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In goats, several field studies have identified coding mutations of the gene encoding the prion protein (I/M, 45, N/D, 46, S/D1 46>
R/Q,;;, and Q/K,,,) that are associated with a lower risk of developing classical scrapie. However, the data related to the levels of
resistance to transmissible spongiform encephalopathies (TSEs) of these different PRNP gene mutations are still considered in-
sufficient for developing large-scale genetic selection against scrapie in this species. In this study, we inoculated wild-type (WT)
PRNP (I,,,R54R5;1Q5,,) goats and homozygous and/or heterozygous I/M, ,,, R/H, 54, R/Q,;,, and Q/K,,, goats with a goat natu-
ral scrapie isolate by either the oral or the intracerebral (i.c.) route. Our results indicate that the I/M, ,, PRNP polymorphism
does not provide substantial resistance to scrapie infection following intracerebral or oral inoculation. They also demonstrate
that H,5,, Q,,, and K,,, PRNP allele carriers are all resistant to scrapie infection following oral exposure. However, in compari-
son to WT animals, the H, 5, and Q,,, allele carriers displayed only moderate increases in the incubation period following i.c.
challenge. After i.c. challenge, heterozygous K,,, and a small proportion of homozygous K,,, goats also developed the disease,
but with incubation periods that were 4 to 5 times longer than those in WT animals. These results support the contention that
the K,,, goat prion protein variant provides a strong but not absolutely protective effect against classical scrapie.

ransmissible spongiform encephalopathies (TSEs), or prion

diseases, are fatal neurodegenerative disorders occurring in
small ruminants (scrapie), cattle (bovine spongiform encephalop-
athy [BSE]), and humans (Creutzfeldt-Jakob disease [CJD]). The
key event in TSEs is the conversion of a normal cellular protein
(PrP®) into an abnormal isoform (PrP%) which accumulates in
tissues in infected individuals. According to the prion concept,
abnormal PrP is the causative agent of TSEs (1).

In sheep, susceptibility to TSEs is strongly modulated by poly-
morphisms of the prion protein gene (PRNP) and the nature of
the prion disease agent (strain) (2). The A,54R;5,R;7; allele is as-
sociated with a highly protective effect against natural or experi-
mental infection with classical scrapie and BSE agents, while the
V136R154Q,7; allele and the wild-type (WT) A, 56R,5,Q; -, allele are
associated with susceptibility (3, 4). However, in sheep, the ARR
allele does not provide any particular protection against atypical
scrapie, whereas the R/H,5, or L/F,,; amino acid substitution is
associated with an increased risk of occurrence of this TSE (5-8).

At the European level, the selection of ARR allele carriers was
successfully applied for controlling and eradicating classical
scrapie in infected sheep flocks (9). Large-scale selection programs
were also implemented at the population level. They aimed to
increase the frequency of the ARR allele in the general population,
making it less favorable to TSE agent circulation and spreading.
This “breeding for resistance” policy, in combination with other
eradication measures, resulted in a significant reduction of the
prevalence of classical scrapie in populations where it was com-
prehensively applied (10-12).

In goats, several field studies have identified coding mutations
of the PRNP gene that are associated with a lower risk of develop-
ing classical scrapie, namely, the I/M, ,,, N/Dy,4 and S, 46, R/Q515,
and Q/K,,, alleles (13—-18). However, the low frequencies of these
alleles in the goat population limit the possibility of reaching an
unequivocal conclusion about the resistance/susceptibility to in-
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fection associated with these different PRNP genotypes (2, 13, 18).
In this context, experimental TSE inoculation of goats is a
straightforward and robust approach to better assess the levels of
resistance associated with certain PRNP polymorphisms in this
species (19, 20).

In this study, we inoculated wild-type goats and homozygous
and/or heterozygous I/M,,,, R/H,54 R/Q,;, and Q/K,,, goats
with a goat natural scrapie isolate, by either the intracerebral (i.c.)
or the oral route, in order to characterize their relative resistances/
susceptibilities to infection.

MATERIALS AND METHODS

Ethics statement. All animal experiments were performed in compliance
with institutional and French national guidelines, in accordance with Eu-
ropean Community Council Directive 86/609/EEC. The experimental
protocol was approved by the INRA Toulouse/ENVT ethics committee.

Scrapie inoculum. The inoculum was derived from a single natural
scrapie field case (clinical) in a 3.5-year-old goat with the wild-type PRNP
genotype. This animal was necropsied under TSE-sterile conditions, and
its central nervous system (CNS; brain and spinal cord) was used to pre-
pare a 10% tissue homogenate in 5% glucose. The stock homogenate was
aliquoted and stored at —80°C.

Experimental animal production. Goat kids intended to be used in
the experiment were produced by direct mating of PRNP-sequenced
Alpine and Saanen female goats and bucks. Parents were selected from
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three herds that are managed by the French National Agronomic Institute
(INRA). Selection was based on the PRNP polymorphisms at codons 142
(I/M), 154 (R/H), 211 (R/Q), and 222 (Q/K), which were identified by
previous studies as influencing susceptibility to natural scrapie (14, 18,
21). Animals were then naturally mated to produce the goats used for
experimental inoculation. Exon 3 of the PRNP gene of each goat kid was
sequenced as previously described (22).

Goat oral challenge experiments. For the oral challenge experiments,
gravid goats were relocated to ANSES Niort A2 facilities. Within 48 h after
birth, each goat kid received 1.5 g brain-equivalent material through nat-
ural suckling (1% diluted stock inoculum in 5% glucose). A second inoc-
ulation (same material and route) was performed at the age of 30 days.
Considering (i) the logistic constraints (housing of goats and goat kids)
and (ii) the fact that the parent goats were heterozygous only for the alleles
of interest, the oral inoculation of goat kids that would have been homozy-
gous for the mutated PRNP alleles was not feasible in the framework of
this experiment.

Two separate oral inoculation experiments were performed. The first
one aimed at establishing the PrP>° dissemination scheme and kinetics in
animals with the wild-type PRNP genotype. For that purpose, 3 or 4 ani-
mals were culled at 30, 90, 120, 360, 540, and 940 days postinoculation
(dpi). A last group of animals (n = 4) was kept until the occurrence of
clinical signs.

The second experiment aimed at establishing the relative susceptibil-
ities of goats harboring various genotypes to scrapie following oral
exposure. WT and heterozygous I/M, ,,, R/Q,,,, and Q/K,,, animals
were orally challenged using the same isolate as in the first experiment
and were culled at 120, 360, 760, and 1,040 dpi. Five animals of each
genotype were killed at each of the different time points.

In addition, a group of animals from each of these genotypes and a
group (n = 6) of heterozygous R/H, 5, animals that had also been chal-
lenged orally were kept alive for establishment of the incubation period.
Because of space constraints in the animal facilities, it was not possible to
challenge a sufficient number of R/H, 5, PRNP allele carriers to complete
the time point experiment (see below).

Goat intracerebral challenge. After weaning, goat kids selected by
genotype were transported to UMR INRA ENVT A2 animal facilities for
i.c. inoculation. When the animals were 6 months of age, they were anes-
thetized (ketamine plus diazepam [Valium]), and 400 pl of the stock
inoculum was injected into the temporal cortex.

Clinical monitoring and sample collection. Inoculated goats were
clinically monitored on a daily basis. The animals that developed TSE
were euthanized if they exhibited locomotor signs that impaired their
feeding capacity. Animals that developed intercurrent health problems
were treated by qualified veterinarians and euthanized if the condition
was not curable.

Dead animals were systematically necropsied, and the CNS and a va-
riety of lymphoid (mesenteric lymph nodes, tonsils, prescapular lymph
nodes, and Peyer’s patches) and nonlymphoid tissues were collected (Ta-
ble 1). Half of the samples were formalin fixed, while the other half were
stored frozen (—20°C).

PrP5°IHC and PrP™* enzyme-linked immunosorbent assay (ELISA)
detection. PrP*° immunohistochemistry (IHC) detection was performed
as described by Lacroux et al., using the 8G8 antibody, raised against a
human recombinant PrP protein and specifically recognizing amino acids
95 to 108 (SQWNKP) of the PrP protein (23).

WB of abnormal PrP. Proteinase K (PK)-resistant abnormal PrP
(PrP™) extraction and Western blotting (WB) were performed as previ-
ously described (24), using a commercial extraction kit (Bio-Rad, France).
PrP immunodetection was performed using monoclonal antibody Sha31
(0.06 pg per ml) (YEDRYYRE epitope [amino acids 145 to 152]) or 12B2
(4 pg/ml) (WGQGG epitope [amino acids 93 to 97]) (25).

For glycoprofiling of PrP*, the signal volume and relative percentage
associated with each band were established using Quantity One software
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(Bio-Rad) following immunoblotting. For each sample, three indepen-
dent measures were determined for three different gels.

RESULTS

Oral challenge in goats. Our first oral challenge experiment in
goats was designed to establish the scheme and kinetics of PrP5c
dissemination in the tissues of WT PRNP animals. For that pur-
pose, goat kids obtained by natural mating of WT PRNP goats and
bucks were orally challenged within the first 48 h following birth.
Groups of these animals were culled at different time points after
inoculation (Table 1). PrP5¢ accumulation was first observed in
the gut-associated lymphoid tissue (Peyer’s patches) of animals, at
more than 180 dpi. As already described for sheep, PrP*° progres-
sively spread to all lymphoid organs before becoming detectable
(between 180 and 360 dpi) in the enteric nervous system (ENS)
and, later (between 540 and 940 dpi), in the central nervous sys-
tem (26).

On the basis of these results, a second oral challenge experi-
ment was designed. The goal of this experiment was to character-
ize the impact of the investigated polymorphisms on the suscep-
tibility and PrP¢ dissemination in the tissues of orally exposed
animals. Groups of wild-type animals and heterozygous I/M, ,,,
R/Q,;,, and Q/K,,, animals were produced by natural mating and
orally challenged using the same procedure and scrapie isolate as
in the first experiment.

In the second experiment, the PrP*¢ dissemination scheme ob-
served in WT animals was consistent with the results of the first
experiment (Table 2). No PrP¢ deposition was observed in the
tissues collected from goats killed at 120 dpi. At 360 dpi, signifi-
cant PrP*° deposition was observed in various lymphoid tissues
(Peyer’s patches, mesenteric lymph nodes, and tonsils) of some of
the challenged individuals. PrP*° deposition was observed in ENS,
CNS, and peripheral nervous tissues and skeletal muscles in four
of the five animals culled at 760 dpi.

In the orally challenged heterozygous I/M, ,, animals, a similar
but slightly delayed PrP* accumulation scheme was observed;
PrP5¢ was first detected in the gut-associated lymphoid tissue
(Peyer’s patches) at 360 dpi, but it was only detected at 1,040 dpiin
the CNS (Table 2).

No PrP% was observed in any of the tissues collected from the
heterozygous R/Q,;; and Q/K,,, animals that had been orally
challenged and killed at the different time points (5 animals per
genotype per time point), and none of the animals bearing these
genotypes had developed a clinical TSE at >2,500 dpi.

In both oral challenge experiments, groups of animals harbor-
ing the different PRNP genotypes (I/M,,,, R/Q,q;, and Q/K,,,)
were kept alive and clinically monitored for TSE development
(Table 3). Similarly, a group of heterozygous R/H, 5, animals (n =
6) that had been orally challenged with the same inoculum was
also monitored.

In WT goats, incubation periods in the first (n = 4) and second
(n = 5) experiments were not different. All the challenged I/M, ,,
goats (n = 4) also developed clinical TSEs, but with a slightly
longer incubation period (1,490 *+ 126 dpi) than that in WT ani-
mals (1,141 *= 93 dpi). For both genotypes, affected animals
showed PrP* deposition in CNS and lymphoid tissues (Table 2).

After more than 2,500 days of incubation, none of the orally
inoculated heterozygous R/H;s,, R/Q,;;, and Q/K,,, animals had
developed a clinical TSE. Some of the heterozygous R/H; 5, (n = 3)
or Q/K,,, (n = 2) goats and one homozygous K/K,,, animal died
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TABLE 3 Scrapie incubation periods and PrPS¢ deposition in central nervous system and lymphoid tissues in goats inoculated by the oral route,
shown according to genotypes at codons 142, 154, 211, 222, and 240 of the PRNP gene

No. of scrapie-affected

PrP5¢ accumulation
(no. of goats/total

Death from intercurrent disease no. examined)

animals/total no. of Scrapie incubation period No. of goats/total Time to death Lymphoid
Genotype animals (dpi) (mean * SD) no. in group” (dpi) CNS tissues”
IRRQS/IRRQS (wild type) 9/9 1,141 =93 9/9 9/9
M, ,,RQP,,/IRRQS 4/4 1,490 = 126 4/4 4/4
IH,5,RQS/IRRQS 0/6 3/6 966, 1,002, 1,853 0/3 0/3
IRQ,,,QS/IRRQS 0/5 2/5 1,234, 1,678 0/2 0/2
IRRK,,,S/IRRQS 0/5 1/5 1,815 0/1 0/1

@ Animals that were still alive were at <2,500 days postinoculation at the time of writing.

b Tonsils, prescapular lymph nodes, ileal/jejunal Peyer’s patches, and mesenteric lymph nodes.

from intercurrent disease (Table 3). In these orally challenged
animals, none of the investigated tissues (lymphoid organs and
CNS) displayed any detectable PrP deposition.

Together, these findings support the contention that R/H;5,,
R/Q,;1, and Q/K,,, PrP mutant alleles have a strong protective
effect against scrapie infection following oral exposure.

Intracerebral challenge in goats. To further assess the resis-
tance to scrapie associated with the I/M,,,, R/H,5,, R/Q,,;, and
Q/K,,, PrP alleles, groups of heterozygous and homozygous ani-
mals were inoculated intracerebrally with the same isolate as that
used for oral challenge (Table 4). As expected, all the intracere-
brally inoculated WT goats developed clinical TSEs. In those ani-
mals, PrP5 deposits were observed in both the central nervous
system and lymphoid tissues.

In contrast to the results of the oral challenge experiment, the
heterozygous I/M,,,, R/H;5,, and R/Q,;; animals, and also ho-
mozygous Q/Q,,; animals, developed clinical TSEs. Strikingly, the
heterozygous R/Q,;, individuals displayed a longer incubation
period than the homozygous Q/Q,,, animals. PrP> deposition
was observed in the lymphoid tissues of the heterozygous I/M,,,
and homozygous Q/Q,,, animals. No or limited PrP* accumula-
tion was observed in lymphoid tissues from R/H,s, and R/Q,;;
animals. With the Sha31 antibody, the PrP™* WB patterns ob-
served for the brains of all the scrapie-affected R/H s, individuals
were identical and differed strikingly from those observed for in-

dividuals bearing other PRNP genotypes (Fig. 1): the PrP™ bands
displayed apparently lower molecular weights. Immunoblots
probed with the 12B2 antibody indicated that in H/R 5, goats, PK
digestion resulted in an N-terminal cleavage of PrP™* (amino ac-
ids 93 to 97) that differed from the case in the other genotype
groups.

Among the i.c. challenged heterozygous Q/K,,, goats, three
animals died of intercurrent disease, at 568, 898, and 1,062 dpi. No
PrP5¢ accumulation was observed in any of the investigated tissues
from these goats. However, the two remaining animals developed
clinical TSEs, after 1,980 and 2,134 dpi, and in those two individ-
uals, PrP° deposits were observed (by IHC and WB) in the central
nervous system but not in lymphoid organs.

One of the five i.c. challenged homozygous K,,, animals devel-
oped a clinical TSE and was euthanized after 2,101 dpi. Abnormal
PrP deposition was detected (by IHC and WB) in the central ner-
vous system but not in the lymphoid tissues. The four remaining
K/K,,, animals were still apparently healthy at the time of writing
(>2,400 dpi).

Using the Sha31 antibody, Q/K,,,- and K/K,,,-positive indi-
viduals displayed similar PrP™* glycoform ratios. The PrP™* gly-
coprofiles of these individuals displayed dominant monoglycosy-
lated bands which clearly differed from the patterns observed for
the goats with other genotypes (Fig. 2).

More generally, the presence of apparently different PrP™ WB

TABLE 4 Scrapie incubation periods and PrP5¢ deposition in central nervous system and lymphoid tissues in intracerebrally inoculated goats,
shown according to genotypes at codons 142, 154, 211, 222, and 240 of the PRNP gene”

No. of clinically
TSE-affected

PrP5¢ accumulation
(no. of goats/total

Death from intercurrent disease no. examined)

animals/total Scrapie incubation period No. of goats/total Time to death Lymphoid

Genotype no. of animals (dpi) (mean = SD) no. in group (dpi) CNS tissues”
IR 154R51,Q000/IRRQ (wild type) 5/5 486 + 21 5/5 5/5

M, ,,RQ/IRRQ 5/5 788 = 99 5/5 5/5
IH,5,RQ/IRRQ 5/5 624 * 148 5/5 0/5
IRQ,,,Q/IRRQ 5/5 1,291 = 325 5/5 5/5
IRQ,,,Q/IRRQ,;,Q 10/10 770 = 139 10/10 1/10
IRRK,,,/IRRQ 2/5 1,900, 2,174 3/5 568, 898, 1,062 2/5¢ 0/5
IRRK,,,/IRRK,,, 1/5 2,101 1/1 0/1

@ Groups of five goats were intracerebrally challenged in the temporal cortex with the same classical scrapie isolate used for oral challenge. Animals that were still alive were at

>2,400 days postinoculation at the time of writing.

b Tonsils, prescapular lymph nodes, ileal/jejunal Peyer’s patches, and mesenteric lymph nodes.

“The two PrP%-positive animals were clinically affected.
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FIG 1 PrP™ Western blot patterns for samples from the brains of goats intracerebrally challenged with a classical scrapie isolate. Ten percent tissue homogenates
were prepared from brains of goats that had been intracerebrally challenged with a classical scrapie goat isolate and then developed the disease (Table 3).
Abnormal PK-resistant PrP (PrP"*) was detected following Western blotting using the Sha31 (YEDRYYRE epitope) and 12B2 (WGQGG epitope) antibodies. In
each gel, a classical scrapie sheep isolate (WB control) and the original isolate (orig. isolate) were used as controls.

signatures for i.c. challenged goats that harbored different geno-
types suggests that different TSE agents propagated in those ani-
mals. However, it is our opinion that bioassays (which are cur-
rently ongoing) remain necessary before making conclusions on
that point.

DISCUSSION

Case-control studies of classical scrapie-affected herds (13-18)
and limited data from experimental challenges (intracerebral
routes) (19, 27) support the view that PrP K,,, allele goats might
be strongly resistant to classical scrapie infection. Rare cases of the
disease (n = 3) were reported for heterozygous K,,, goats belong-
ing to one single flock that displayed a high disease prevalence
(27.4%), and no case has been reported so far for homozygous
K,,, animals (14, 21).

Our study indicated that a classical scrapie isolate failed to

30 40 50 60 70 80 90
bi-glycosylated

FIG 2 PrP*™ glycoprofiles of the brains of goats intracerebrally challenged
with a classical scrapie isolate. Ten percent tissue homogenates were prepared
using posterior brain stems from goats that had been intracerebrally chal-
lenged with a classical scrapie goat isolate and then developed the disease
(Table 3). Abnormal PK-resistant PrP (PrP**) was detected following Western
blotting using the Sha31 antibody (YEDRYYRE epitope). The signal volumes
and relative percentages associated with monoglycosylated, biglycosylated,
and unglycosylated bands were established using Quantity One software (Bio-
Rad). Filled star, original isolate; A, wild type; O, I/M, ,,; 0, Q/K,,,; B, K/K,,,;
O, RIQy 15 @, Q/Qy,15 V, HIR 5,
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propagate in heterozygous K,,, goats following oral challenge.
However, it also demonstrated that the same classical scrapie
isolate could propagate in heterozygous and a proportion of
homozygous K,,, animals following i.c. challenge, but with an
incubation period that exceeded those observed in WT animals by
4 to 5 times.

These results for K,,, goats are very evocative of those obtained
with A;34R;54R,5; allele sheep carriers that were naturally or ex-
perimentally exposed to TSE agents. After oral experimental chal-
lenge of homozygous and heterozygous ARR sheep, no or poorly
efficient propagation of classical scrapie and BSE agents was ob-
served (28-30). In heterozygous ARR sheep that were i.c. chal-
lenged with a classical scrapie agent, the disease occurred, but with
significantly longer incubation periods than those in homozygous
ARQ (wild-type PRNP genotype) sheep (30). Clinical TSEs oc-
curred in a proportion of homozygous ARR sheep that were i.c.
challenged with the cattle BSE agent, and the occurrence of rare
natural classical scrapie cases was reported for animals harboring
this genotype (31, 32).

All these results support the view that like the ARR allele in
sheep, the K,,, allele is associated with high-level but not absolute
resistance to scrapie.

For I/M,,, allele carriers, the i.c. and oral challenge results in-
dicate that this allele is not associated with substantial resistance to
the classical scrapie isolate we used. These observations are con-
sistent with data collected from naturally infected goat herds (14,
21) and with the observations previously reported by Goldmann
et al. for goats challenged with cattle BSE isolates, CH1641, and
ME?7 passaged in sheep (15).

No transmission or PrP% deposition could be observed in
orally challenged heterozygous H; 5, and Q,;; animals. However, a
100% attack rate was observed in animals bearing those genotypes
followingi.c. challenge, albeit with longer incubation periods than
those in WT animals.

These results were similar to those observed in heterozygous
K,,, animals. However, unlike homozygous K,,, goats, the
homozygous Q,,, animals developed the disease with a 100% at-
tack rate following i.c. challenge, with shorter incubation periods
than those in heterozygous Q,,, animals. This indicates that the
Q,;, allele cannot be considered to provide the same level of re-
sistance against scrapie as the K,,, allele.

The lack of homozygous H, 5, goats in the intracerebral inocu-
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lation experiment clearly limits our capacity to draw final conclu-
sions concerning the level of resistance/susceptibility to classical
scrapie associated with this PRNP allele. Nevertheless, the risk of
atypical scrapie occurrence has been shown to be significantly
higher in both H 5, allele carrier sheep and goats (the same PrP“
sequence is present in goats and sheep) than in WT animals (7,
33). This higher level of susceptibility to atypical scrapie repre-
sents a major argument against the selection of the H,5, PRNP
allele in goat populations.

Beyond this, the main limitation of this experiment is the fact
that only one classical scrapie goat isolate was used to test the
relative susceptibilities of the different genotypes. The diversity of
TSE agents in small ruminants has been documented for several
decades (26, 34, 35). In sheep, the susceptibility to TSE infection
was shown to be influenced by both the nature of the TSE strain
and the PRNP polymorphisms (36). Considering the time and
resources necessary to carry out bioassays in large animals, testing
of several classical scrapie agents in parallel in this model was
simply not feasible. In this context, the inoculation of a variety of
TSE agents into transgenic mice that express the WT and K,,,
PRNP goat alleles will play a pivotal role in confirming the appar-
ently low susceptibility/high resistance associated with the K,,,
allele, and such work is reported in the accompanying article by
Aguilar-Calvo et al. (37).

Finally, it should be noticed that the experimental approach we
used allowed only estimations of the impact of individual PRNP
polymorphisms on susceptibility to disease. For obvious material
reasons, it was not possible to investigate the effects of PRNP hap-
lotype combinations (such as individuals bearing both the Q,;;
and K,,, alleles).

The development of PRNP genotype selection programs is now
being considered by the European Union authorities as a potential
tool to control and eradicate scrapie in commercial goat popula-
tions. In sheep, the diffusion of the ARR allele in the general pop-
ulation and, in particular, its introduction into classical scrapie-
affected herds have proven its efficacy for the long-term control of
the disease (10-12). The data that we report concur with the view
that the K,,, allele in goats provides a level of resistance against
scrapie infection similar to that seen with the ARR allele in sheep.
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