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Abstract Scrapie belongs to a group of diseases known
as the transmissible spongiform encephalopathies or prion
diseases. Two different categories of naturally occurring
scrapie have been identified: classical scrapie, which was
first recorded around 1750, and atypical scrapie or ‘Nor-
98’, which was first identified in Norway in 1998. The
molecular characteristics of atypical scrapie have been well
defined, but detailed descriptions of the neuropathological
phenotype are rare since the majority of cases have been
detected through active surveillance programmes where
only brainstem and cerebellum are collected for statutory
diagnosis. In order to characterise the neuropathology of
naturally occurring atypical scrapie in sheep, we examined
multiple brain levels from 15 whole brains from field cases
of atypical scrapie, both clinical suspects and fallen stock,
collected in Great Britain between 2004 and 2006. We
found that the distribution of disease-associated prion pro-
tein (PrP5¢) and vacuolation in atypical scrapie cases are
very different to both classical scrapie and experimental
bovine spongiform encephalopathy in sheep. Immunolabel-
ling for PrP5¢ is mild and restricted at the obex and more
intense and widespread rostrally, particularly in the cerebel-
lum, substantia nigra, thalamus and basal nuclei. Intracellu-
lar immunolabelling types are not seen, but distinctive
white matter immunolabelling is widespread. Vacuolation
associated with PrPS° deposits was not observed in the
brainstem neuroanatomical areas commonly affected in
classical scrapie and bovine spongiform encephalopathy,
but was instead most prominent in the cerebellar cortex and
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neocortex. This is the largest comprehensive descriptive
study of atypical scrapie pathology to date, and provides
baseline data against which other natural or experimental
cases can be compared. It also reinforces the current recom-
mendation to collect cerebellum in addition to brainstem to
enable confident confirmation of this distinct disease phe-
notype within surveillance programmes.

Introduction

Scrapie belongs to a group of diseases known as the
transmissible spongiform encephalopathies (TSEs) or
prion diseases, which also includes bovine spongiform
encephalopathy (BSE) in cattle, chronic wasting disease in
deer, and (variant) Creutzfeldt—Jakob disease, Gerstmann—
Striussler—Scheinker disease, and fatal familial insomnia in
humans. It is now known that sheep (and goats) may be
affected by at least two forms of naturally occurring scrapie
which have different molecular and neuropathogical pheno-
types. Classical scrapie has been known for at least
250 years, but was only added to the list of OIE notifiable
diseases in 1993 [41]. Cases of TSE may be detected
through ‘passive’ surveillance, where clinical suspects are
subject to a full neurological examination, or ‘active’ sur-
veillance, where brain samples are taken from apparently
healthy animals at the abattoir or animals found dead on-
farm (fallen stock). Atypical scrapie, also known as Nor-98,
was first reported in Norway [4] and has since been identi-
fied in Great Britain [11, 15], Germany and France [8],
Sweden [17], Portugal [36], Ireland [35], Belgium [12], the
Falkland Islands [14], Switzerland [34] and the United
States of America [S5]. The first case of atypical scrapie to
be detected in Great Britain was in 2002, but one case has
been retrospectively identified from 1989 [7].
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According to the protein-only hypothesis, the infectious
agent in prion diseases is an abnormal isoform (PrP>%) of
the host-encoded prion protein (PrP®) [37]. One of the bio-
chemical properties which allows PrP5° to be distinguished
from PrP° is the relative resistance of PrP> to degradation
by proteinase K (PK): under defined conditions PrP°¢ is
completely degraded, but degradation of PrP%° is incom-
plete so that a resistant core (PrP™%) remains. In the EU,
TSE surveillance is based on the use of molecular ‘rapid’
tests which detect PrPS°. The electrophoretic mobility of
PrP™ and relative amounts of un-, mono-, and di-glycosyl-
ated fragments were originally used to differentiate human
TSE strains using Western blot [10]. More recently the
addition of parallel antibody testing with monoclonal
antibodies raised to different amino acid sequences of the
PrP molecule has given further discriminatory potential
[45]. Western blot of brain material taken from the medulla
at the level of the obex from the first cases of atypical scra-
pie showed molecular weights and glycoform ratios of
PrP™ fragments which were different to both classical scra-
pie and BSE [4]. Subsequent histological examination of
obex and cerebellum samples from active surveillance
cases [4, 5], and whole brains from Swiss atypical scrapie
cases [34] has allowed the identification of differences in
vacuolation profiles and patterns of PrPS¢ deposition
between classical and atypical scrapie cases. However, the
low apparent prevalence of atypical scrapie [31, 46] com-
bined with its identification mainly through active surveil-
lance means that whole brains are not often available for
examination.

Previous studies have shown that the medulla at the level
of the obex is the first area of the brain to become affected
in pre-clinical BSE and scrapie cases [2, 25, 38, 47]. There-
fore, when active surveillance for small ruminant TSEs
was introduced in 2002, testing was performed on obex
samples. However, following the identification of atypical
scrapie in 1998 [4] and bovine amyloidotic spongiform
encephalopathy in 2004 [9], both of which have more
extensive pathology rostral to the obex, there was concern
that there may have been additional forms of TSE that were
not being detected. In Great Britain, it was decided that it
would not be feasible to collect whole brains from appar-
ently healthy animals slaughtered at abattoirs, but that
whole brains could be collected from fallen stock and clini-
cal suspects. During the period June 2004—June 2006 whole
brains were collected and multiple brain levels were exam-
ined for any novel TSE-related pathology.

We have produced a detailed description of the immuno-
histopathology of whole brains from natural atypical scra-
pie cases, providing a baseline against which to assess the
stability of atypical scrapie field strains and experimental
disease. In addition, we have investigated whether geno-
type and/or incubation period affect the pathological pheno-
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type of atypical scrapie, as has been demonstrated for
classical scrapie [18, 19, 44].

Materials and methods
Case selection

Whole brains from clinical suspects were sampled either at
one of the VLA’s regional laboratories, or following ante-mor-
tem clinical examination at Weybridge [27]. During the period
June 2004—June 2006, heads from fallen stock were submitted
to VLA Regional Laboratories and the whole brain was
removed. Cases were screened using an EU approved rapid
test (Bio-Rad ELISA). Cases with a positive rapid test result
were further tested using immunohistochemistry, a ‘stringent’
Western blot (VLA Discriminatory WB) and ‘Mild-PK’ West-
ern blot (Bio-Rad TeSeE WB) as described in the EFSA Opin-
ion on the classification of atypical Transmissible Spongiform
Encephalopathy (TSE) cases in Small Ruminants [13].

A total of 15 whole brains (eight from clinical suspects
and seven from fallen stock, Table 1) which were Bio-Rad
ELISA positive, VLA Discriminatory WB negative, and
Bio-Rad TeSeE WB positive were subject to a full neuro-
pathological investigation.

Fixation and section preparation

The obex region of the brainstem was removed and placed
in 10% formal saline for a minimum of 3 days, for statutory
diagnostic purposes. The remainder of each brain was hemi-
sected sagitally, and one half fixed in 10% formal saline for
a minimum of 2 weeks. The other half was retained frozen.
In three cases in which atypical scrapie was not suspected
pre-mortem, brains were initially collected to an alternative
protocol in which the obex was fixed and the remaining
brain frozen. In these cases frozen tissue blocks were sam-
pled and placed into frozen fixative, placed on a shaker, and
allowed to return to room temperature gradually. Fixation
continued for a further 3 days prior to processing.

Up to nine coronal brain levels were examined from
each animal: medulla at level of the obex, rostral medulla,
cerebellum, caudal midbrain, rostral midbrain, occipital
cortex (with hippocampus), caudal thalamus, parietal thala-
mus and basal ganglia with frontal cortex. Not all levels
were available for all animals due to differences in sam-
pling technique and degree of tissue autolysis. Tissues were
processed routinely, and embedded in paraffin wax.

Histopathology

For examination of vacuolar changes serial 5-yum sections
were cut and stained with haematoxylin and eosin (H&E).
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Table 1 Individual case data

Animal ID Breed Age Genotype Surveillance stream
0076/06 Cheviot 5 ARQ/ARQ Fallen stock
0092/06 Welsh Mountain 5 AHQ/ARQ Clinical suspect
0519/06 Cheviot 4 AHQ/AHQ Clinical suspect
0603/06 Welsh Mountain 4 AHQ/ARQ Clinical suspect
0667/05 Welsh Mountain 5 ARR/AHQ Fallen stock
0668/05 Mule 4 AHQ/AHQ Fallen stock
0781/04 Welsh Mountain 8 AHQ/ARQ Fallen stock
0829/04 Mule Not known ARR/ARR Clinical suspect
0832/06 Cheviot 6.3 ARQ/ARQ Clinical suspect
1239/05 Mule 5 AHQ/AHQ Fallen stock
1270/05 Welsh Mountain Not known ARR/AHQ Clinical suspect
1347/04 Portland 5 AHQ/AHQ Fallen stock
1367/05 Cheviot 5 AHQ/ARQ Clinical suspect
1403/04 Texel cross 8 ARR/ARR Fallen stock
1572/05 Mule 4 ARR/AHQ Clinical suspect

Immunohistochemistry

Immunohistochemical detection of PrP5¢ was performed
using mouse MAb 2Gl11 (Institute Pourquier), raised
against ovine PrP peptide sequence 146-R!3R!7!-182.
R145 is our routine Ab for statutory purposes and was used
in the initial confirmation of all selected cases. However,
2G11 was shown to give slightly superior immunolabelling
without affecting the morphology of the deposits in either
atypical scrapie or classical scrapie controls (data not
shown), and was selected for this study to ensure optimal
definition of minimal lesions. Sections of the formalin-
fixed, paraffin embedded tissues were cut at 4um onto
charged slides and incubated at 60°C for 30 min to
improve adhesion. Sections were thoroughly de-waxed in
xylene, and rehydrated. Epitope demasking was performed
by immersion of sections for 30 min in undiluted formic
acid, then washing in running tap water for 15 min, fol-
lowed by autoclaving at 121°C in citrate buffer pH 6.1
(8.8 mM tri-sodium citrate dihydrate, 1.3 mM citric acid in
21 purified water). Endogenous peroxidase was blocked
using 3% hydrogen peroxide (100w/vol) in methanol, and
washing buffer used throughout the procedure was tris
buffered saline, supplemented with 0.2% tween20 (TBST).
Primary antibody was applied at dilution of 1/400 for one
hour at room temperature, with immunodetection per-
formed using biotinylated goat anti mouse and avidin—bio-
tin—peroxidase-complex (Vector Elite) technique using
diaminobenzidine chromogen prepared in Mcllvane’s cit-
rate buffer. Sections were counterstained using Mayers
haematoxylin, then routinely dehydrated, cleared and
mounted in dibutylphthalate in xylene (DPX), before
examination by light microscopy.

Examination of H&E stained sections

The interpretation of H&E stained sections was difficult or
impossible in most cases due to autolysis and/or tissue
treatment prior to fixation. Therefore, full vacuolation
lesion profiling was not performed. Rather, neuroanatomi-
cal areas with vacuolation were recorded and a note was
made of any areas in which the vacuolation was associated
with PrP5¢ deposition.

Examination of immunolabelled sections

At each brain level, readily identifiable neuroanatomical
areas (n = 262) were examined and the PrPS¢ immunolabel-
ling types present in each area was recorded. PrPS° immu-
nolabelling types observed in the grey matter were
described using the nomenclature of Spiropoulos et al. [44]
with two modifications: (1) like Benestad et al. [4], we have
used the term ‘fine granular’ instead of ‘fine punctate’ to
describe the powdery, diffuse PrPS° deposits observed in the
neuropil, (2) we have used the term ‘aggregates’ instead of
‘coalescing’ to describe the large, amyloid-like deposits
seen in the grey and white matter. This reflects the fact that
there are subtle differences in the morphology of such
deposits between classical and atypical scrapie cases.

Atypical scrapie aggregate deposits may be further clas-
sified into ‘plaque-like’ deposits, indicating that the deposit
has a lucent core (in contrast to ‘large aggregates’, which
do not), and ‘multi-centric aggregates’ which are composed
of two or more large aggregates and/or plaque-like deposits
(Fig. 1b, arrow).

In our experience, the PrP5¢ signal strength of immu-
nolabelling in the grey matter can be affected by many
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Fig. 1 Immunohistochemistry a
for PrPS° using mouse MAb

2G11. a Thalamus, fine granular
immunolabelling, aggregates

and plaque-like deposits of vari-

ous sizes in the ventral thalamic

nucleus. Scale bar 500 pm.

b Thalamus, higher powered

view of a showing aggregates of

various sizes and a multi-centric- ! . > .
aggregate with a plaque-like , »
deposit at its centre (arrow). :
Scale bar 50 pm. ¢ Midbrain,

linear immunolabelling and

small aggregates in the substan- c . .
tia nigra. Scale bar 200 pm. A =i
d Neocortex, fine granular e :
immunolabelling occurs in three §or \
distinct bands (laminar pattern). RIS » "k
Scale bar 500 pm. e Globular ; g
white matter immunolabelling i X SRR

in the internal capsule including T R i

deposits in the shape of crescents EE
(arrows) and rings (arrow % i
heads). Scale bar 50 pm. = g
f Punctate white matter immu- A i
nolabelling in the fasciculus V)
subcallosus. Scale bar 50 pm.

g Cerebellum, fine granular e
immunolabelling in the granular

and molecular layers. This is the

most common pattern seen in the

cerebellum. Scale bar 500 pm.

h Cerebellum, mixed pattern -
including linear (left of sulci), -
aggregates (right of sulci) and .

fine granular immunolabelling : 3

(top right). Scale bar 500 pm y z

factors, including fresh tissue quality, method of fixation,
storage, processing and immunolabelling run. Semi-
quantitative scoring of the severity of grey matter immu-
nolabelling was not performed in this study since, (1)
fresh tissue quality was suboptimal in a number of cases,
particularly brains from fallen stock, (2) protocols for
fixation and storage were different, for example, three
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brains were frozen before fixation, and (3), not all slides
were stained in the same IHC run. The PrP5¢ signal
strength of white matter immunolabelling does not appear
to be affected by any of the factors mentioned above.
Therefore, white matter immunolabeling was scored
semi-quantitatively on a scale from O (negative) to 3
(very prominent).
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‘PrP? profiles’ for the corpus striatum (basal nuclei and
frontal cortex) were generated according to the method of
Gonzalez et al. [20], modified slightly to include plaque-
like, globular and punctuate immunolabelling types.
Briefly, in 11 neuroanatomical areas the severity of 15
immunolabelling types was semi-quantatively scored. The
scores for each immunolabelling type were averaged across
all areas and these values plotted on a graph for comparison
with available data for other ovine TSEs.

Western blotting

Fresh brain samples (frontal cortex) were available from 12
of the 15 animals and were subjected to the Bio-rad TeSeE
Western blot (Bio-Rad Cat No: 355 1169). Tissue (0.35 g)
from each sample was ribolysed, purified, PK treated and
PrP™ concentrated following the manufacturer’s instruc-
tions and reagents supplied. Samples were heated for 4 min
at 100°C prior to loading on gels. Molecular mass markers
(Sigma) were included at either end of the gel. A single
lane each of a UK classical ovine scrapie, UK bovine BSE
and a Nor-98 ovine scrapie case were included for profile
comparisons. Fifteen microlitres of each sample (tissue
equivalent of 0.02 g) was loaded in duplicate lanes onto
pre-cast 12% bis—tris gels (Criterion) and subjected to elec-
trophoresis for 50 min at 200 V. The proteins were then
transferred onto PVDF membranes (115 V for 60 min) and
blocked (Bio-Rad blocking solution) for 40 min at room
temperature. They were probed with the primary monoclo-
nal antibody SHA31 (1:10 dilution of the stock solution
supplied by the manufacturer) for 30 min at room tempera-
ture. The membranes were washed with PBS +0.1%
Tween (supplied by the manufacturer), incubated for
20 min in Bio-Rad secondary antibody at room tempera-
ture, washed again and incubated with ECL substrate
(Amersham) for 45 s—1 min. The signal was detected with
the Fluor-S Multilmager (Bio-Rad).

Data recording and statistical analyses

Up to 262 neuroanatomical areas were examined per case,
depending on the number of coronal sections available. For
each case the PrP>® immunolabelling types present and semi-
quantitative white matter scores for each neuroanatomical
area were recorded and tabulated in Excel. A grey matter
score for each area was calculated by summing of the num-
ber of immunolabelling types (excluding globular and punc-
tate immunolabelling) present in that area. To investigate the
effect of surveillance stream on the severity of PrP>® immu-
nolabelling, we calculated average grey and white matter
scores for each neuroanatomical area by group (clinical sus-
pects and fallen stock) and compared them using the Wilco-
xon—Mann—Whitney nonparametric test with exact P values.

Results

The brains examined came from older sheep (4-8 years
old) of both common (Mule, Welsh Mountain, Cheviot)
and less common (Portland) breeds (Table 1). All cases had
PrP genotypes which are more resistant to classical scrapie
[5, 30, 32, 33, 40].

Immunohistochemistry

Only five PrP% immunolabelling types (fine granular,
aggregates, plaque-like, linear, perineuronal) were
observed in the grey matter of these atypical scrapie cases,
less than half the number routinely seen in classical scrapie
[44, J. Spiropoulos, M.M. Simmons, S. J. Moore, unpub-
lished] (Table 2). All cases had distinctive immunolabel-
ling in the white matter which can be classified into two
main types (Fig. le, f). The ‘globular’ type is characterised
by complete or incomplete (crescent) ring- or oval-shaped
deposits, which may have an irregular outline (Fig. le).
This type is widely distributed and is prominent in the spi-
nocerebellar tracts, reticular formation, cerebellar white
matter, crus cerebri, internal capsule, optic tract, and cere-
bral white matter. The ‘punctate’ type is characterised by
deposits which are smaller than those observed in the glob-
ular type, and which usually take the shape of a small circle
or elongated tear-drop but may have an irregular outline
(Fig. 1f). This type has a more restricted distribution and is
prominent in the reticular formation, substantia nigra,

Table 2 PrP% immunolabelling types in atypical scrapie, compared to
those described in classical scrapie [44]

Immunolabelling type Classical Scrapie Atypical Scrapie

Intracellular
Intraneuronal + —
Intraglial + —
Extracellular
Stellate
Perivascular
Subpial

Fine granular
Aggregates
Plaque-like
Linear
Perineuronal
Vascular plaques

Subependymal

+ + + + + + + o+ o+ o+ o+
+ o+ o+ o+ o+

Ependymal
Other

Globular -
Punctate -
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fimbria hippocampi, amygdala, external capsule, fasciculus
subcallosus, rostral commisure, and stratum multiforme of
the neocortex (Fig. 2; Table 3). Punctate immunolabelling
is also seen in some grey matter areas. Both globular and
punctate immunolabelling may be present in the same area.
This commonly occurs in the reticular formation, cerebellar
white matter, crus cerebri, substantia nigra, internal capsule
and cerebral white matter, but may also occur in other
areas. The average white matter scores from the fallen stock
and clinical suspects were not significantly different
(Wilcoxon—-Mann—Whitney test, P < 0.05).

Fig. 2 PrP% deposition pattern . P
maps showing the types and dis- 2
tribution of immunolabelling
observed in the brains of atypical
scrapie cases at the level of the
a obex, b rostral medulla (with
cerebellum), ¢ caudal midbrain,
d rostral midbrain, e occipital
cortex, f parietal cortex and

g frontal cortex. See Table 3 for
list of neuroanatomical areas

The neuroanatomical distribution of PrP>® immunolabel-
ling types at each brain level is described in detail below
using the following nomenclature: for immunolabelling in
the grey matter, ‘prominent’ indicates that the average num-
ber of immunolabelling types observed in that area was at
least 0.8, that is, most cases examined had at least one immu-
nolabelling type and a few cases were negative. For immu-
nolabelling in the white matter, ‘prominent’ indicates an
average white matter score of at least 1.0. These cut-off val-
ues were chosen to reflect the observer’s subjective impres-
sion of severity of immunolabelling at low magnification.

Pattern Key:

' Fine granular

Fine granular (laminar pattern)

Il

Linear
.+, Aggregate / Plaque-like

| Globular / Punctate
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Table 3 Prominent PrPS® immunolabelling types in numbered neuro-
anatomical areas in Fig. 2

Number Neuroanatomical area Immunolabelling type
1 Spinal tract of trigeminal nerve FG
2 Solitary tract FG
3 Spinocerebellar tract GL
4 Nucleus raphe magnus GL
5 Reticular formation GL
6 Spinothalamic tract GL
7 Nucleus dorsalis corporis GL
trapezoidei
8 Genu of facial nerve GL
9 Pyramidal tract GL
10 Caudal cerebellar peduncle GL
11 Cochlear nucleus GL
12 Nucleus parasympatheticus GL
n. intermedii
13 Cerebellar cortex FG
14 Deep cerebellar nuclei GL
15 Substantia nigra FG, LIN, A, PN, GL, PT
16 Rubrospinal tract FG
17 Crus cerebri GL
18 Medial geniculate nucleus FG, PT
19 Lateral thalamic nuclei FG, A, PL, PT
20 External medullary lamina FG, A, PT
21 Lateral geniculate nucleus FG
22 Fimbria hippocampi PT
23 Ventral thalamic nuclei FG, A, PL, PT
24 Intralaminar thalamic nuclei FG, PT
25 Rostral ventral nucleus FG, PT
26 Caudate nucleus FG, PT
27 Capsula externa FG, PT
28 Fasciculus subcallosus PT
29 Capsula extrema FG, PT
30 Fornix GL
31 Internal capsule GL
32 Nucleus reticulatus thalami FG, GL, PT
33 Putamen FG, PT
34 Globus pallidus FG, A, PT
35 Rostral commissure PT
36 Septal nuclei FG, PT
37 Nucleus accumbens FG
Neocortex FG, PT

FG fine granular, LIN linear, A aggregates, PN perineuronal, GL glob-
ular, PT punctuate

Obex

The obex was present in 12 cases. Fine granular immunola-
belling was most prominent in the spinal tract of the trigem-
inal nerve and ventro-lateral solitary tract. White matter

immunolabelling was most prominent in the spinocerebel-
lar tracts (dorsal and ventral), nucleus raphe magnus, retic-
ular formation and spinothalamic tract.

Rostral medulla

The rostral medulla was present in five cases. Fine granular
immunolabelling was most prominent in the spinal tract of
the trigeminal nerve. White matter immunolabelling was
most prominent in the nucleus dorsalis corporis trapezoidei,
genu of facial nerve, nucleus raphe magnus, pyramidal
tract, caudal cerebellar peduncle, cochlear nucleus, reticular
formation and nucleus parasympatheticus n. intermedii.

Cerebellum

The deep cerebellar nuclei (nucleus dentatus, nuclei inter-
positi cerebelli, nucleus fastigii), were positive in five
cases, negative in seven cases, and not represented in three
cases. In positive cases, fine granular immunolabelling was
most common, with aggregates observed in two cases.
White matter immunolabelling of varying intensity was
present in most (13/15) cases, and was more intense around
the deep cerebellar nuclei and less intense in the cerebellar
folia.

Immunolabelling was present in the granular layer of all
cases, and was generally moderate to marked. The molecu-
lar layer was positive in all cases and a range of PrPS° depo-
sition patterns were seen (Fig. 1g, h). The Purkinje cells
were always negative.

Caudal midbrain

The caudal midbrain was present in ten cases. Grey matter
immunolabelling was most prominent in the substantia
nigra and rubrospinal tract. In the substantia nigra, fine
granular immunolabelling was seen in 8/10 cases, and four
of these cases also had aggregates and linear immunolabel-
ling (Fig. Ic). In the rubrospinal tract, only fine granular
immunolabelling was seen (7/10 cases). White matter
immunolabelling was most prominent in the crus cerebri
and substantia nigra.

Rostral midbrain

The rostral midbrain was present in 12 cases. Grey matter
immunolabelling was most prominent in the substantia
nigra and the medial geniculate nucleus. In the substantia
nigra, the immunolabelling types observed were identical in
the caudal midbrain (fine granular, aggregates, linear)
(Fig. 1c), but the overall strength of the immunolabelling
was greater. White matter immunolabelling was most
prominent in the crus cerebri and substantia nigra.
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Occipital cortex (with hippocampus)

The hippocampus was present in 14 cases. In nine cases
both the dorsal and ventral horns were present, but three
and two cases had just the dorsal or ventral horn, respec-
tively. Fine granular immunolabelling was seen in all layers
except the stratum granulosum and alveus in the majority
of cases. The intensity of this immunolabelling varied
between layers, and in some cases the patterns observed in
the dorsal and ventral horns were different.

Caudal thalamus

The caudal thalamus was present in 12 cases. Grey matter
immunolabelling was most prominent in the substantia
nigra, lateral thalamic nuclei (nucleus lateralis caudalis,
nucleus ventralis caudalis, nucleus suprageniculatus),
external medullary lamina, medial geniculate nucleus and
lateral geniculate nucleus. The immunolabelling types and
intensity of the immunolabelling in the substantia nigra
were similar to those at the level of the rostral midbrain
(fine granular, aggregates, linear) (Fig. 1c). The lateral tha-
lamic nuclei had fine granular immunolabelling and aggre-
gates in the majority of cases, with large, plaque-like
aggregates (Fig. 1b) seen in four (three active, one passive)
cases. The external medullary lamina had fine granular
immunolabelling in the majority of cases, with aggregates
observed in three (active) cases. The geniculate nuclei had
fine granular immunolabelling with aggregates in two
cases. White matter immunolabelling was most prominent
in the crus cerebri, external medullary lamina and substan-
tia nigra.

Parietal thalamus

The parietal thalamus was present in all cases. Grey matter
immunolabelling was most prominent in the ventral tha-
lamic nuclei, intralaminar thalamic nuclei, rostral ventral
nucleus, and caudate nucleus. The ventral thalamic nuclei,
intralaminar thalamic nuclei and rostral ventral nucleus had
fine granular immunolabelling, with aggregates in the intra-
laminar thalamic nuclei and ventral thalamic nuclei, and
large, plaque-like aggregates in the ventral thalamic nuclei
(Fig. 1a, b). White matter immunolabelling was prominent
in most white matter areas examined, but was particularly
strong in the capsula externa/extrema/interna, fasciculus
subcallosus and crus cerebri.

Aggregates of various sizes (Fig. 1a, b) were seen in the
thalamus of all cases. The AHQ allele seemed to be associ-
ated with smaller aggregates and fewer of them, while the
ARR allele seemed to be associated with larger aggregates
and more of them. The aggregates seen in cases carrying
the ARQ allele were intermediate in size in number. Multi-
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centric aggregates were seen in the thalamus in nine cases,
six of which (67%) were fallen stock. Five out of six (84%)
of the cases without multi-centric aggregates were clinical
suspects. Six out of nine cases (67%) had at least one
plaque-like deposit with a lucent core but no relationship
with surveillance stream or genotype was found.

Basal nuclei

The basal nuclei and frontal cortex were present in 14
cases. Grey matter immunolabelling was most prominent
in the basal nuclei. Fine granular immunolabelling was
observed in all basal nuclei, with aggregates seen in the
globus pallidus in four cases. White matter immunolabel-
ling was most prominent in the internal capsule, rostral
commissure, septal nuclei and nucleus accumbens.

Neocortex

Fine granular immunolabelling was observed in a diffuse
laminar pattern in up to three of the neocortical layers
(Fig. 1d). The multiform layer was affected in all cases, and
the molecular layer and internal granular layer were
affected in 12/15 and 11/15 cases, respectively. White mat-
ter immunolabelling was most prominent in the multiform
layer, but was also seen in the internal pyramidal and inter-
nal granular layers.

In the cortical white matter, multi-centric aggregates
were seen in two fallen stock (genotypes ARQ/ARQ and
ARR/ARR) and one passive surveillance case (genotype
ARQ/ARQ). These cases represent three out of only four
cases (75%) that were not carrying an AHQ allele (see
Table 1 for genotype distribution).

PrP5¢ deposition pattern (PDP)

Although the written descriptions above provide detailed
information about the type and distribution of immunola-
belling throughout the brain, we thought that a pictorial
representation (Fig. 2) may be more meaningful to those
who are less familiar with the neuroanatomy of the brain.
Therefore, out of the 262 areas examined we selected 37
areas (Table 3) which were present in the majority (>50%)
of cases and in which the immunolabelling was ‘prominent’
according to the definition given above. Each area is col-
oured/patterned to indicate the most common (present in
>50% of cases) immunolabelling types observed in that
area.

Fine granular immunolabelling was also present but
not prominent in the following neuroanatomical areas:
amygdala, nucleus reticulates thalami, accessory/external
cuneate nuclei, stratum griseum profundum, nucleus
dorsomedialis thalami, capsula externa, nucleus pretectalis
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caudalis, capsula extrema and claustrum. Neuropil immu-
nolabelling was also observed in an additional 40 areas,
many of which were present in only a minority of cases and
are therefore not numbered in Fig. 2.

PrP¢ profiles

Profiling of the location and severity of PrPS¢ deposition in
the basal nuclei and frontal cortex has previously been used
to characterise natural and experimental scrapie strains and
BSE in sheep [20]. When we applied this method to the
atypical scrapie cases we found that the profiles for clinical
suspects and fallen stock were similar (data not shown),
and were distinctly different from experimental scrapie
strains and ovine BSE described previously (Fig. 3).

Vacuolation

Neuropil vacuolation, where it could be confidently distin-
guished from artefact, was very prominent in the molecular
layer of cerebellar cortex, neocortex, hippocampus, basal
nuclei and nucleus accumbens. The severity of neuropil
vacuolation was not always similar to the severity of IHC
immunolabelling. For example, in the cerebellar cortex the
severity of vacuolation and immunolabelling was compara-
ble. In contrast, in the neocortex vacuolation affected all six
neocortical layers, while immunolabelling was restricted to

25

Score

0651 A

~y/

up to three layers. Intraneuronal vacuolation was not seen.
Vacuolation of the white matter was seen in some cases but
was generally difficult to interpret due to suboptimal tissue
quality.

Western blot

Variability in the biochemical characteristics of atypical
scrapie has been reported and this may be related to PK
cleavage sites and the method and antibodies used for
detection [5]. In all the cases reported here, whether clinical
suspects or fallen stock, a banding profile similar to that
previously described for atypical scrapie/Nor-98 [4, 8, 15]
was seen, the distinct profile showing a downward shift of
all PrP5¢ fragments including one below 15 kD (Fig. 4). In
one case (1403/04) there appears to be a subtle change in
the banding pattern, but this may be due to lower protein
levels in this sample. Due to limited sample availability it
was not possible to standardise the loading fully.

Discussion

All of the atypical scrapie cases examined in this report had
similar PDP throughout the brain, in contrast to Nentwig
et al. [34] who reported prominent differences in the distri-
bution of abnormal prion protein in the brains of their ovine

0 +—e—e P | S, = — - B~

ITMG STEL SBPL SBEP PRVS PVAC FG/MA  PL LIN PN

-—

EPEN VASC GLP

ITNR  ITAS
Immunolabeling type
| BSE VROAVRQ BSE ARQVARG BSE ARR/ARR  —+—SSBP1 =—CHIB41 +— Suffolk scrapie  —e—Alypical scrapie ‘

Fig. 3 PrP! profiles for the brain at the level of the basal nuclei for
atypical scrapie (purple), experimental classical scrapie strains (blue)
and BSE in sheep of different genotypes (green). Experimental classi-
cal scrapie and ovine BSE data from Gonzalez et al. [20], with the pub-
lished data for ‘FG/A/PL’ deposits subdivided according to our current
nomenclature (L. Gonzalez, personal communication). Immunolabel-

ling types: ITNR intraneuronal, /TAS intra-astrocytic, /ITMG intrami-
croglial, STEL stellate, SBPL subpial, SBEP subependymal, PRVS
perivascular, PVAC perivacuolar, FG/A fine granular and aggregates,
PL plaque-like aggregates, LIN linear, PN perineuronal, VASC vascu-
lar plaques, GL/PT globular and punctuate
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Fig. 4 Bio-Rad TeSeE Western blot. All cases have a banding profile
similar to that previously described for atypical scrapie/Nor-98 [3, 4,
7, 12] with a downward shift of all PrP5 fragments including one be-
low 15 kD. In lane 12 there is a subtle difference in the banding pattern
which could be due to lower protein levels in this sample. Lane key: /
biotinylated marker, 2 case 0076/06, 3 0092/06, 4 0603/06, 5 0667/05,
6 0781/04, 7 0832/06, 8 1239/05, 9 1270/05, 10 1347/04, 11 1367/05,
12 1403/04, 13 1572/05, 14 atypical scrapie positive control, /5 bovine
BSE positive control, /6 classical scrapie positive control, /7 biotinylated
marker

atypical scrapie cases. This may be because we examined
whole brains from 15 cases, while Nentwig et al. had three
cases with whole brains, one case with the obex, cerebel-
lum and medulla, one case with the obex and cerebellum,
and one case with the obex only. With only a few whole
brains available, it may have been difficult for Nentwig
et al. to interpret the significance of differences observed in
individual cases. In addition, although different antibodies
were used for detection of PrP% in these two studies and it
has been shown that this can affect the PDP in classical
scrapie and ovine BSE [19, 23], further investigation would
be required to ensure that the type and severity of immu-
nolabelling detected in atypical scrapie cases is never
affected by the antibody used for detection of PrPS°.

However, we are in agreement with Nentwig et al. [34]
that the PDP of atypical scrapie cases are distinctly different
from classical scrapie. In classical scrapie, at clinical end-
point, PrP5¢ deposition occurs throughout the neuraxis at a
moderate to marked severity. In atypical scrapie the distri-
bution of PrPS¢ deposition is restricted, with the cerebel-
lum, substantia nigra, thalamus and basal nuclei most
affected, and the overall severity of immunolabelling is
generally mild to moderate. Therefore, although ‘promi-
nent’ has been used in the descriptions above, the intensity
of immunolabelling in atypical scrapie is significantly less
than in classical scrapie, particularly with regard to fine
granular and perineuronal immunolabelling types. We
found that the sum of the number of immunolabelling types
in a particular area correlated well with our subjective
impression of severity.

According to the protein only hypothesis, PrP5 is the
sole component of the infectious agent [37]. Therefore,
different strain phenotypes, including morphological PrP5
immunolabelling types and distribution, must be deter-
mined by molecular differences in PrPS¢ which affect the
ability of a TSE agent strain to target particular cell types
and influence the rates of production, accumulation and
clearance of prion protein in cells of the brain and other tis-
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sues [6, 39, 43]. It is well established that the susceptibility
of sheep to scrapie is associated with polymorphisms at
codons 136, 141, 154 and 171 of the PrP gene [3, 33], and
that atypical scrapie tends to occur in genotypes which are
more resistant to classical scrapie [5, 30, 32, 33, 40]. How-
ever, this genotype—susceptibility relationship does not
hold in all cases and multiple pathological phenotypes have
been observed in sheep of the same genotype [19, 20, 44],
so other molecular/cellular factors must also be involved in
phenotype expression. Some suggested molecular differ-
ences include the size and/or conformation of the protease
resistant fragment, the degree of asparagine-liked glycosyl-
ation, the sub-cellular compartmentalisation of the avail-
able pool of PrP°, and/or other cell- or tissue-specific
factors. These hypotheses have been the focus of numerous
in vitro and in vivo studies, but the exact mechanisms by
which they influence PrP¢ structure remain unclear
(reviewed in Lawson et al. [28]).

Like Benestad et al. [4] and Nentwig etal. [34], we
observed that the PDP in the cerebellum show much more
variation than any other brain area. Although there are
differences between individuals, the overall pattern is
instantly recognisable as different from classical scrapie,
both with regard to the relative severity of immunolabelling
in the granular, Purkinje cell and molecular layers, and the
PrP5¢ immunolabelling types present. In all three studies, in
the majority of cases examined the severity of immunola-
belling in the granular and molecular layers was approxi-
mately equal (Fig. 1g), while a smaller proportion of cases
had immunolabelling which was most severe in the molec-
ular (Fig. 1h) or granular layers. The Purkinje cells are
always negative. Since the Western blots from the animals
in all three studies are similar, it is unlikely that the
observed differences in PDPs in the cerebellum of atypical
scrapie cases are due to differences in PrPS° fragment size
or glycosylation, but may instead be attributed to as yet
unknown cell-specific factors which affect susceptibility to
infection and/or rate of PrP* production and accumulation.

Throughout the brain, atypical scrapie cases have fewer
morphological PrPS® immunolabelling types than classical
scrapie cases. Fine granular, aggregates, linear and white
matter immunolabelling types are commonly seen in atypi-
cal scrapie, while intracellular and stellate types, which are
prominent in classical scrapie, are not seen in atypical scra-
pie. Other immunolabelling types which have previously
been recorded in classical scrapie but which are not seen in
atypical scrapie are subpial, perivascular, perivacuolar,
ependymal, subependymal and vascular plaques (Table 2).
Why are the PrP5¢ immunolabelling types seen in classical
and atypical scrapie so different?

Most PrP5¢ immunolabelling types are associated with
PrP5¢ accumulation in particular cell types, so variations in
the cellular tropism of the classical and atypical scrapie
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strains may explain the differences in PrPS¢ immunolabel-
ling types seen. The large, round granules of varying sizes
which appear in the perikaryon of large neurones and the
cytoplasm of glial cells in classical scrapie are thought to be
associated with the accumulation of partially digested PrP5
within lysosomes [24]. Intracellular immunolabelling is not
seen in the central or peripheral nervous tissue or lym-
phoreticular tissues in natural [16, 34] or experimental
atypical scrapie cases [42, S.J. Moore, unpublished]. Peri-
neuronal and linear immunolabelling is characterised by
PrpSe deposition around the soma, dendrites and/or axons
of large neurones [18]. These labelling types are seen in
both classical and atypical scrapie but are much more com-
mon and prominent in classical atypical scrapie. Glial cell
associated PrPS° immunolabelling types (stellate, intraglial,
perivascular, subpial, subependymal, perivacuolar) are
commonly seen in classical scrapie but are not seen in atyp-
ical scrapie. The most commonly observed PrP5 immu-
nolabelling types (fine granular and aggregates) in atypical
scrapie are not associated with particular cell types, but
represent PrPS¢ which aggregates and may form fibrils on
distal neuronal processes or near the synapse [1, 22].

Overall, the atypical scrapie agent appears to have no, or
very low, tropism for glial cells and large neurones, but
instead tends to accumulate on the distal neuronal processes
in the neuropil. The fact that intracellular immunolabelling
is prominent in all classical scrapie strains but is never seen
in atypical scrapie cases suggests that the cellular process-
ing of classical and atypical scrapie prions is different. Per-
haps since atypical scrapie PrP5 is more PK sensitive than
classical scrapie PrP%° [5, 26], it may more readily undergo
enzymatic digestion [42] and so does not accumulate in
lysosomes and form intracellular deposits.

Globular and punctuate white matter immunolabelling
(Fig. le, f) was observed throughout the neuraxis and is
thought to be associated with oligodendrocytes [42]. To the
authors’ knowledge, these immunolabelling types have not
been previously reported in other TSE strains. Review of
115 active surveillance cases revealed that white matter
immunolabelling is present in most, but not all, cases and
may be the only immunolabelling type present at the obex
(S. J. Moore, unpublished).

Incubation period and genotype have previously been
shown to affect PDP in naturally occurring classical scrapie
[19, 44]. We found that surveillance stream as well as geno-
type had some effect on the morphology and frequency of
aggregates and the severity of immunolabelling in the neo-
cortex, although our interpretation was limited by the small
sample size and the fact that the exact incubation periods
were not known. However, the clinical stage of disease
could be inferred from the surveillance stream, that is, clin-
ical suspects are possibly (and counter-intuitively) at an
earlier point post-infection than fallen stock, which may

have had clinical signs that were not recognised by the
stockperson.

Aggregates of various sizes (Fig. 1a, b) were seen in the
thalamus of all cases and the cortical white matter in four
cases. In the thalamus, the size and number of aggregate
appears to be influenced by both surveillance stream and
genotype. Fallen stock are more likely to have multi-centric
deposits than clinical suspects. Cases carrying multiple
copies of the AHQ allele are more likely to have smaller
and fewer aggregates than cases carrying ARQ or ARR
alleles. No relationship was found between the presence of
plaque-like deposits and surveillance stream or genotype.
In the cortical white matter the occurrence of aggregates
may be influenced by genotype, since hetero- or homo-
zygosity for histidine at codon 154 appears to have an
inhibitory effect on PrP5¢ aggregation. However, this inter-
pretation is limited by the fact that aggregates in the cortical
white matter were only present in three cases.

Amyloid PrP5¢ deposits in human prion diseases are inti-
mately associated with astrocytes and microglia. Amyloid
plaques are surrounded by astrocytic processes and invaded
by microglial cells, and amyloid bundles may be attached
to microglial cell membranes [21, 29]. In contrast to the
compact structures typical of human amyloid deposits,
plaques in mice and sheep contain haphazardly orientated
fibrils which are heavily decorated with PrP5¢ [29], while
aggregates may have no visible fibrils [22]. As discussed
above, atypical scrapie prions appear to have low or no tro-
pism for glial cells, so it seems unlikely that the aggregates
and plaque-like deposits seen in atypical scrapie are associ-
ated with these cell types. Further studies are needed to
define the ultra-structure of aggregates and plaque-like
deposits in atypical scrapie.

Fine granular immunolabelling in the neocortex was
present in up to three horizontal bands, roughly correspond-
ing to the stratum moleculare, stratum granulare internum,
and stratum multiforme (Fig. 1d). Severity of immunolabel-
ling in the neocortex, as indicated by the number of layers
affected, appeared to be affected by genotype. The presence
of glutamine at codon 171 was associated with more severe
immunolabelling, while sheep with arginine at codon 154
and/or 171 had less severe immunolabelling. Severity of
immunolabelling in the neocortex was not influenced by
surveillance stream.

This series of atypical scrapie cases showed a consistent
pathological presentation which is distinct from any PDP
previously reported in classical scrapie, and which is main-
tained on experimental transmission [42]. This supports
previous observations that in atypical scrapie the amount of
PrP5 immunolabelling in the cerebellum is consistently
greater than in the brainstem [4], reinforcing the current
recommendation [41] to collect cerebellum in addition to
brainstem to enable confident confirmation all forms of
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TSE within surveillance programmes. Further work is
needed to determine the full spectrum of PDP in both clas-
sical and atypical scrapie, and to develop a comprehensive
understanding of the factors which influence it.
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