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Abstract
Background: Diagnosis based on prion detection in lymph nodes of sheep and goats can improve
active surveillance for scrapie and, if it were circulating, for bovine spongiform encephalopathy
(BSE). With sizes that allow repetitive testing and a location that is easily accessible at slaughter,
retropharyngeal lymph nodes (RLN) are considered suitable organs for testing. Western blotting
(WB) of brain homogenates is, in principle, a technique well suited to both detect and discriminate
between scrapie and BSE. In this report, WB is developed for rapid diagnosis in RLN and to study
biochemical characteristics of PrPres.
Results: Optimal PrPres detection in RLN by WB was achieved by proper tissue processing,
antibody choice and inclusion of a step for PrPresconcentration. The analyses were performed on
three different sheep sources. Firstly, in a study with preclinical scrapie cases, WB of RLN from
infected sheep of VRQ/VRQ genotype – VRQ represents, respectively, polymorphic PrP amino
acids 136, 154, and 171 – allowed a diagnosis 14 mo earlier compared to WB of brain stem.
Secondly, samples collected from sheep with confirmed scrapie in the course of passive and active
surveillance programmes in the period 2002–2003 yielded positive results depending on genotype:
all sheep with genotypes ARH/VRQ, VRQ/VRQ, and ARQ/VRQ scored positive for PrPres, but
ARQ/ARQ and ARR/VRQ were not all positive. Thirdly, in an experimental BSE study, detection
of PrPres in all 11 ARQ/ARQ sheep, including 7 preclinical cases, was possible. In all instances, WB
and IHC were almost as sensitive. Moreover, BSE infection could be discriminated from scrapie
infection by faster electrophoretic migration of the PrPres bands. Using dual antibody staining with
selected monoclonal antibodies like 12B2 and L42, these differences in migration could be
employed for an unequivocal differentiation between BSE and scrapie. With respect to
glycosylation of PrPres, BSE cases exhibited a greater diglycosylated fraction than scrapie cases.
Furthermore, a slight time dependent increase of diglycosylated PrPres was noted between
individual sheep, which was remarkable in that it occurred in both scrapie and BSE study.
Conclusion: The present data indicate that, used in conjunction with testing in brain, WB of RLN
can be a sensitive tool for improving surveillance of scrapie and BSE, allowing early detection of BSE
and scrapie and thereby ensuring safer sheep and goat products.

Page 1 of 14
(page number not for citation purposes)

BMC Veterinary Research 2006, 2:19

Background
Transmissible spongiform encephalopathies (TSEs) or
prion diseases are fatal diseases of the central nervous system, characterized by long incubation periods before neurological symptoms appear. TSEs were initially described
in sheep as a transmissible disease named scrapie, and in
man, as Creutzfeldt-Jakob disease (CJD), a sporadic disease with no detectable link between cases. The diseases
can be diagnosed by vacuolation of neurons in the brain
and appearance of a structurally altered form of the host
encoded prion protein (PrP), termed PrPSc. TSEs represent
a unique class of infectious diseases in which PrPSc is considered to be the transmissible agent [1-3].
TSEs have attracted much attention since bovine spongiform encephalopthy (BSE) was first described in the
1980s [4]. The more or less accepted explanation for the
appearance of this condition was the capacity of the
scrapie-like agent to spread to cattle fed with insufficiently
heated remains of ruminants [5]. In the 1990s a new form
of CJD was observed affecting mainly young people [6].
This so-called variant CJD is considered to be caused by
the BSE agent [7] and to have spread by the consumption
of infected food containing residual bovine nervous tissues, although other means of transmission, such as the
use of ruminant-derived substances in medical products,
can not be ruled out. Furthermore, man-to-man transmissions might have occurred subsequently by blood transfusions. BSE is now largely under control, but two recent
reports describing goats with BSE have strengthened the
fear that the BSE agent could again become widespread in
some food animals before being diagnosed [8-10]. In
order to prevent this from happening, the TSEs from livestock must be eradicated. For this purpose a number of
programmes are underway.
For eradication of ruminant TSEs in Europe, where BSE
cases have occurred in nearly all member states, control
programmes have been implemented (EU legislation
999/2001 and additions), e.g., the removal of risk materials, active monitoring of slaughtered cattle, sheep and
goats, stamping out of scrapie, and genetic breeding of
sheep towards scrapie and BSE resistant PrPgenotypes.
Active monitoring is possible using brain tissue taken late
in the incubation phase. Early diagnosis of TSEs can assist
in monitoring programs and has potential in sheep and
goats where lymphoreticular tissues generally accumulate
infectivity and aberrant PrP [11-14]. Indeed, until now,
tonsil and other lymphoid tissues have been targets for
preclinical scrapie diagnosis in sheep, making reliable
diagnosis possible in biopsies early during incubation
[15-17]. However, for the diagnosis to be as early as possible, i.e. in the preclinical stage, diagnostic methods more
rapid than the time consuming microscopic and bioassay
techniques currently employed are required. Such a diag-
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nosis should also preferably allow discrimination
between TSE strains like scrapie and BSE, as is described
for Western blotting (WB) methods applied to brain [1822].
A very reliable indicator of disease is the presence of
abnormal forms (PrPSc) of prion protein. It is recognized
by immunohistochemistry (IHC) as accumulations of
PrP, or as a partially protease-resistant protein (PrPres). By
WB of PrPres using PrP-specific antibodies, a typical triplet
banding pattern appears, representative of diglycosylated,
monoglycosylated and aglycosyl PrPres moieties, migrating with apparent molecular masses between 16 and 30
kDa. Using staining with two antibodies specific for different PrP-sites, WB can even discriminate between scrapie
and experimental BSE infection in sheep brain due to differential cleavage of PrPres by proteinase K (PK) [21,22].
In this study we investigated the applicability of PrPres WB
to retropharyngeal lymph nodes (RLN) since these organs
are easily accessible at slaughter and are one of the best
targets for diagnosis in the lymphoid system [13,17,23].
This was performed on three groups of sheep: firstly,
sheep from an early and late scrapie pathogenesis study
with mainly genotype VRQ/VRQ (only codons 136, 154
and 171 of PrP are indicated in single letter amino acid
code); secondly, ARQ/ARQ sheep with orally induced
BSE; and thirdly, sheep diagnosed during active and passive surveillance in the years 2002–2003. The latter group
represented six different PrP genotypes.

Results
Antibody choice and fine epitope specificity
In lymphoid tissues PrPres concentrations have been
reported to be 20 times lower than in brain [24]. Therefore, monoclonal antibodies (mAbs) with superior affinity for ovine PrP in Western blot (WB) were sought. Ten
mAbs (SAF84, SAF70, P4, L42, 8G8, 34C9 6H4, 94B4,
12B2 and 9A2) with specificity for ovine PrP were compared on WB strips by varying two parameters: mAb concentration and amounts of ovine scrapie brain digest (see
Methods section). As a result, antibodies 12B2, P4, 9A2,
and L42 were selected as the most reactive. The epitope
specificities of these four mAbs were determined by Pepscan analysis on solid phase synthetic ovine PrP peptides
(Figure 1). Synthetic peptides carrying these epitope
sequences were also used in solution to investigate by
ELISA their capacity to block binding to recombinant
ovine PrP. Indeed, as can be expected for antibodies that
are elicited with peptides, all four of these could interfere
effectively with antibody binding to PrP, confirming the
significance of the mapped specificities (Table 1).

Page 2 of 14
(page number not for citation purposes)

BMC Veterinary Research 2006, 2:19

http://www.biomedcentral.com/1746-6148/2/19

Homogenates of tonsils and RLN from scrapie-infected
sheep were examined after enzymatic hydrolysis with proteinase K (PK) and/or deglycosylation with PNGaseF (Figure 2). Digestion with PK resulted in the typical triplet of
diglycosylated, monoglycosylated and aglycosyl PrPres.
Subsequent removal of carbohydrate moieties by
PNGaseF led further to a prominent single deglycosylated
PrPres band. There were no major differences in PrP immunostaining between tonsils and RLNs.
In further studies, RLN tissue was used as the preferred tissue for evaluating lymphoid tissues, since in contrast to
tonsillar tissue, it lead to reproducible scrapie diagnosis
and organ size was large enough for repetitive analysis.
This better reproducibility is likely due to a more homogeneous distribution of PrPSc in RLN compared to tonsils.
Also, at slaughter, RLNs are more easily accessible in the
decapitated head than are tonsillar tissues.

Figure 1of antigenic
Mapping
monoclonal
antibodies
sites
by in
Pepscan
the ovine
analysis
PrP sequence for 4
Mapping of antigenic sites in the ovine PrP sequence
for 4 monoclonal antibodies by Pepscan analysis. For
each antibody indicated, results of analyses are presented for
peptides 76–175. Antigenic peptides for the respective antibodies 12B2, P4, 9A2, and L42 are: 83–93, 85–93, 90–102
and 139–148. See Table 1 for deduced core of the epitopes.

Tissue treatment and choice of retro-pharyngeal lymph
node
A practical means of homogenisation was chosen for tonsillar and medial retropharyngeal lymph node (RLN) tissue by using disposible homogenisers available for mass
screening purposes. Prypcon homogenisers were preferred
since these consistently yielded satisfactory suspensions
while other probes caused formation of gel in the
homogenate.

Diagnosis of scrapie in sheep during the incubation phase
We wished to know first, whether WB could detect scrapie
in the preclinical phase. As reported previously, VRQ/VRQ
sheep from our scrapie-infected flock are IHC positive in
tonsils and RLN at two months of age [25,26]. RLN samples of 18 such sheep, as well as of 6 scrapie negative
sheep (4 VRQ/ARR and 2 ARR/ARR genotypes), were
examined by WB. From the age of three months, WB
yielded results identical to IHC (Table 2). In 2-month old
cases, WB was negative, whereas IHC could detect PrP
only in fewer than 25% of the follicles. From the age of
four months onwards, all VRQ/VRQ sheep were positive
in both IHC and WB. A 20-fold concentration step allowing application of 20 mg tissue equivalents (TE) per lane
instead of 1 mg yielded a proportionally stronger signal in
the positive cases, but did not change the diagnostic outcome (data not shown). The RLN samples from the 6
scrapie negative sheep remained WB negative.

Table 1: Epitope specificities of 4 mouse monoclonal antibodies used.

antibody

elicited with sequence

epitope core by Pepscan analysis†

blocking ELISA‡
89–107
145–177

12B2
P4
9A2
L42

bovine PrP97-115§
ovine PrP89-104
bovine PrP97-115§
ovine PrP145-163

93WGQGG97
93WGQGGSH99
102WNK104
148YEDRYY153

yes
yes
yes
no

no
no
no
yes

†Mapping of antigenic sites in the ovine PrP sequence for 4 monoclonal antibodies by Pepscan analysis.
Shown are shared sequences (core of epitope) of overlapping 15-mer antigenic peptides for antibodies 12B2, P4, 9A2 and L42 from Figure 1.
Numbers refer to ovine PrP sequence Genbank accession nr. AJ567985.
‡Blocking was 100% in all positive cases and 0% in all negative cases with peptide concentrations of ≥ 0.5 μg/ml and antibody concentrations ≤ 0.5
μg/ml.
§Corresponds to ovine PrP sequence 89–107. Antibodies produced by [60]
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Diagnosis in animals in preclinical and clinical phase of
experimental BSE
RLNs from sheep with experimental BSE, in a previous
[27] and ongoing study, were examined by WB. All 11
infected animals of this study were positive by WB, but
only after concentration to 10–20 mg TE/lane. (Table 3; 4
clinical, 7 preclinical cases). If no concentration treatment
was included and mAb L42, the best antibody for BSE, was
used, 6 out of 7 animals in the preclinical stage, and 2 out
4 in the clinical stage, could be diagnosed. Thus, in the
case of BSE, concentration improves the diagnostic sensitivity. Surprisingly while all animals were positive by WB,
one with the shortest duration of infection (6 mpi) was
negative by IHC.

Figure
Western
sil
and retropharyngeal
2 blotting of homogenates
lymph nodefrom scrapie positive tonWestern blotting of homogenates from scrapie positive tonsil and retropharyngeal lymph node. Tonsillar
(lanes 1, 3) and medial retropharyngeal lymph node (lanes 2,
4) material digested with proteinase K was analyzed by WB
and developed with monoclonal antibody P4 (0.2 μg/ml).
Enzymatic treatment with PNGaseF is indicated. Lanes 1–4:
Applied amounts 450 μg TE/lane. Lane 5: molecular weight
markers. Position of markers are in kDa. Other symbols:
open arrowhead for top of gel, bold arrowhead for front of
bromphenol blue, bracket for migration position of PrPres triplet, small lines for the three individual PrPres polypeptides in
the triplet as discussed in the Results section. Position of
markers is in kDa. Band at 14 kDa represents lysozyme from
SeeBlue Mark12 which is bound by anti-mouse alkaline phosphatase conjugate.

When tested by WB, brain tissue from the VRQ/VRQ animals scored positive from 17 mo of age onwards, which
was some 7 mo later than by IHC. Compared to unconcentrated samples, application of 20 mg TE after a preceding concentration did not lead to earlier detection of
PrPres. By WB, scrapie diagnosis using RLN from these
sheep was already possible at 3 mo of age, while a positive
diagnosis with brain was obtained only from 17 mo of
age, thus illustrating that WB on lymphoid tissue can lead
to a scrapie diagnosis at a very early stage of infection.

Antibodies showed different affinities for PrPres in BSEand scrapie-infected sheep (Figure 3). PrP-core specific
antibodies L42 and 9A2 recognized PrPres in BSE samples,
with the former being the best antibody. PK-cleavage site
specific antibodies 12B2 (and P4) hardly bound to PrPres
from BSEinfected samples. Remarkably, 9A2 bound less
strongly to PrPres in BSE samples than L42, contrary to
findings with scrapie-infected sheep. It seems, thus, that
the 9A2 epitope in BSE samples could be more prone to
PK cleavage than that in scrapie. Variable cleavage of PrPSc
is a recognized phenomenon, but the extent or pattern of
these cleavages could well depend on agent-specific PrPconformational properties, which in situ might result in
differences in antibody binding between potentially different TSE strains [22,27-31]. These results also emphasize
that for discrimination between scrapie and BSE in dual
antibody staining, the use of core antibody L42 is preferable to 9A2, especially in weakly positive samples.
Diagnosis of scrapie in field cases from surveillance and
with mostly unknown ages
RLNs from sheep with various PrP genotypes and from
different sources, were examined by WB and IHC. In general, again, there was a good correlation between the two
methods, since divergent results occurred only for some
weak IHC-positive cases (Table 4; and for individual data
see Table in "additional file 1"). Thus, 51 out of 61 brainpositive sheep were diagnosed to be scrapie positive with
RLN by both methods and two others were only positive
by IHC. Within the different genotypes, WB of RLN scored
5 out of 7 positive in the ARQ/ARQ group, (while IHC
scored one more, 6/7), and 1 out 9 (IHC 2/9) in the ARR/
VRQ group. For the other genotypes (VRQ/VRQ, ARQ/
VRQ, ARH/VRQ, ARQ/ARR), the two tests corresponded
fully with each other. In brain-negative sheep, 1 out 7
appeared positive with both WB and IHC. This one lymphoreticular system (LRS) positive case was an ARQ/VRQ
animal, 65 mo of age, derived from our own flock with
minimal scrapie-incidence. Further concentration up to
10 mgTE/lane yielded higher signals proportional to the
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Table 2: Sheep with preclinical scrapie*.

diagnosis
sheep nr

PS-5
PS-6
PS-3
PS-4
PS-1
PS-12
PS-7
PS-8
PS-10
PS-11
PS-18
PS-17
PS-15
PS-16
PS-14
PS-13
PS-23
PS-24
PS-21
PS-22
PS-19
PS-20
PS-2
PS-9

genotype

VRQ/VRQ (n = 18)

ARR/VRQ (n = 4)

ARR/ARR (n = 2)

age (m)

2
2
3
3
4
4
5
5
5
5
10
13
14
14
17
21
26¶
26¶
17
17
24
24
3
6

IHC

WB

brain

RLN†

brain‡

RLN‡

1+§
1+
2+
2+
3+
3+
3+
3+
-

1+
1+
2+
4+
3+
4+
4+
4+
3+
4+
4+
4+
4+
4+
4+
4+
4+
-

1+
3+
3+
3+
-

2+
3+
2+
3+
1+
1+
2+
2+
2+
2+
3+
2+
2+
2+
1+
-

* open flock of Texel cross breed with natural scrapie; – means no PrP or PrPres detected.
† number of plus signs indicate % of follicles PrP-positive 1+ = <25%, 2+ = 25-50%, 3+ = 50–75%, 4+ = 75–100%.
‡ 1+ = weak signal for all three PrPres bands; 2+ = PrPres bands well visible; 3+ = PrPres bands so dark that diglycosyl and monoglycosyl are merging
together at 6 min film exposure. Results obtained with either of the antibodies 12B2, P4 or 9A2 after SDS-PAGE of non-concentrated samples, or
with 12B2 and concentrated samples.
§ In a previous study, another 10 m old RLN positive animal was found negative in the brain by IHC [25].
¶ Clinical signs.

10× concentration factor, but the diagnostic result in this
set of samples was the same as found for the unconcentrated samples.
Molecular weight and glycoprofiles of PrPres bands
Apparent molecular weights (MWr) of the three PrPres
bands in WB of RLN digests were compared for a correlation by type of infection (scrapie or BSE), stage of incubation or genotype. A BSE-specific difference in the MWr
existed and was especially distinct for the aglycosyl moiety, which was about 1kDa larger in scrapie samples than
in BSE samples (Table 5). This appeared to be the case for
both antibodies 9A2 and L42. Antibody 12B2 (and P4,
not shown) only bound well to the scrapie-infected samples (Figure 3) indicating that, as in brain stem tissue [22],
a discrimination between scrapie and BSE by dual WB
staining is possible using lymphoid tissues, i.e. comparing
the immunostaining of a sample for PrP-core specific antibody (e.g. 9A2 or L42) and PrPres N-terminus specific anti-

bodies (12B2 or P4). However, no marked differences in
MWr for the PrPres bands (not shown) were observed
between preclinical and clinical stages of incubation or
between scrapie sheep with different genotypes.
Glycoprofiles found in individual RLN samples are presented on a triangular graph which allows visualisation of
the relative concentration of all three PrPres bands, i.e., the
di-, mono-, and aglycosyl moieties (Figure 4). The apparent variations in glycoprofile were further analyzed for
correlation with TSE-type, TSE-incubation stage, and genotype. Firstly, for the TSE-types, the diglycosyl fraction of
PrPres in scrapie samples of the surveillance group and preclinical study were around 54% (range 45–65), while in
BSE-infected sheep in the preclinical and clinical phases,
respectively, it constituted 64% (range 58–68) and 74%
(range 69–82). These 3 values were significantly different
from each other (P < 0.001), and similarly, the aglycosyl
and monoglycosyl fractions were statistically different
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Table 3: Post mortem diagnosis in RLN of sheep with experimental BSE in preclinical and clinical status*.

sheep nr.

m.p.i. at euthanasia

IHC†

WB‡

2117
6869
2114
3903
3907
3905
2112
2140
2115
2138
2116

6
9
12
13
15
17
19
21§
21§
23§
24§

-¶
+
+
+
+
+
+
+
+
+
+

2+
1+
2+
2+
2+
2+
2+
2+
2+
2+
2+

* Oral inoculations occurred between 4–6 mo of age. Each animal received 5 g of bovine BSEinfected brain by oral route [27].
† Positive in tonsil and RLN.
‡ 1+, weak signal for all three PrPres bands. 2+ PrPres bands clearly visible. Results after concentration obtained with either of the antibodies 9A2 or
L42; antibody 12B2 scored negative in all samples.
§Clinical signs.
¶ Weakly positive in tonsil and ileal Peyer's patches.

between 4 groups of cases – preclinical scrapie, surveillance, preclinical BSE and clinical BSE (P < 0.001). Secondly, linear regression analyses on both BSE and
preclinical scrapie samples yielded slightly decreasing
trends with stage of incubation for the aglycosyl and
monoglycosyl PrPres fractions, and a concomittant
increase in the diglycosyl fraction. The slopes for these
stage-dependent trends, however, were unlikely to deviate
significantly from zero for either the BSE cases or the cases
in the preclinical scrapie study (P > 0.05). This trend was
not due to a technical artifact since no correlation between
glycoprofile and concentration of PrPres existed. No significant differences were found for the relative concentration
of each of the glycoforms of PrPres between genotypes in
the scrapie surveillance group (P > 0.05).

Discussion

ryngeal PrP
Figure
lymph
3 resprofiles
nodes using
in scrapie
different
and BSE
antibodies
infected retrophaTypical
Typical PrPresprofiles in scrapie and BSE infected retropharyngeal lymph nodes using different antibodies.
Type of specimen applied: lanes 1 and 7 molecular weight
markers in kDa; lane 2 brain stem homogenate from ARQ/
VRQ sheep with scrapie; lane 3, RLN from VRQ/VRQ
scrapie sheep at age 26 m; lane 4, RLN from BSE-infected
ARQ/ARQ sheep in preclinical stage of disease; lane 5, RLN
from ARQ/ARQ sheep with subclinical (brain positive, no
clinical signs) stage of scrapie; lane 6, RLN from BSE-infected
ARQ/ARQ sheep in clinical stage of disease. Amounts of tissue applied: lane 2, 200 μg TE, lanes 3–6, 10 mg TE. Antibody
concentrations used: L42 and 12B2, 0.2 μg/ml; 9A2, 2 μg/ml.

This study shows that medial retropharyngeal lymph
nodes (RLN) are a suitable target for monitoring scrapie
and BSE in sheep, including young lambs. The animals
examined were sheep with natural scrapie or experimental
BSE in clinical and preclinical stages of the disease, and
sheep from an active surveillance program with IHC positive brain but unknown age or clinical status. The diagnostic technique used was Western blotting with several
high affinity PrP-specific antibodies. The best results were
obtained with antibodies that bind to both scrapie and
BSE PrPres (9A2, L42). Sheep of the VRQ/VRQ genotype
scored positive from the age of three months, at a stage
when the brain was still negative. To intercept as many
infected sheep as possible, both brain tissue and lymph
nodes have to be examined, since VRQ animals with allele
combinations other than VRQ/ARR, and many of the
infected ARQ/ARQ sheep, will be positive in RLN much
earlier than in brain, whereas a fraction of the ARQ/ARQ,
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Table 4: Scrapie diagnosis in medial retropharyngeal lymph nodes from animals mostly with unknown age at death*.

scrapie positive in CNS

scrapie negative in CNS

WB

IHC

WB

IHC

all genotypes

51/61

53/61

1/7

1/7

per genotype
ARQ/ARQ
ARQ/ARR
VRQ/VRQ
ARQ/VRQ
ARH/VRQ
ARR/VRQ‡

5/7
none
6/6
32/32
7/7
1/9

6/7
none
6/6
32/32
7/7
2/9

0/1
0/2
none
1†/2
none
0/2

0/1
0/2
none
1†/2
none
0/2

* Sources of animals were own flocks, clinical suspects, and slaughtered or fallen stock animals aging >18 m collected under EU surveillance
program for small ruminants (see Methods section and for individual data Table in "additional file 1"). Figures indicate the number of positives/total
number of animals analyzed. The analyses on central nervous system (CNS) were performed by Prionics Check and IHC, and concerned obex
tissue analysis.
† Animal aging 65 m, found dead from minimal scrapieincidence pressure flock.
‡ There were two samples (RLN65 and RLN67) which in three WB tests yielded once a weakly positive result, and twice (including after a
concentration treatment) a negative result. In IHC, RLN65 was weakly positive, RLN 67 negative.

and most ARR/VRQ sheep, may only be positive in the
brain. Inclusion in the procedure of a simple concentration step with high PrPres recovery improved the sensitivity
of detection of BSE infected animals.

type VRQ/VRQ), in heavily infected flocks. LRS positivity
at preclinical stages of natural scrapie in sheep with other
genotypes, such as ARQ/VRQ and ARH/VRQ was noticed
at ages varying between 10–24 months, while clinical disease developed later, at more than twice that age [32]. Preclinical accumulation of PrP in LRS tissues has been found
in naturally infected Suffolk sheep with ARQ/ARQ genotype between 8–20 months of age [33,34]. Detection of
BSE PrPres by WB in RLN of ARQ/ARQ sheep was possible
at 6 months post-infection (pmi), the earliest stage investigated, and in all other animals at later stages. The diag-

There is still too little knowledge available about the time
of appearance of disease-associated PrP in the LRS of
sheep with scrapie. This stage will vary with infection pressure, age, strain and genotype. For example, the earliest
stage in this study, as in some other studies [16,17], was
2–3 months of age in the most susceptible sheep (geno-

Table 5: Molecular weight estimations of PrPres form in retropharyngeal lymph nodes and brain stem*.

scrapie
RLN
antibody
PrPresform
diglycosyl
monoglycosyl
aglycosyl

brain stem

L42

9A2

12B2†

9A2

28.8 ± 0.7
22.4 ± 0.5
18.8 ± 0.4

28.9 ± 1.9
22.9 ± 1.0
19.0 ± 0.8

29.2 ± 0.8
22.8 ± 0.2
18.9 ± 0.1

28.6 ± 1.4
22.7 ± 0.5
18.6 ± 0.5

BSE
RLN
antibody
PrPresform
diglycosyl
monoglycosyl
aglycosyl

brain stem

L42

9A2

12B2†

9A2

28.5 ± 1.3
21.9 ± 1.1
17.8 ± 0.8

28.9 ± 2.0
22.2 ± 2.1
18.0 ± 1.7

N.R.
N.R.
N.R.

28.3
22.5
18.0

* Values are in kDa and presented as average ± SD, from 3 different experiments with at least 4 different individual animals per experiment, except
for mAbs 12B2 (n = 2) and 9A2 on BSE infected brain stem, n = 1.
† Antibody 12B2 yielded the same MW as P4 in scrapie samples; N.R. = no reactivity.
r
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sheep is not altered by either PrP-genotype or route of
challenge, while on the other hand, it might be assumed
that the accumulation of PrPSc varies depending on
incoming strain and host genotype [36,37].

Figure
BSE
infected
4 of
sheep
Glycoprofile
PrPres in RLN samples analyzed in scrapie and
Glycoprofile of PrPres in RLN samples analyzed in
scrapie and BSE infected sheep. Triangular presentation
of the proportion of each of three glycoprofile components
per individual RLN sample. Symbols correlate with group of
sheep: ● – field cases, 䊊– scrapie cases in preclinical study
(excluding 2 clinical cases), ▲ – sheep with experimental BSE,
䉭 – sheep in preclinical stage of experimental BSE. The average and SDs per group is indicated by respectively the larger
size symbols and bars. The small triangle diagram indicates in
which direction from the axes each point should be read.
nostic score by WB in our BSE-study on RLN was nearly
similar as to that obtained by IHC, except for the animal
with shortest incubation (6 mpi, Table 3) which by WB
was positive but by IHC was negative. However, in this
same animal tonsil and ileal Peyer's patches were weakly
positive. Discrepancies in the detection of disease-associated PrP in RLN between IHC and WB might be due to
sensitivity of tests or a difference in level of detectable disease-associated PrP between left and right side in the head
at early stage of appearance.
Signs of preclinical infection have been reported in visceral LRS of ARQ/ARQ Suffolk sheep from 4 months postinfection [35]. It must be borne in mind that the dose of
5 g brain tissue for oral BSEinfection is unusually high and
that only ARQ/ARQ animals have been investigated. It is
unlikely that such levels have been reached in the field
with BSE- contaminated with BSE. However, it is likely,
based on IHC studies, that the phenotype of BSE PrPSc in

Scrapie in sheep is not always accompanied by detectable
lymphoid involvement [13,15,16,25,26,32,38,39]. For
instance, ARR/VRQ sheep are usually LRS negative. Our
data obtained from RLN agree with these observations,
with 84% (52/62) of RLN samples in scrapie positive
sheep from surveillance scoring positive by WB. Others
report a rate between 88–93% for LRS diagnosis in brain
positive animals with only XXQ/XXQ genotypes (X's indicate any known variation at respectively codon 136 and
154) [38,40]. In general, scrapie sheep of all PrP genotypes except ARR/VRQ tend to become positive in LRS,
while the ARR/VRQs become solely brain positive, and
then in only a limited number of animals, at high ages
[13,16,17,32-34,40-44]. There are, however, exceptions to
the involvement of the LRS with scrapie, as others have
reported, and as was also observed in this study
[23,40,43,45,46]. One out of our 7 ARQ/ARQ sheep with
a scrapie diagnosis in the brain was negative in the lymphoid system. Further, we found all brain positive VRQ/
VRQ, VRQ/ARH and ARQ/VRQ sheep to be RLN positive,
but Jeffrey [45] reported two (out of 24) ARQ/VRQ sheep
to be negative outside the central nervous system. The first
ARR/VRQ sheep with involvement of the lymphoid tissue
was reported by Ersdal [46] who described an 86 day old
lamb with IHC positive Peyer's patches in the ileum. We
found two sheep of this genotype with positive lymphoid
tissues. Recently, 3 cases of susceptible XXQ/XXQ genotype were reported with positive diagnosis in brain, while
negative in all gut-associated lymphoid tissues studied,
and which scored positive in the spleen [40]. As well, in
infections with the recently described Nor98 strain of
scrapie, no PrPres deposits have been detected so far in
lymphoid tissues. The Nor98 condition has only been
diagnosed by examination of the brain, and then, primarily the cerebellum regions [47]. Likewise, no deposits of
PrPSc have been detected in LRS tissues of sheep intracerebrally infected with CH1641, an experimental sheep
scrapie strain that exhibits similar migrational properties
for PrPres as BSE in sheep [21,48] (our own observations).
Other techniques, such as ELISA and IHC with brain or
LRS, might assist in further classification of dubious cases
[48,49]. In summary, while the involvement of peripheral
tissues in all clinical or preclinical classical scrapie is not
absolute, nevertheless, it occurs with sufficient regularity
to be of use in surveillance systems and potentially provides earlier pre-clinical diagnosis than would be achieved
by analysis of CNS tissues.
Different methods for PrPres concentration from homogenates were used, depending on the tissue source: centrifu-
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gation for RLN without additives, and centrifugation after
addition of alcohols, for brain tissue. By allowing 20 mg
tissue equivalents to be tested, both methods lead to
increased sensitivity of detection of PrPres by WB compared to no centrifugation. For RLN, it improved BSE
detection. However, four scrapie samples, that were
weakly positive by IHC, were not detected even after concentration: 2 preclinical RLN samples from VRQ/VRQ
sheep with scrapie at two months of age, and 2 RLN samples from routine diagnosis – 1 ARQ/ARQ and 1 ARR/
VRQ sheep. IHC of these few non-corresponding samples
appeared to be only weakly positive, indicating that, with
WB, it is possible, in principle, to detect most cases identified by IHC. In brain samples from animals between 10–
17 months of age (Table 2), WB might have missed positive diagnosis in 4 preclinical cases, since these analyses
possibly obex parts lacking dorsal motor nucleus of the
nervus vagus where the first positivity can be found [25].
In our hands the PrPSc precipitation technique described
by Wadsworth [24], which is based on the presence of
phophotungstic acid, gave unsatisfactory recoveries (≤
60%) after PK digestion. Recoveries were much better if
precipitation preceded PK digestion, but this approach
changed the mobility of the PrPres bands, making it difficult to rely on molecular weight determination to distinguish between strains.
When analysed by WB, glycoprofiles and apparent molecular weights of PrPres in RLN digests were similar to those
reported for brain tissue of scrapie or BSE infected sheep
[22]. This means firstly, that, using RLN, both TSEs can be
detected in a single screening with the PrP-core specific
antibodies L42 or 9A2. Secondly, differentiation of BSE
and scrapie can be done subsequently, in a dual antibody
test using two blots, one with a PrP-core specific antibody,
such as L42 or 9A2, and the other with a PrPres N-terminus
specific antibody, such as P4 or 12B2. All these antibodies
have high affinity for ovine PrP. Glycoprofile analyses can
further support the differential diagnosis of scrapie and
BSE, where the relative amount of the diglycosyl moiety of
PrPres is lower in scrapie than BSE. However, glycoprofiling remains an inconclusive tool in discriminating scrapie
from BSE cases since there is overlap in glycoprofile
between the scrapie and BSE cases (Figure 4). In other
studies glycoprofile analyses in sheep have yielded too
divergent results in scrapie cases to allow a discriminatory
diagnosis between scrapie and BSE [18,20,50,51]. Nevertheless, the relatively high concentration of the diglycosyl
PrPres fraction in BSE-infected animal species, including
humans with a variant form of Creutzfeldt-Jakob disease,
remains noteworthy [21,52-54]. A new factor in glycoform analyses of PrPres is the possible dependence on stage
of incubation. Though this was not statistically significant, it was striking that in both our sheep TSE incubation
studies, experimental BSE in ARQ/ARQ sheep and natural
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scrapie in VRQ/VRQ animals, a correlation was found,
revealing an age dependent increase in the diglycosyl moiety of PrPres with a concomittant decrease in the a- and
monoglycosyl fractions. This association was not due to a
technical artifact since no correlation between glycoprofile and concentration of PrPres. These time-related variations in protein glycosylation could be due to disease
status, but normal age dependent variations in posttranslational processes during protein synthesis should also be
considered [55]. Finally, these glycoprofile variations further indicate that, as a tool for discriminating scrapie from
BSE, glycoprofiling in sheep is a rather unreliable parameter when the age of the animal and the strain properties
of the isolate are not known. Likewise, in brain, further
studies are needed to establish a time-dependent relation
of PrPres-glycosylation.
This study was performed on samples collected during the
years 2002–2003 and appears to be a rather representative
cross-section of the Dutch sheep population, with respect
to the presence of the different genotypes (compare for
the years 1999–2001 in [22]). It remains to be seen how
consistently the RLNs score in different age groups, genotypes and preclinical stages. Nevertheless, the efficacy of
detecting scrapie and BSE infection in current monitoring
programs can be highly improved for animals in a stage
where the TSE agent has not yet invaded the central nervous system, i.e., at ages younger than 18 months. At older
ages, both brain and RLN testing is needed to optimally
assure absence of TSE. It is expected that lymphoid testing
also enhance surveillance efficiency in goats, where the
lymphoid system usually is involved [11,14,56] (Van Keulen personal communication).

Conclusion
This study demonstrates that Western blotting can be used
for routine screening of classical scrapie and BSE in retropharyngeal lymph nodes of sheep at slaughter with a sensitivity nearly the same as immunohistochemistry. A concentration step for PrPres is required. The difference in
polypeptide length of PrPres between BSE and scrapie can
be unequivocally confirmed by dual antibody staining
using two classes of antibodies: one which binds to the Nterminus of PrPres in scrapie only, and one which binds to
the core of PrPres in both BSE and scrapie.

Methods
Sheep and tissues
Sheep used were from our own flock, from slaughter or
fallen stock. In total, 103 sheep were used in this study.

For preclinical and clinical scrapie, 24 animals with
known ages were used (Table 2). These animals have been
described previously in immunohistochemical (IHC)
pathogenesis studies [25,26] and were bred within our
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own Texelcross flock with natural scrapie. The animals
were euthanized and sampled at ages from 2-26 months.
18 sheep were of VRQ/VRQ genotype. Potentially negative controls from the same flock comprised 4 ARR/VRQ
(ages 17, 17, 24, and 24 months) and 2 ARR/ARR animals
(ages 3 and 6 months).
For preclinical and clinical BSE, 11 sheep of ARQ/ARQ
genotype were orally fed with bovine BSE brain as previously described [27]. Four of these animals were kept until
clinical signs of disease appeared, the others were euthanized between 6 – 19 months post-infection. These animals were positive by IHC for PrPSc in their tonsils at
biopsy or at autopsy (Table 3).
The remaining 68 sheep were from different surveillance
sources, most of them of unknown ages (see for individual
data Table in "additional file 1"). Within this group, 12
animals with and without clinical suspicion of scrapie
were obtained from either our own flock with natural
scrapie (n = 5), our own flock maintained with minimal
scrapie-incidence (n = 3), private farms with clinically suspect cases (n = 3), or a private farm with known history of
scrapie (n = 1, normal animal). Of the remaining sheep,
most were diagnosed through the active surveillance program for slaughter (n = 50) and fallen stock (n = 6). The
heads of the animals in the monitoring program had been
kept at 4°C for up to three days. Seven of the 68 animals
were TSE negative in the brain by rapid testing and IHC,
with one of these 7 being TSE positive in tonsil and RLN
by IHC.
Brain and lymphoid tissues were collected for IHC and
biochemical assays. From brain, one parasagitally cut longitudinal half was fixed in formaldehyde and embedded
for pathological and immunohistochemical analysis [25];
the other smaller part was stored at -20°C. Lymphoid
organs from one side of the animal were sampled for IHC,
and from the other side were stored at -20°C for biochemical assays.
Scrapie diagnosis
The Prionics-Check Western blot method for active monitoring of BSE in cattle was used [57] for routine scrapie
diagnosis on brain stem at the obex region. This method
uses digestion with proteinaseK at 50°C and PrP-specific
monoclonal antibody 6H4 for detection. Scrapie was further confirmed by immunohistochemical (IHC) analysis
on brain and lymphoid tissues according to established
procedures with the various antibodies described and
characterized previously [13,27,58].
Genotyping
Blood from sheep were used for PrP genotyping for PrP
codons 136, 154, and 171 using two genotyping tech-
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niques, i.e., TaqMan analysis and, for confirmation of Arg,
Gln or His at codon 171, Pyrosequencing [22,44]. To
exclude mistakes by exchange of samples, genotype was
also checked in homogenates of RLN and brain stem.
Antibodies and fine epitope mapping by Pepscan analysis,
peptide synthesis and blocking ELISA
Antibodies used for WB were from different sources. The
following murine PrP-specific monoclonal antibodies
(mAbs) were purchased: P4, L42 (R-Biopharm, Almere,
The Netherlands), 8G8, SAF70, SAF84 (SPI-BIO, Montigny le Bretonneux, France), 34C9 and 6H4 (Prionics AG,
Zurich, Switzerland). These mAbs were prepared as
described [59-62]. MAb 94B4 was previously described
[22] and mAbs 12B2 and 9A2 were newly prepared using
PrP-knockout mice [63] immunized with peptide
GGGGWGQGGTHGQWNKPSK (bovine PrP 97–115),
conjugated through a cysteine at its Cterminus to Keyhole
limpet hemocyanine using previously described procedures [64]. Immunisations were carried out in the presence of incomplete Freund's adjuvant (first injection) or
adjuvant CoVaccine HT (CoVaccine, Utrecht, The Netherlands) in 4 administrations evenly distributed over a
period of 63 days. Animals were bled and spleens used for
hybridisation to Sp2/0 myeloma cells according to standard procedures. Screening for PrP-specific antibodies in
sera and culture supernates was performed by indirect ELISAs using the peptide, recombinant ovine PrP (kind gift of
T. Sklaviadis, Aristotle University, Thessaloniki, Greece)
and bovine PrP (Prionics AG) as coated antigens at 0.2,
0.2, and 0.1μg/ml, respectively. The fine epitope specificities of 12B2, 9A2 and L42 were determined by Pepscan
analyses with overlapping 15-mer solid phase peptides
using the ovine PrP sequence as sequence basis as previously described [22,65], and further confirmed in ELISA
by blocking antibody binding to coated recombinant
ovine PrP, using synthetic peptides. Blocking ELISA was
performed as follows: polystyrene microtiter plates were
coated overnight at 4°C with recombinant ovine PrP at
0.1 μg/ml in 6 M guanidinium-HCl in PBS (138 mMNaCl,
2.7 mM KCl, 8 mM Na2HPO4, 2.8 mM KH2PO4, pH7.2).
Plates were washed with 0.05% Tween-20 in water. In separate microtiter plates antibody plus peptide was preincubated overnight in 1% (w/v) Tween80, 4% (v/v) horse
serum, 0.35 M NaCl in PBS (ELISA medium). The antibody-peptide mixture was transferred to the plate coated
with PrP. After 1 h at ambient temperature, plates were
washed as before and further developed by addition of
horseradish peroxidase-rabbit anti-mouse Ig conjugate
(DAKO, Denmark) diluted 1/1000 in ELISA medium.
Bound antibody was spectrophotometrically measured at
450 nm after addition of 3,3',5, 5'tetramethylbenzidine
for 20 min and stop of the reaction with sulphuric acid.
Synthetic peptides used for blocking in solution were:
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ovine PrP145-177 and PrP89-107 (Genbank accession
number AJ567985).
Tissue treatment
Tonsils and medial retropharyngeal lymph node tissue
were macroscopically freed from surrounding fat and connective tissue. 10% homogenates were prepared by
homogenisation in lysis buffer consisting of 0.5%Triton
X-100, 0.5%Nadeoxycholate, in PBS. Homogenisation
was performed for 1 min in either 50 ml Falcon tubes and
OmniTP equipment with disposable probes (Omni International Inc., Warrenton, VA, USA) at 30,000 rpm or for
45 s at 23,000rpm in Prypcon Lymph Node 80300/B vials
with MediFASTH homogeniser (Consul AR SA, Villeneuve, Switzerland). For storage purposes, homogenates
were clarified in 1.5 ml Eppendorf vials by centrifugation
at 10,000 × g for 10 min at ambient temperature. After
addition of 10 μl of 550 μg/ml proteinaseK (PK, 30 U/mg,
124568, Merck, Darmstadt, Germany) in PBS to 100 μl of
homogenate, digestion was performed for 40 min at
50°C. The reaction was subsequently by addition of 10μl
of a Pefabloc solution (3 mg/ml Pefabloc SC in PBS;
Roche, Almere, The Netherlands), 100 μl 2× sample buffer
(20% [w/v] sucrose, 0.282M Tris-Base, 0.212M Tris-HCl,
4% [w/v] Nadodecylsulphate, 1.0 mM EDTA, 0.038% [w/
v] bromephenol blue, 4% [v/v] β-mercaptoethanol), and
heating for 5 min at 95°C. On some occasions, concentration of PrPres in RLN was first carried out by centrifugation
of 100 μl digest in 1.5 ml vials at 14,000 rpm, 21,000 xg
for 1 h in an Eppendorf 5417R centrifuge at 4°C as
recently described [66]; pellets were dissolved by subsequent addition of 10 μl 0.1 % N-lauroylsarkosine in PBS
and 10 μl of 2× sample buffer. Samples were heated for 5
min at 95°C.

Brain stem tissue from scrapie sheep was homogenized
and digested either according to the protocol of a routine
test (PrionicsCheck) or treated as above for RLN. To
enhance sensitivity, PrPres was concentrated as follows:
after digestion with PK and addition of Pefabloc, the
digest was mixed with 100 μl of a mixture of propan-2-ol/
n-butan-1-ol (1/1, v/v) and centrifuged for 5 min at
21,000 xg in a microcentrifuge at room temperature
(Eppendorf). The pellet was finally dissolved in 1× sample
buffer (2 × sample buffer diluted with an equal volume of
water). The recovery of PrPres in this procedure for concentration was consistently >90% when comparing equal tissue equivalents of unconcentrated and concentrated
material, allowing the application of 20 mg tissue equivalents (TE) per lane, instead of 1 mg TE in unconcentrated
state. This concentration method employed the protein
precipitating properties of alcohols while removing
SDSPAGE-disturbing components from brain tissue.
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Deglycosylation treatment with PNGaseF
Removal of asparagine-linked oligosaccharides after PK
digestion was performed as follows, After blocking the PK
reaction with Pefabloc, 10 μl of denaturation buffer (5%
sodium dodecyl sulfate [SDS], 10% β-mercaptoethanol in
20 mM Tris-HCl, 150 mM NaCl, 2 mM EDTA [pH 7.5])
was added to the sample. This was heated for 10 min at
95°C. After cooling, 10 U of PNGaseF (New England
Biolabs, Beverley, USA) was added and incubated overnight at 37°C. To stop the reaction, 100 μl of 2× sample
buffer was added and the mixture heated for 5 min at
95°C.
SDS-PAGE, Western blotting, and immunochemical
development
SDS-PAGE was performed with 10-well precast 1 mm
12% BisTris NuPAGE gels (NuPAGE gel electrophoresis
system with MOPS buffer; Invitrogen, Breda, The Netherlands). Molecular weight markers used were MagicMark
and SeeBlue Mark12 (Invitrogen). Sample volumes
applied varied between 10 to 20 μl per lane, or 0.5 – 10
mg tissue equivalents (TE)/lane. Electrotransfer onto polyvinylidene difluoride membranes (PVDF, Immobilon-P;
Millipore, Bedford, Mass.) and immunostaining were performed according to established procedures [, ]. After electrotransfer, blots were blocked for 30 min with 5%skim
milk protein in antibody incubation solution (25 mM
Tris-HCl, 0.15 M NaCl, 2.7 mM KCl, 0.05% Tween20 at
pH7.4). Primary antibodies were used at concentrations
between 0.2–2 μg IgG/ml in antibody incubation solution. Secondary antibody used was rabbit anti-mouse
immunoglobulinG conjugated to alkaline phosphatase
(Dako, Glostrup, Denmark). Signal was developed with
CDPStar by following the supplier's instructions (Tropix,
Bedford, Mass.) and were recorded on photographic film,
usually with exposure times between 1–45 min (Hyperfilm ECL; Amersham, Buckinghamshire, United Kingdom). Molecular weights were determined according to a
method described []. To estimate glycoprofiles of PrPres i.e.
the relative proportions of di-, mono-, and aglycosyl fraction, films were recorded with an Agfa Duoscan T200XL
scanner and further processed with GelPro software
(MediaCybernetics, Silver Spring, MD) from which calculation of mutual densities of the three protein bands was
possible. In experiments to compare the relative affinity
for ovine PrPres, antibodies were applied in concentration
series on PVDFstrips from blots transferred from single
well gels run with ovine scrapie infected brain stem
homogenates varying between 1.25–20 mg tissue equivalents (TE).
Statistical analyses
One-way analyses of variance (ANOVA) were carried out
to establish whether variations between groups of data, in
casu glycoform fractions of PrPres, were greater than
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expected; if so, subsequent differences between pairs of
groups were considered significant if the probability of a
difference was <0.05 in multiple-comparisons tests
according to the Student-Newman-Keuls test. Linear
regression analyses were performed for an increasing or
decreasing trend with disease incubation on data
obtained in preclinical scrapie and experimental BSE
infection study using a P value of <5% as confidence interval for concluding that the data are unlikely to be sampled
from a population in which the slope is zero. The linearity
of these curves could not be reliably established due to the
small number of samples. The software used for these calculations was Instat Biostatistics from Graph-Pad Software, San Diego, CA.

http://www.biomedcentral.com/1746-6148/2/19

3.
4.
5.
6.

7.

8.

Authors' contributions
9.

JPML supervised this study, evaluated all experimental
aspects, and wrote the final version of the manuscript; JGJ
designed crucial steps of the whole work and performed
nearly all practical activities; JHFE contributed to concentration experiments in RLNs; AB contributed the genotyping studies; FGvZ contributed to tissue sampling and
intellectual decisions; LJMvK contributed by IHC, tissue
sampling and animal experiments.

10.

Additional material

12.

11.

13.

Additional File 1
A table with data from individual sheep to supplement summarized results
of table 4. Sheep from surveillance with mostly unknown age at death.
Table heading: Sheep from surveillance.
Click here for file
[http://www.biomedcentral.com/content/supplementary/17466148-2-19-S1.doc]

14.
15.
16.
17.

Acknowledgements
This project was funded in program 437 (projects 8041868000 and
8041869000) by the Dutch Ministry of Agriculture, Nature and Food quality, and by EU projects CT98-7006 and CT986013. We thank Esther de
Jong and Karel Riepema for assistance in monoclonal antibody production,
and Drohpati Parohi (at Pepscan Systems BV, Lelystad) for excellent performance of Pepscan analyses. With regard to raising monoclonal antibodies 12B2 and 9A2, we thank C. Weissmann from Scripps Florida USA for
the generous gift of PrP knockout mice. We thank Prof. Dr. T. Sklaviadis
from Aristotle University, Thessaloniki, Greece for providing recombinant
ovine PrP. A. Davidse is thanked for data on brain testing of sheep from
active surveillance. We thank Drs. J. van Bekkum and L. Heres for constructive comments during the experimental process and writing of the manuscript. We thank Dr. C. Panagiotidis from Aristotle University,
Thessaloniki, Greece for help in improving readability of the mansucript.

18.
19.

20.

21.

References
1.
2.

Griffith JS: Self-replication and scrapie.
Nature 1967,
215(105):1043-1044.
Prusiner SB: Novel proteinaceous infectious particles cause
scrapie. Science 1982, 216(4542):136-144.

22.

Legname G, Baskakov IV, Nguyen HO, Riesner D, Cohen FE, DeArmond SJ, Prusiner SB: Synthetic mammalian prions. Science
2004, 305(5684):673-676.
Wells GA, Scott AC, Johnson CT, Gunning RF, Hancock RD, Jeffrey
M, Dawson M, Bradley R: A novel spongiform encephalopathy
in cattle. Vet Rec 1987, 123(18):638-644.
Wilesmith JW, Wells GA, Cranwell MP, Ryan JB: Bovine spongiform encephalopathy: epidemiological studies. Vet Rec 1988,
123(25):638-644.
Will RG, Ironside JW, Zeidler M, Cousens SN, Estibeiro K, Alperovitch A, Poser S, Pocchiari M, Hofman A, Smith PG: A new variant
of Creutzfeldt-Jakob disease in the UK.
Lancet 1996,
347(9006):921-925.
Bruce ME, Will RG, Ironside JW, McConnell I, Drummond D, Suttie
A, McCardle L, Chree A, Hope J, Birkett C, Cousens S, Fraser H, Bostock CJ: Transmissions to mice indicate that 'new variant'
CJD is caused by the BSE agent.
Nature 1997,
389(6650):498-501.
IP/05/952 EU: Case of BSE in a goat confirmed: Commission
extends testing programme. http://europaeuint/comm/food/dyna/
press_rel/press_rel_fs_biosafety_encfm 2005, Press release IP/05/
952. 28th January 2005:.
Eloit M, Adjou K, Coulpier M, Fontaine JJ, Hamel R, Lilin T, Messiaen
S, Andreoletti O, Baron T, Bencsik A, Biacabe AG, Beringue V, Laude
H, Le Dur A, Vilotte JL, Comoy E, Deslys JP, Grassi J, Simon S, Lantier
F, Sarradin P: BSE agent signatures in a goat. Vet Rec 2005,
156(16):523-524.
Jeffrey M, Martin S, Gonzalez L, Foster J, Langeveld JP, van Zijderveld
FG, Grassi J, Hunter N: Immunohistochemical Features of
PrP(d) Accumulation in Natural and Experimental Goat
Transmissible Spongiform Encephalopathies. J Comp Pathol
2006, 134(2-3):171-181.
Hadlow WJ, Eklund CM, Kennedy RC, Jackson TA, Whitford HW,
Boyle CC: Course of experimental scrapie virus infection in
the goat. J Infect Dis 1974, 129(5):559-567.
Hadlow WJ, Kennedy RC, Race RE: Natural infection of Suffolk
sheep with scrapie virus. J Infect Dis 1982, 146(5):657-664.
van Keulen LJ, Schreuder BE, Meloen RH, Mooij-Harkes G, Vromans
ME, Langeveld JP: Immunohistochemical detection of prion
protein in lymphoid tissues of sheep with natural scrapie. J
Clin Microbiol 1996, 34(5):1228-1231.
Valdez RA, Rock MJ, Anderson AK, O'Rourke KI: Immunohistochemical detection and distribution of prion protein in a goat
with natural scrapie. J Vet Diagn Invest 2003, 15(2):157-162.
Schreuder BE, van Keulen LJ, Vromans ME, Langeveld JP, Smits MA:
Preclinical test for prion diseases. Nature 1996, 381(6583):563.
Schreuder BE, van Keulen LJ, Vromans ME, Langeveld JP, Smits MA:
Tonsillar biopsy and PrPSc detection in the preclinical diagnosis of scrapie. Vet Rec 1998, 142(21):564-568.
Andreoletti O, Berthon P, Marc D, Sarradin P, Grosclaude J, van Keulen L, Schelcher F, Elsen JM, Lantier F: Early accumulation of
PrP(Sc) in gut-associated lymphoid and nervous tissues of
susceptible sheep from a Romanov flock with natural
scrapie. J Gen Virol 2000, 81(Pt 12):3115-3126.
Hill AF, Sidle KC, Joiner S, Keyes P, Martin TC, Dawson M, Collinge
J: Molecular screening of sheep for bovine spongiform
encephalopathy. Neurosci Lett 1998, 255(3):159-162.
Hope J, Wood SC, Birkett CR, Chong A, Bruce ME, Cairns D, Goldmann W, Hunter N, Bostock CJ: Molecular analysis of ovine
prion protein identifies similarities between BSE and an
experimental isolate of natural scrapie, CH1641. J Gen Virol
1999, 80 ( Pt 1):1-4.
Baron TG, Madec JY, Calavas D, Richard Y, Barillet F: Comparison
of French natural scrapie isolates with bovine spongiform
encephalopathy and experimental scrapie infected sheep.
Neurosci Lett 2000, 284(3):175-178.
Stack MJ, Chaplin MJ, Clark J: Differentiation of prion protein glycoforms from naturally occurring sheep scrapie, sheep-passaged scrapie strains (CH1641 and SSBP1), bovine
spongiform encephalopathy (BSE) cases and Romney and
Cheviot breed sheep experimentally inoculated with BSE
using two monoclonal antibodies. Acta Neuropathol (Berl) 2002,
104(3):279-286.
Thuring CM, Erkens JH, Jacobs JG, Bossers A, Van Keulen LJ, Garssen
GJ, Van Zijderveld FG, Ryder SJ, Groschup MH, Sweeney T, Langeveld
JP: Discrimination between scrapie and bovine spongiform

Page 12 of 14
(page number not for citation purposes)

BMC Veterinary Research 2006, 2:19

23.

24.

25.
26.
27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.
40.

encephalopathy in sheep by molecular size, immunoreactivity, and glycoprofile of prion protein. J Clin Microbiol 2004,
42(3):972-980.
Gonzalez L, Dagleish MP, Bellworthy SJ, Siso S, Stack MJ, Chaplin MJ,
Davis LA, Hawkins SA, Hughes J, Jeffrey M: Postmortem diagnosis
of preclinical and clinical scrapie in sheep by the detection of
disease-associated PrP in their rectal mucosa. Vet Rec 2006,
158(10):325-331.
Wadsworth JD, Joiner S, Hill AF, Campbell TA, Desbruslais M,
Luthert PJ, Collinge J: Tissue distribution of protease resistant
prion protein in variant Creutzfeldt-Jakob disease using a
highly sensitive immunoblotting assay.
Lancet 2001,
358(9277):171-180.
van Keulen LJ, Schreuder BE, Vromans ME, Langeveld JP, Smits MA:
Pathogenesis of natural scrapie in sheep. Arch Virol Suppl
2000:57-71.
van Keulen LJ, Vromans ME, van Zijderveld FG: Early and late
pathogenesis of natural scrapie infection in sheep. Apmis
2002, 110(1):23-32.
Thuring CM, van Keulen LJ, Langeveld JP, Vromans ME, van Zijderveld
FG, Sweeney T: Immunohistochemical distinction between
preclinical bovine spongiform encephalopathy and scrapie
infection in sheep. J Comp Pathol 2005, 132(1):59-69.
Hope J, Multhaup G, Reekie LJ, Kimberlin RH, Beyreuther K: Molecular pathology of scrapie-associated fibril protein (PrP) in
mouse brain affected by the ME7 strain of scrapie. Eur J Biochem 1988, 172(2):271-277.
Parchi P, Capellari S, Gambetti P: Intracerebral distribution of
the abnormal isoform of the prion protein in sporadic Creutzfeldt-Jakob disease and fatal insomnia. Microsc Res Tech 2000,
50(1):16-25.
Jeffrey M, Martin S, Gonzalez L: Cell-associated variants of disease-specific prion protein immunolabelling are found in different sources of sheep transmissible spongiform
encephalopathy. J Gen Virol 2003, 84(Pt 4):1033-1045.
Yull HM, Ritchie DL, Langeveld JP, van Zijderveld FG, Bruce ME, Ironside JW, Head MW: Detection of type 1 prion protein in variant
Creutzfeldt-Jakob disease. Am J Pathol 2006, 168(1):151-157.
Ersdal C, Ulvund MJ, Espenes A, Benestad SL, Sarradin P, Landsverk
T: Mapping PrPSc propagation in experimental and natural
scrapie in sheep with different PrP genotypes. Vet Pathol 2005,
42(3):258-274.
Jeffrey M, Martin S, Gonzalez L, Ryder SJ, Bellworthy SJ, Jackman R:
Differential diagnosis of infections with the bovine spongiform encephalopathy (BSE) and scrapie agents in sheep. J
Comp Pathol 2001, 125(4):271-284.
Jeffrey M, Martin S, Thomson JR, Dingwall WS, Begara-McGorum I,
Gonzalez L: Onset and distribution of tissue prp accumulation
in scrapie-affected suffolk sheep as demonstrated by sequential necropsies and tonsillar biopsies. J Comp Pathol 2001,
125(1):48-57.
Jeffrey M, Ryder S, Martin S, Hawkins SA, Terry L, Berthelin-Baker C,
Bellworthy SJ: Oral inoculation of sheep with the agent of
bovine spongiform encephalopathy (BSE). 1. Onset and distribution of disease-specific PrP accumulation in brain and
viscera. J Comp Pathol 2001, 124(4):280-289.
Gonzalez L, Martin S, Jeffrey M: Distinct profiles of PrP(d) immunoreactivity in the brain of scrapie- and BSE-infected sheep:
implications for differential cell targeting and PrP processing. J Gen Virol 2003, 84(Pt 5):1339-1350.
Martin S, Gonzalez L, Chong A, Houston FE, Hunter N, Jeffrey M:
Immunohistochemical characteristics of disease-associated
PrP are not altered by host genotype or route of inoculation
following infection of sheep with bovine spongiform encephalopathy. J Gen Virol 2005, 86(Pt 3):839-848.
Monleon E, Monzon M, Hortells P, Bolea R, Acin C, Vargas F, Badiola
JJ: Approaches to Scrapie diagnosis by applying immunohistochemistry and rapid tests on central nervous and lymphoreticular systems. J Virol Methods 2005, 125(2):165-171.
Sharpe A, McElroy M, Bassett H, Sweeney T: Clinical and pathological features of experimental scrapie in Irish Blackface
Mountain sheep. Res Vet Sci 2006, 80(1):71-78.
Vascellari M, Aufiero GM, Nonno R, Agrimi U, Vaccari G, Basilicata L,
Falcaro C, Mancin M, Marcon S, Mutinelli F: Diagnosis and PrP genotype target of scrapie in clinically healthy sheep of Massese

http://www.biomedcentral.com/1746-6148/2/19

41.

42.

43.

44.
45.

46.

47.
48.

49.

50.

51.
52.
53.
54.

55.
56.

57.

58.

breed in the framework of a scrapie eradication programme.
Arch Virol 2005, 150(10):1959-1976.
Heggebo R, Press CM, Gunnes G, Gonzalez L, Jeffrey M: Distribution and accumulation of PrP in gut-associated and peripheral lymphoid tissue of scrapie-affected Suffolk sheep. J Gen
Virol 2002, 83:479-489.
Madec JY, Groschup MH, Calavas D, Junghans F, Baron T: Proteaseresistant prion protein in brain and lymphoid organs of sheep
within a naturally scrapie-infected flock. Microb Pathog 2000,
28:353-362.
O'Rourke KI, Baszler TV, Besser TE, Miller JM, Cutlip RC, Wells GA,
Ryder SJ, Parish SM, Hamir AN, Cockett NE, Jenny A, Knowles DP:
Preclinical diagnosis of scrapie by immunohistochemistry of
third eyelid lymphoid tissue.
J Clin Microbiol 2000,
38(9):3254-3259.
Bossers A, Schreuder BE, Muileman IH, Belt PB, Smits MA: PrP genotype contributes to determining survival times of sheep
with natural scrapie. J Gen Virol 1996, 77 ( Pt 10):2669-2673.
Jeffrey M, Begara-McGorum I, Clark S, Martin S, Clark J, Chaplin M,
Gonzalez L: Occurrence and distribution of infection-specific
PrP in tissues of clinical scrapie cases and cull sheep from
scrapie-affected farms in Shetland. J Comp Pathol 2002,
127(4):264-273.
Ersdal C, Ulvund MJ, Benestad SL, Tranulis MA: Accumulation of
pathogenic prion protein (PrPSc) in nervous and lymphoid
tissues of sheep with subclinical scrapie. Vet Pathol 2003,
40(2):164-174.
Benestad SL, Sarradin P, Thu B, Schonheit J, Tranulis MA, Bratberg B:
Cases of scrapie with unusual features in Norway and designation of a new type, Nor98. Vet Rec 2003, 153(7):202-208.
Jeffrey M, Gonzalez L, Chong A, Foster J, Goldmann W, Hunter N,
Martin S: Ovine infection with the agents of scrapie (CH1641
isolate) and bovine spongiform encephalopathy: immunochemical similarities can be resolved by immunohistochemistry. J Comp Pathol 2006, 134(1):17-29.
Lezmi S, Martin S, Simon S, Comoy E, Bencsik A, Deslys JP, Grassi J,
Jeffrey M, Baron T: Comparative molecular analysis of the
abnormal prion protein in field scrapie cases and experimental bovine spongiform encephalopathy in sheep by use of
Western blotting and immunohistochemical methods. J Virol
2004, 78(7):3654-3662.
Baron TG, Madec JY, Calavas D: Similar signature of the prion
protein in natural sheep scrapie and bovine spongiform
J Clin Microbiol 1999,
encephalopathy-linked diseases.
37(11):3701-3704.
Sweeney T, Kuczius T, McElroy M, Gomez Parada M, Groschup MH:
Molecular analysis of Irish sheep scrapie cases. J Gen Virol 2000,
81(Pt 6):1621-1627.
Collinge J, Sidle KC, Meads J, Ironside J, Hill AF: Molecular analysis
of prion strain variation and the aetiology of 'new variant'
CJD. Nature 1996, 383(6602):685-690.
Hill AF, Desbruslais M, Joiner S, Sidle KC, Gowland I, Collinge J, Doey
LJ, Lantos P: The same prion strain causes vCJD and BSE.
Nature 1997, 389(6650):448-50, 526.
Race RE, Raines A, Baron TG, Miller MW, Jenny A, Williams ES:
Comparison of abnormal prion protein glycoform patterns
from transmissible spongiform encephalopathy agentinfected deer, elk, sheep, and cattle.
J Virol 2002,
76(23):12365-12368.
Langeveld JP, Veerkamp JH, Duyf CM, Monnens LH: Chemical characterization of glomerular and tubular basement membranes of men of different age. Kidney Int 1981, 20(1):104-114.
Vaccari G, Di Bari MA, Morelli L, Nonno R, Chiappini B, Antonucci G,
Marcon S, Esposito E, Fazzi P, Palazzini N, Troiano P, Petrella A, Di
Guardo G, Agrimi U: Identification of an allelic variant of the
goat PrP gene associated with resistance to scrapie. J Gen
Virol 2006, 87(Pt 5):1395-1402.
Schaller O, Fatzer R, Stack M, Clark J, Cooley W, Biffiger K, Egli S,
Doherr M, Vandevelde M, Heim D, Oesch B, Moser M: Validation
of a western immunoblotting procedure for bovine PrP(Sc)
detection and its use as a rapid surveillance method for the
diagnosis of bovine spongiform encephalopathy (BSE). Acta
Neuropathol (Berl) 1999, 98(5):437-443.
van Keulen LJ, Schreuder BE, Meloen RH, Poelen-van den Berg M,
Mooij-Harkes G, Vromans ME, Langeveld JP: Immunohistochemi-

Page 13 of 14
(page number not for citation purposes)

BMC Veterinary Research 2006, 2:19

59.

60.
61.

62.

63.

64.

65.
66.

67.

68.

69.

http://www.biomedcentral.com/1746-6148/2/19

cal detection and localization of prion protein in brain tissue
of sheep with natural scrapie. Vet Pathol 1995, 32(3):299-308.
Korth C, Stierli B, Streit P, Moser M, Schaller O, Fischer R, SchulzSchaeffer W, Kretzschmar H, Raeber A, Braun U, Ehrensperger F,
Hornemann S, Glockshuber R, Riek R, Billeter M, Wuthrich K, Oesch
B: Prion (PrPSc)-specific epitope defined by a monoclonal
antibody. Nature 1997, 390(6655):74-77.
Harmeyer S, Pfaff E, Groschup MH: Synthetic peptide vaccines
yield monoclonal antibodies to cellular and pathological
prion proteins of ruminants. J Gen Virol 1998, 79 ( Pt 4):937-945.
Demart S, Fournier JG, Creminon C, Frobert Y, Lamoury F, Marce D,
Lasmezas C, Dormont D, Grassi J, Deslys JP: New insight into
abnormal prion protein using monoclonal antibodies. Biochem Biophys Res Commun 1999, 265(3):652-657.
Krasemann S, Jurgens T, Bodemer W: Generation of monoclonal
antibodies against prion proteins with an unconventional
nucleic acid-based immunization strategy. J Biotechnol 1999,
73(2-3):119-129.
Bueler H, Fischer M, Lang Y, Bluethmann H, Lipp HP, DeArmond SJ,
Prusiner SB, Aguet M, Weissmann C: Normal development and
behaviour of mice lacking the neuronal cell-surface PrP protein. Nature 1992, 356(6370):577-582.
Langeveld JP, Casal JI, Cortes E, van de Wetering G, Boshuizen RS,
Schaaper WM, Dalsgaard K, Meloen RH: Effective induction of
neutralizing antibodies with the amino terminus of VP2 of
canine parvovirus as a synthetic peptide. Vaccine 1994,
12(15):1473-1480.
Geysen HM, Meloen RH, Barteling SJ: Use of peptide synthesis to
probe viral antigens for epitopes to a resolution of a single
amino acid. Proc Natl Acad Sci U S A 1984, 81(13):3998-4002.
Head MW, Ritchie D, Smith N, McLoughlin V, Nailon W, Samad S,
Masson S, Bishop M, McCardle L, Ironside JW: Peripheral tissue
involvement in sporadic, iatrogenic, and variant CreutzfeldtJakob disease: an immunohistochemical, quantitative, and
biochemical study. Am J Pathol 2004, 164(1):143-153.
Towbin H, Staehelin T, Gordon J: Electrophoretic transfer of
proteins from polyacrylamide gels to nitrocellulose sheets:
procedure and some applications. Proc Natl Acad Sci U S A 1979,
76(9):4350-4354.
Burnette WN: "Western blotting": electrophoretic transfer of
proteins from sodium dodecyl sulfate--polyacrylamide gels
to unmodified nitrocellulose and radiographic detection
with antibody and radioiodinated protein A. Anal Biochem
1981, 112(2):195-203.
Weber K, Osborn M: The reliability of molecular weight determinations by dodecyl sulfate-polyacrylamide gel electrophoresis. J Biol Chem 1969, 244(16):4406-4412.

Publish with Bio Med Central and every
scientist can read your work free of charge
"BioMed Central will be the most significant development for
disseminating the results of biomedical researc h in our lifetime."
Sir Paul Nurse, Cancer Research UK

Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published immediately upon acceptance
cited in PubMed and archived on PubMed Central
yours — you keep the copyright

BioMedcentral

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

Page 14 of 14
(page number not for citation purposes)

