over the years 
this has stimulated a search for in vitro methods of predicting the 
susceptibility or resistance of sheep to natural or experimental scrapie. 
Towards this end, various biochemical markers have been tested for their 
correlation with the alleles of Sip. For example, a correlation has been 
noted of OLA haplotypes with natural scrapie in lie de France sheep 
(Mil lot, 1989), but this has been disputed (Cullen, 1989). Similarly, a 
lack of correlation has been noted between various phenotypes of albumin, 
pre-albumin, esterase, haemoglobin, transferrin, reduced glutathione and 
a-mannosidase and the alleles of Sip in Herdwick sheep (Coll is and Mil Ison, 
1975; Coll is et al., 1977), and between haemoglobin/potassium levels and 
scrapie susceptibility in Canadian Suffolk and Cheviot sheep (Darcel and 
Avery, 1960).

Originally, we searched for in vitro markers of scrapie resistance/ 
susceptibility using the two lines of NPU Cheviot sheep which were 
selectively bred for increased (positive line) or decreased (negative line) 
incidence of SSBP/1-induced scrapie. Paradoxically, a candidate product of 
the Sip locus was discovered in studies on the molecular structure of the 
rodent scrapie pathogen. This was the PrP protein. Mutations in or around 
the PrP gene were found to be linked to the alleles of Sine, a murine gene 
homologoue of Sip (Carlson et al., 1986;*Hunter et al., 1987), and we have 
reported EcoRI and Hindi 11 restriction fragment length polymorphisms 
(RFLPs) of the sheep PrP gene which, in a small sample of animals from our 
Cheviot flock, correlated with the alleles of Sip (Hunter et al., 1989). 
The Sip sA allele was linked to 6.8kb EcoRI and 3.4kb HindI I I-fragments of 
the PrP gene, and the Sip pA allele was linked to 4.4kb EcoRI and 5.0kb 
Hindlll fragments. This correlation has been further validated in the NPU 
Cheviot flock and extended to a flock of Swaledale sheep similarly selected 
for their "low-susceptibility" to experimental scrapie.

NPU Cheviot Flock

Using one RFLP (EcoRI), we have extended our original study to 77 
positive line sheep and 31 negative line sheep from the NPU Cheviot flock. 
(The number of animals in each line is variable but usually around 100). 
All 31 animals have a PrP-EcoRI fragment of 4.4kb. Of the positive line 25% 
(24 animals) have one 6.8kb fragment and 65% (50 animals) have both 
fragments (Table 2a). This strengthens the preliminary results suggesting 
that the 6.8kb fragment is a marker for Sip sA.

439



Table 1 Incubation periods of SSBP/1 and CH1641 in Cheviot sheep of 
differing Sip genotype

Source of Route of Incubation period
scrapie i nject ion (days + sem)

Pos i t ive line Negative line
(SipsAsA or Sip**PA) (SipPApA)

SSBP/1 Int racerebral 197 ± 7 917 + 90
Subcutaneous 313 ± 9 -

CH1641 Int racerebra1 595 ± 122 360 + 15

Data adapted from Dickinson and others (1968) and Foster and Dickinson 
(1988a).

Table 2a NPU Cheviot Flock - EcoRI Polymorphism

EcoRI fragment size 

6.8kb Both 4.4kb

Positive Line (77) 27 (35%) 50 (65%) 0

Negative Line (31) 0 0 31 (100%)

Table 2b Swaledale Flock - EcoRI Polymorphism

EcoRI fragment size 

6.8kb Both 4.4kb

Redesdale (79) 2 (3%) 18 (23%) 58 (74%)

"Controls" (31) 12 (39%) 10 (32%) 9 (30%)
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Redesdale Swaledale Flock

At the MAFF Experimental Husbandry Farm, Redesdale, Northumberland, 
there is a flock of around 300 Swaledale sheep bred (from 1973) for reduced 
susceptibility to scrapie. Sources of scrapie used in this selection 
process (SW73 and SW75) are pooled homogenates of scrapie brain from cases 
of natural scrapie in various Swaledale flocks kept in the north of 
England. Swaledale sheep were injected with these homogenates and only the 
survivors were used for breeding. This has produced a line very similar to 
the NPU Cheviot negative line which has low susceptibility to disease 
(Davies and Kimberlin, 1985). The NPU Cheviot lines were selected for their 
response to SSBP/1 scrapie, a different source to that used in the 
Swaledale flock, so it was of great interest to compare the frequency of 
the PrP RFLPs in the Swaledale and Cheviot flocks.

To date, 79 Swaledale sheep DNA samples have been tested for the EcoRI 
RFLP. The 4.4kb fragment is present in 74% (58 animals); the 6.8kb fragment 
in 3% (2 animals) and 23% (18 animals) are heterozygous (Table 2b). There 
is therefore, in this low susceptibility line, a large number (97%) 
carrying the putative Cheviot pA marker and a very low incidence of animals 
homozygous for the 6.8kb fragment or sA marker.

These results would fit very well with the idea that the 4.4kb fragment 
is linked to low susceptibility to experimental scrapie. To assess the 
significance of this finding, thirty-one animals from a separate, 
unselected flock were also tested. These animals were of a similar age 
range to the Redesdale flock but came from a flock which has had a number 
of natural scrapie cases. Of these sheep 39% (12 animals) had the 6.8kb 
fragment, 30% (9 animals) had the 4.4kb fragment and 32% (10 animals) had 
both the 6.8kb and the 4.4kb fragment. There is clearly a different 
frequency from that found in the Redesdale flock (Table 2b).

This is encouraging, although we need to know^ much more about the 
relationship between the PrP and Sip genes, and their mechanism of action, 
beiore regarding this RFLP linkage analysis as a fool-proof predictor of a 
sheep’s response to challenge with scrapie.

Sip AND THE STRUCTURE OF OVINE PrP PROTEIN

To investigate the link between PrP and host genes controlling the 
incubation period of natural scrapie, we have isolated and sequenced clones 
of genomic DNA carrying most of the ovine PrP gene, and searched for 
amino-acid substitutions in ovine PrP which might give clues to the 
molecular basis of Sip allei ism. Two clones, encoding predicted PrP 
proteins of 256 amino-acids, were found to differ by three nucleotides in 
the open reading frame of the gene. This results in a single amino-acid 
variant: an arginine/glutamine polymorphism at codon 171 (Goldmann et al. , 
1990). These clones also differed in an EcoRI restriction enzyme site 
outside the PrP coding region, which we had previously shown to be linked 
to the alleles of Sip (Hunter et al., 1989).

The correlation of amino-acid variations in the PrP protein itself with 
the alleles of Sip (Goldmann et al., 1990) and Sine (Westaway et al., 
1987), and with the incidence of related diseases in man, familial 
Creutzfe1dt-Jakob disease (F-CJD) (Owen et al., 1989) and Cerstmann- 
Straussler syndrome (CSS) (Hsiao et al., 1989) (Table 3) lends support to
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Table 3 Linkage of the alleles of Sip and homologous genes to 
polymorphisms in or around the PrP gene

Spec i es Di sease Gene Site(s) of PrP 
polymorphism

Re ferences

Sheep Natural and 
Experimental

S i p 171
G1n/Arg

Hunter et al. , 1989 
Coldmann et a/., 1990

Mouse Exper i ment a 1 
Scrapie

S i nc 108 189 
Leu/Phe Val/Thr

Carlson et a/., 1986 
Hunter et al., 1987 
Westaway et al., 1987

Man F-CJD ? Insert in repeat 
region (68-99)

Owen et al., 1989

CSS ? 102
Leu/Pro

Hsiao et al., 1989
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the notion that PrP is the product of the host "survival time" genes. 
Indeed, the transfer of the hamster PrP gene into mice renders the "hamster 
PrP" mouse much more susceptible to hamster-passaged scrapie (Scott et al., 
1989). However, further investigations are needed to explain exactly how 
such minor changes in the molecular structure of a single protein might 
discriminate between life or death following the exposure of a sheep to 
scrapie.

POTENTIAL AND PITFALLS

Genetic selection of sheep for low or high susceptibility to scrapie 
may be greatly facilitated by the availability of a rapid, laboratory test 
for Sip genotype. The RFLP test for Sip alleles requires only a small blood 
sample and results are available within days rather than years. This 
linkage test has yet to be validated in other flocks and breeds of sheep 
but it is potentially useful to pedigree livestock breeders. However, 
selection for scrapie "resistance" by this means or any other would not 
ensure a scrapie- free flock. Selection strategies need to be tested in 
parallel with more fundamental studies on the mechanism of Sip action and 
on the dynamics of spread of infection in Sip pA/pA, Sip pA/sA and Sip 
sA/sA sheep. Maintenance of mixed populations of Sip alleles in a 
selection line may be useful in preventing high incidence outbreaks of 
scrapie. Similarly, if mutations are found in or around the bovine PrP 
gene, they may also indicate high or low susceptibility to BSE, and that 
would have implications for the control and management of scrapie and BSE 
throughout the world.
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