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SUMMARY: The pathologic disease-associated prion protein (PrP5¢) has been shown to be expressed in
the central nervous system of Holstein cattle inoculated intracerebrally with 3 sources of classical bovine
spongiform encephalopathy (BSE) isolates. Several regions of the brain and spinal cord were analyzed
for PrPSc expression by immunohistochemical and Western blotting analyses. Animals euthanized at 10
months post-inoculation (mpi) showed PrPS5¢ deposits in the brainstem and thalamus, but no vacuola-
tion; this suggested that the BSE agent might exhibit area-dependent tropism in the brain. At 16 and 18
mpi, a small amount of vacuolation was detected in the brainstem and thalamus, but not in the cerebral
cortices. At 20 to 24 mpi, when clinical symptoms were apparent, heavy PrPSc deposits were evident
throughout the brain and spinal cord. The mean time to the appearance of clinical symptoms was 19.7
mpi, and the mean survival time was 22.7 mpi. These findings show that PrPS¢ accumulation was detect-
ed approximately 10 months before the clinical symptoms of BSE became apparent. In addition, the 3
sources of BSE prion induced no detectable differences in the clinical signs, incubation periods, neu-

roanatomical location of vacuoles, or distribution and pattern of PrPS¢ depositions in the brain.

INTRODUCTION

Bovine spongiform encephalopathy (BSE), a type of
transmissible spongiform encephalopathy (TSE), is a
fatal neurodegenerative disease affecting cattle. The dis-
ease was first identified in the United Kingdom (UK) in
1986 (1); subsequently, it spread to European, Asian,
and North American countries. The first case of BSE in
Japan was reported in September 2001 (2), and the most
recent case, the 36th, was confirmed in January 2009.
BSE is characterized by spongiform changes (3) and ac-
cumulation of the disease-associated prion protein
(PrPS¢) in the central nervous system (CNS) (4). PrPSc s
commonly accepted as the pathological agent of BSE
and is thought to be a post-translationally modified
form of the host-encoded membrane glycoprotein
(PrPC) (5). PrP5¢ is the only known disease-specific
marker (6,7).

The pathological agent of BSE is transmissible to
different mammalian species. A variant form, i.e., the
degenerative brain disease Creutzfeldt-Jakob Disease
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(vCID) has been reported in the UK and several other
countries, and it is thought that this disease is caused by
the consumption of BSE-contaminated beef products
(8-11). Therefore, it is important to understand the
pathogenesis of BSE in cattle in order to eliminate BSE-
contaminated food from human food and thereby
preserve public health.

The uniformity in the pathological features and
biochemical profile of the proteinase K (PK)-resistant
PrPSe (PrPre) in BSE-affected cattle suggests that a sin-
gle prion strain is responsible for BSE in these animals.
Recently, variants of BSE (named atypical BSE) have
been detected in cattle in Europe (12,13), North Ameri-
ca (14,15), and Japan (16,17). Currently, atypical BSE
cases are classified into 2 groups; those expressing Prpres
of lower (L-type BSE) molecular weight and those ex-
pressing PrPres with higher (H-type BSE) molecular
weight than the PrPres of classical BSE (C-BSE) (18).

Our current knowledge of the pathogenesis of C-BSE
in cattle is based on the examination of tissues obtained
from orally infected cattle that have been euthanized at
different stages of the disease. A mouse bioassay of in-
fectivity showed that in cattle, the infection was limited
to the brain, spinal cord, eyes, dorsal root ganglia, and
distal ileum (19-21). Occasionally, infectivity has also
been detected in the bone marrow and tonsils of ex-
perimentally infected cattle (22,23), and recent studies
have shown that peripheral tissues other than the CNS
may harbor PrPSc at the clinical stages of the disease
(24,25). The distribution of PrPS¢ in the brain has been



mapped in both naturally occurring C-BSE and orally
infected cattle (26-28). However, it would be of interest-
ing to evaluate the relationship between the time of de-
tection of PrP5¢in the CNS and the clinical course of the
disease. For this purpose, we used the intracerebral in-
oculation route to infect cattle with 3 different C-BSE
strains—one isolated in Kanagawa, Japan (BSE/JP5);
one, in Wakayama, Japan (BSE/JP6) (29); and one, in
the UK (BSE/UK) (30). We then proceeded to measure
the distribution of PrP3¢ in the CNS of the infected
animals by immunohistochemical and Western blotting
analyses.

MATERIALS AND METHODS

Ethical considerations: All experiments involving
animals were approved by the Animal Ethical Commit-
tee and the Animal Care and Use Committee of both
Hokkaido Animal Research Center and National In-
stitute of Animal Health.

Inoculation of cattle with C-BSE agents: Brain
homogenates (10% w/v) were prepared from the brain-
stems of 3 cattle: one had been naturally infected with
C-BSE (BSE/UK) provided by the Veterinary Laborato-
ry Agency, UK; one was infected with domestic Kanaga-
wa-1 (BSE/JP5) at 80 months of age; and one was in-
fected with domestic Wakayama (BSE/JP6) at 83
months of age (29,30). Sixteen female Holstein calves
aged 3 months were used for this experiment (n = 8 for
BSE/UK, n = 4 for BSE/JP5, and n = 4 for BSE/JP6)
(Table 1). Each animal was inoculated in the right side
of the midbrain and 1 mL of brain homogenate was
withdrawn from the brain by using an 18-gauge 7-cm
disposable needle (NIPRO, Osaka, Japan). Two unin-
fected cattle served as controls and were euthanized at
27 months of age.

Neuropathology: At necropsy, the brains and cerebel-
la were removed and hemisected at the midline. Samples
of various tissues were fixed in 10% neutral buffered
formalin (pH 7.4) for 3 days at 37°C, including those of
the left hemisphere and spinal cord at the levels of cervi-

cal (C8) and lumbar enlargement (L6). The contralateral
side was frozen at —80°C for Western blotting analysis
of PrPres, Coronal slices of the brain and various tissues
were cut at 3-4 mm thickness and placed in plastic cas-
settes, which were immersed in 98% formic acid for 60
min at room temperature (RT) to reduce infectivity (31).
The tissues were automatically processed through a
graded series of alcohol to xylene and then paraffin-
embedded (ETP-150C; Sakura Finetek Japan, Tokyo,
Japan). Serial sections were cut at a thickness of 4 ym,
mounted on silane-coated glass slides (New Silane II;
Muto Pure Chemicals Co., Tokyo, Japan) and stained
with hematoxylin and eosin or processed for immuno-
histochemistry, as described below. The distribution
and extents of vacuolation in the brain were scored ac-
cording to the method described by Simmons et al. (32).
A vacuolation lesion profile was created by plotting the
mean vacuolation score for each neuroanatomical area
against the assigned code for that area.

PrPS¢ immunohistochemistry: For each animal, tissue
samples were examined from at least 8 areas of the brain
and 2 spinal cord levels: frontal lobe, striatum, thala-
mus, occipital lobe, midbrain, pons, medulla oblongata
at the obex, and cerebellum, and the C8 and L6 levels of
the spinal cord. The paraffin-embedded tissue sections
were pretreated at RT for PrP5¢ antigen retrieval using a
recently developed chemical method (33). Briefly,
deparaffinized and rehydrated tissue sections were im-
mersed in a bath of 98% formic acid for 5 min, incubat-
ed with 0.5% (w/v) potassium permanganate (in 0.1 M
phosphate buffer, pH 7.0) for 10 min, and then washed
in distilled water 3 times. The sections were soaked in
1% sodium disulfite for 2 min and then washed in dis-
tilled water. The slides were then immersed in a solution
of 0.1% N-lauroylsarcosine, 75 mM sodium hydroxide,
and 2% sodium chloride for 10 min. Next, the sections
were washed in tap water for 5 min and then placed in
an immunohistochemical autostainer (Dako Cytoma-
tion Autostainer Universal Staining System; Dako, Car-
pinteria, Calif., USA). They were then incubated se-
quentially with 1 ug/mL anti-PrP primary monoclonal

Table 1. Summary of the clinical and pathological changes in cattle intracerebrally inoculated with the BSE agent

Time of clinical onset  Clinical signs at

Case Code Inoculum

Terminal clinical Time at necropsy Spongiform PrPSc by PrP5 by

(mpi) onset signs (mpi) change IHC WB
1 0801 BSE/UK None 3 - - -
2 9066 BSE/UK None 10 - + +
3 9385 BSE/UK None 12 - + +
4 3962 BSE/JP6 None 12 - + +
5 2601 BSE/UK None 16 + + +
6 0836 BSE/UK None 18 + + +
7 3955 BSE/JP6 None 19 + + +
8 4394 BSE/UK 18 gait abnormality  abnormal posture 20 + + +
9 3728 BSE/JPS 19 nervous ataxia 21 + + +
10 5426 BSE/JPS 21 ataxia astaxia 22 + + +
11 5523 BSE/JP6 19 nervous ataxia 23 + + +
12 4437 BSE/UK 18 ataxia astaxia 23 + + +
13 1479 BSE/JPS 20 gait abnormality  astaxia 23 + + +
14 5087 BSE/UK 19 gait abnormality  ataxia 24 + + +
15 3217 BSE/JPS 22 gait abnormality  ataxia 24 + + +
16 4612 BSE/JP6 22 abnormal posture abnormal posture 24 + + +

BSE, bovine spongiform encephalopathy; mpi, months post-inoculation; IHC, immunohistochemistry; WB, Western blotting.
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antibody (mAb) T1, goat anti-mouse Fab’ universal im-
munoperoxidase polymer (Histofine SimpleStain MAX-
PO (M); Nichirei, Tokyo, Japan), and 3-3’ diamino-
benzidine tetrachloride as the chromogen. The T1 pri-
mary mAb was raised against mouse PrP amino acid
residues 121-231 and cross-reacts with bovine PrP (34).
Finally, the sections were counterstained with hematox-
ylin. All the steps in the immunohistochemical staining
procedure were carried out at RT.

Immunohistochemical PrPS mapping and profiling:
For each animal, the topographical distribution of
PrPSc deposition was mapped at 14 different areas of
the CNS: frontal cortex, temporal cortex, parietal cor-
tex, occipital cortex, striatum, hippocampus, thalamus,
midbrain, pons, medulla oblongata at the obex, cerebel-
lar cortex, cerebellar medulla, and spinal cord at C8 and
L6 segments. The PrPS¢ were classified into 8 types, as
previously published (27,35). Intracellular PrPSc were
subdivided into intraneuronal and intraglial granular
deposits. Reports indicate that the stellate-type of PrPSe
immunolabeling in astrocytes differed from the in-
traglial-type labeling (27,35). Extracellular PrPSc depo-
sitions in the neuropil were classified as linear,
perineuronal, fine particulate, coarse granular, and
coalescing.

PrP5¢ accumulation was scored subjectively for inten-
sity and extent on a scale from 0 to 4 (0, negative; 1, ap-
parent at high magnification; 2, apparent at moderate
magnification; 3, apparent at low magnification and
moderate amounts of accumulation; and 4, large
amounts of accumulation) (36,37); it was then
topographically mapped to the different CNS areas
mentioned above.

Western blotting: Tissue samples were obtained from
18 areas of the brain and spinal cord, as shown schemat-
ically in Fig. 1. The tissues were homogenized in a
buffer containing 100 mM NaCl and 50 mM Tris-HCI
(pH 7.6). The homogenate was mixed with an equal

Fig. 1. The 18 areas of brain and spinal cord (black boxes) dis-
sected for the Western blot analyses are schematically
represented. They include 10 coronal slices of the brain and spi-
nal cord at the levels of (from upper left) the frontal lobe, stria-
tum, thalamus, occipital lobe, midbrain, pons, medulla oblon-
gata at the obex, spinal cord at the cervical enlargement, spinal
cord at the lumbar enlargement, and cerebellum. The brain
regions are as follows: 1, frontal cortex; 2, parietal cortex; 3,
caudate nucleus; 4, accumbens; 5, parietal cortex; 6, thalamus;
7, parietal cortex; 8, white matter at level of thalamus; 9,
hypothalamus; 10, hippocampus; 11, occipital cortex; 12, oc-
cipital white matter; 13, cerebellar cortex; 14, cerebellar white
matter; 15, cerebellar nucleus; 16, midbrain; 17, pons; and 18,
obex.
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volume of buffer containing 4% (w/v) Zwittergent 3-14
(Merck, Darmstadt, Germany), 1% (w/v) Sarkosyl, 100
mM NaCl, and 50 mM Tris-HCI (pH 7.6), and incubat-
ed with 0.25 mg collagenase, followed by incubation
with PK (final concentration, 40 ug/mL) at 37°C for 30
min. PK digestion was terminated by the addition of 2
mM Pefabloc (Roche Diagnostics, Basel, Switzerland).
The sample was then mixed with 2-butanol:methanol
(5:1) and centrifuged at 20,000 g for 10 min. The ex-
tracts were separated by 12% SDS-polyacrylamide gel
electrophoresis (PAGE) and electroblotted onto a poly-
vinylidene fluoride (PVDF) membrane (Millipore,
Billerica, Mass., USA). The blotted membrane was in-
cubated with horseradish-conjugated anti-PrP mAb T2
(34) at RT for 60 min. Signals were developed with a
chemiluminescent substrate (SuperSignal; Pierce
Biotechnology, Rockford, Ill., USA).

RESULTS

Clinical signs: Of the 16 animals studied, 7 (Cases
1-7) showed no clinical signs of BSE even as late as 19
months post-inoculation (mpi) (Table 1). The remain-
ing 9 animals (Cases 8-16) exhibited the initial clinical
signs of disease between 18 and 22 mpi (19.7 £ 1.6,
mean =+ standard deviation); these signs included
lowering of the head, heightened anxiety, and sensitivity
to auditory stimuli. Within 2 to 3 months of the appear-
ance of the initial clinical symptoms, the animals devel-
oped ataxia of the hind limbs, which progressed to
difficulty in raising them without assistance. C-BSE-in-
fected cattle were euthanized during this stage of the dis-
ease between 20 and 24 mpi (Table 1). There was no de-
tectable difference in the clinical signs exhibited by
animals inoculated with the 3 different C-BSE isolates.

Histopathology: The severity of vacuolation in the
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Fig. 2. Vacuolar lesion scores in BSE-challenged cattle at
preclinical and clinical stages of the disease. Points from Cases
5 and 6 represent the means of 2 animals euthanized at the
preclinical stage of disease at 16 and 18 mpi, respectively. Case
7 was euthanized at 19 mpi. Points for Cases 816 represent the
mean score of 9 cases with clinical signs, euthanized between 20
and 24 mpi. Scores (y-axis) are plotted against the code num-
bers (x-axis) for anatomical areas as follows: 1, nucleus of the
solitary tract; 2, nucleus of the spinal tract of the trigeminal
nerve; 3, hypoglossal nucleus; 4, vestibular nuclear complex; 5,
cochlear nucleus; 6, cerebellar vermis; 7, central gray matter; 8,
rostral colliculus; 9, medial geniculate nucleus; 10, hypothala-
mus; 11, nucleus dorsomedialis thalami; 12, nucleus ventralis
lateralis thalami; 13, frontal cortex; 14, accumbens; 15, cau-
date nucleus; 16, putamen; and 17, claustrum.
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Fig. 3. Schematic representation of PrPs¢ in different brain areas of BSE-challenged cattle at preclinical (Cases 4-7)
and clinical stages of the disease (Cases 8-16). The severity of PrPS¢ deposition is scored on a semi quantitative
scale as 0 = no deposition, 1 = scanty, 2 = mild, 3 = moderate, and 4 = severe, with color gradation between
white and black as indicated. Topographical brain areas schematically represent 10 coronal slices at the level of
(from upper left to lower right): frontal lobe, striatum, thalamus, occipital lobe, midbrain, pons, medulla oblong-
ata at the obex, spinal cord at the cervical enlargement, spinal cord at the lJumbar enlargement, and cerebellum.

brain was scored as described in Methods, and the
resulting lesion profiles are summarized in Fig. 2.
Animals euthanized at 3, 10, and 12 mpi (Cases 1-4)
had no vacuolar changes in any regions of the brain.
Two cattle (Cases 5 and 6) were euthanized at 16 and 18
mpi, when clinical signs were absent, and they showed a
few vacuoles in the neuropil of the thalamic nuclei,
hypothalamus, pontine nuclei, nucleus of the spinal
tract of trigeminal nerve, and putamen (Fig. 2).
However, no vacuolation was detected in the cerebral
and cerebellar cortices of these animals.

One animal (Case 7) showed no clinical signs of the
disease and was determined to be at the preclinical stage
of disease when euthanized at 19 mpi. This animal had a
moderate number of vacuoles widely distributed
throughout the brain (Fig. 2); vacuolation of the neu-
ropil was evident in the thalamic nuclei, pons, and mid-
brain, and less frequently, in the cerebral cortices, espe-
cially in the caudal cerebrum.
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Vacuolar changes of the brain were more frequent in
the animals that exhibited clinical signs and were eu-
thanized between 20 and 24 mpi (Cases 8-16) than in the
7 animals without clinical manifestations. The highest
mean lesion scores were obtained for the thalamic nuclei
and the neuropil of the central gray matter of the mid-
brain, and the lowest scores, for the caudal cerebral cor-
tices and cerebellar cortex. Moreover, examination of
the dorsal motor nucleus of the vagus nerve (DMNYV)
showed less characteristic vacuolar change. However,
spongy change was much more severe and frequent in
the trigeminal nucleus and solitary nucleus than in the
other nuclei of the medulla oblongata at the obex level.
Mild vacuolation was present in the neuropil of the gray
matter in the spinal cords of all animals with clinical
signs of the disease.

PrPS¢ immunohistochemistry: Figure 3 shows brain
maps representing the topography and scoring of PrPse
at the frontal cortex level, striatum level, thalamus and



Fig. 4. Thalamus in Case 2. Intraglial (large arrow) and particu-
late (small arrows) PrPS immunolabeling is detected in the
dorsolateral thalamic nucleus. Immunohistochemical labeling
with mAb T1.

parietal cortex level, occipital cortex level, midbrain,
pons, obex, cerebellum, and spinal cords at the C8 and
L6 segments of cattle.

The initial tissue lesion was detected as sparse PrPsc
deposits in the neuronal perikarya and neuropil of gray
matter, as neuritic-particulate or granular and linear
types in the nuclei of thalamus (mostly ventricular
nuclei), midbrain, pons, medulla oblongata (mostly spi-
nal trigeminal nucleus), and septal accumbens of the
animal euthanized at 10 mpi (Case 2; Fig. 4). Interest-
ingly, the intraneuronal type of PrPSc deposit was more
frequent than the other types. The neuritic-particulate
or granular type of deposition showed neuronal process
labeling. Perineuronal labeling was also detected, but
less frequently. In the 2 animals euthanized at 12 mpi
(Cases 3 and 4), small amounts of particulate or granu-
lar labeling in the neuronal cells and particulate or
granular neuropil labeling were often present in the gray
matter of the C8 and L6 segments of the spinal cord.
However, no PrP3¢ deposit could be detected in the
brain sections of the animal euthanized at 3 mpi (Case
1).

The animals (Cases 5 and 6) that had no clinical signs
and were euthanized at 16 and 18 mpi exhibited moder-
ate amounts of intraneuronal and intraglial granular as
well as particulate, linear, and coalescing neuropil label-
ing in the thalamus, midbrain, pons, medulla oblonga-
ta, cerebellar medulla, septal accumbens, and spinal
cord. Minimal to slight PrPs¢ deposition was also
present in the cerebral and cerebellar cortices, mostly in
the frontal cortex.

Intraneuronal vacuoles were occasionally present in
the brainstem and thalamic nuclei of the animal eu-
thanized at 19 mpi (Case 7). PrPSc deposition was
moderately localized in the brainstem, thalamic and sep-
tal nuclei, hypothalamus, cerebellar nuclei, and gray
matter of the spinal cord, and was sparse in the rostral
cerebral cortices and hippocampus. The labeling in the
cerebral cortices of this animal was more apparent than
that in the animals (Cases 5 and 6) euthanized at 16 and
18 mpi.

In general, the types and topographical distribution
of PrPS¢ deposits were quite similar among the animals
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Fig. 5. Medulla oblongata at the obex level in Case 12. Particu-
late and granular PrPS¢ depositions are obvious in the neuropil
of the nucleus of the solitary tract (SN). In contrast, PrPS ac-
cumulation is sparse in the dorsal motor nucleus of the vagus
nerve (DMNYV). Immunohistochemical labeling with mAb T1
and hematoxylin counterstain.

that showed clinical signs of the disease (Cases 8-16;
Fig. 3). The different types of immunolabeled PrPSc,
i.e., the particulate or granular neuropil, intraneuronal,
perineuronal, glial, linear, and coalescing types, were
widely distributed throughout the brain. PrPS5¢ im-
munolabeling was most pronounced in the brainstem,
thalamus, the white matter of the cerebellum, and the
gray matter of the spinal cord (Fig. 3). Small amounts
of neuropil labeling were present in the DMNV at the
level of the obex. In contrast, large amounts of PrPSc
were evident in the nucleus of the solitary tract and the
spinal tract nucleus of the trigeminal nerve (Fig. 5).
Strong immunolabeling was conspicuous in both the
cervical and lumbar segments of the spinal cord. Slight
to moderate amounts of PrPSc deposits were dispersed
in the cerebral and cerebellar cortices. The frontal cor-
tex consistently showed the highest PrPSc deposition,
while the lowest was noted in the occipital cortex. In the
cerebellar cortex, PrPS¢ accumulation occurred in the
granule cell layer, particularly just beneath the Purkinje
cell layer.

Western blotting: A PrPrs signal was not detected in
the brain extracts from the calf euthanized at 3 mpi
(Case 1), but a small amount of PrPrs was detected in
the brainstem and cerebellum of the animal killed at 10
mpi (Case 2; Fig. 6). The signal intensities of the ex-
tracts from different animals varied; for example, the
signals obtained in Cases 4 and 7, in which the animals
were killed at 12 and 19 mpi, respectively, were slightly
stronger than those obtained in Cases 3 and 6, in which
the animals were killed at similar time points (12 and 18
mpi, respectively). As seen in both Fig. 6 and Table 2,
the spread of PrPres throughout the brain and spinal
cord correlated with the progression of the disease. The
results of the Western blotting analyses are summarized
in Table 2.

DISCUSSION

The goal of this study was to investigate the accumu-
lation of PrPS¢ in the brain of cattle intracerebrally in-
oculated with the C-BSE prion agent. Although this
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Fig. 6. Western blotting of PrPre in the CNS extracts from animals at the preclinical (A) or clinical stages of disease
(B). Lanes are numbered according to the 18 different CNS regions shown in Figure 1. Each lane was loaded with
20 mg of tissue. Western blots were probed with mAb T2 to detect PrP™s. ND, not done.

Table 2. Detection of PrPSc by Western blotting of CNS tissue samples

Status Preclinjcal Clinical

Case no. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Months post-inoculation 3 10 12 12 16 18 19 20 21 22 23 23 23 24 24 24

1* Frontal cortex - - - - - - T - = = S R = S +
2 Parietal cortex - - - - - - = = S T S +
3 Caudate nucleus - - - ++ - - + + + + + + - + -
4 Accumbens - - T T S o R R A S o S = S o o
5 Parietal cortex - - - - - = A S S S R o S o S
6 Thalamus - - - ++ = I e S S S & S o
7 Parietal cortex - - - - - i S = S - S o S o S S oo R N
8 White matter at level of thalamus — - - - - -+ o+ - + 4+ o+ + - - -
9 Hypothalamus - - ++ - ND ++ ++ ND ND ++ ++ ++ ND ++ - ND
10 Hippocampus - - - =+ - B T = = e S S o S S o S
11 Occipital cortex - - - - - = = s = = S o S o R SR o S o
12 Occipital white matter - - - - - - + + + + ++ + - — ++ —
13 Cerebellar cortex - - - - - ++ - + T T
14 Cerebellar white matter - + R e s S = S o R o o oo s v e e S o e o
15 Cerebellar nucleus - + - ND -  H+ A+ A+ At A A
16 Midbrain - + R T T = S = o S o S o S o S o
17 Pons - + B = T = S S S S S = S S o S o SR S o
18 Obex - + T = = = R S o S o S & S o S
Spinal cord (C7) ND ND ND ND ++ ++ ++ + ND ++ ++ ++ ++ ++  ++ 4+
Spinal cord (L5) ND ND ND ND ++ ++ ++ ++ ND ++ ++ ++ ++ ++ ++ ++

—, none; +, positive; ++, strongly positive (compared to positive control of mouse scrapie-infected brain 1.6 ug tissue equivalent); ND, not

done.

*Numbers correspond to the 18 different brain areas as shown in Fig. 1.
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transmission route does not mimic the natural route of
infection, which is most likely the ingestion of infectious
material, intracerebral challenge seems to be the most
efficient route for the synchronized induction of C-BSE
in cattle. In line with this assumption, the incubation
periods and disease durations of all the C-BSE-inoculat-
ed cattle were consistent with the findings of previous
studies (38). In addition, although the number of study
animals was small, the cattle inoculated with the 3
different C-BSE isolates did not differ in terms of the
vacuolar lesion scores, the PrPS¢ topographical distribu-
tion, or the extent of PrPSc accumulation in the brain at
the terminal disease stage. These results suggest that the
3 BSE strains used in this study may be identical and
originate from a single infectious strain, which we
denoted as the C-BSE prion.

We detected an early accumulation of PrPSc in the
brainstem of infected animals; the reasons for this could
be that the structure lies in the intracerebral inoculation
path or because the brainstem is a target site for the C-
BSE agent. Although the PrP5¢ detected in the brain-
stem could thus be attributed to residual material from
the inoculation, no PrPS was detected in the brainstem
of the animal euthanized at 3 mpi (Case 1), either by
Western blotting or by immunohistochemistry. This
finding is consistent with a previous report of the ex-
perimental transmission of sheep scrapie (39). PrPsc
might be widely distributed in a nonuniform manner
from the inoculum point to other targeted brain areas,
suggesting that the C-BSE prion had a strong regional
tropism for the brainstem and thalamus (27). This pos-
sibility was not ruled out because we found that PrPsc
was distributed throughout the brain and spinal cord,
and not solely localized in the midbrain and cerebrum at
the site of inoculation (40,41). In addition to the vacuo-
lar lesion profiles, we found the topographical distribu-
tion of PrPS in the brains of cattle with clinically evi-
dent disease to be consistent with that reported for cattle
with naturally occurring BSE (27,29,35,42-45). The
results described here also suggest that the accumulation
and distribution of PrP%¢ in the brain correlated with the
disease incubation period.

Although each C-BSE inoculum was prepared from
the same brain region (brainstem) of infected cattle, we
observed differences in the PrPre signal intensity on
Western blots between animals sacrificed at the same
point after inoculation. For example, the intensity
differed between Case 3 (BSE/UK) and Case 4
(BSE/JP6), wherein the animals were sacrificed at 12
mpi, and between Case 6 (BSE/UK) and Case 7
(BSE/JP6), wherein the animals were sacrificed at 18
and 19 mpi, respectively. These differences may be at-
tributed to the low number of experimental animals
used, variations in the infectivity titers of the inocu-
lums, breeding conditions, or additional unknown fac-
tors associated with prion propagation in the brain.

The vacuolar lesion scores of symptomatic animals in
this study were considerably higher than those of asym-
ptomatic animals, and they were consistent with those
previously described for BSE-affected cattle that had
been naturally or experimentally infected (32,38,46).
According to the current models of peripheral patho-
genesis in orally induced TSEs, the BSE prion most
probably reaches the medulla oblongata and then
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spreads along the parasympathetic efferent fibers of the
autonomic nerve system, i.e., the vagus nerves (47-49),
In one study, cattle receiving a high-dose peroral
challenge of the BSE agent showed initial deposition of
PrP% in the DMNV, celiac and mesenteric ganglion
complex, and caudal mesenteric ganglion, as well as in
the intermediolateral cell column of the spinal cord, but
not in other areas, including the midbrain (26). The
DMNYV was also the first region of PrPS¢ deposition in
the brain of cattle naturally affected by BSE (50) and
those with experimental BSE induced by oral inocula-
tion (26). Therefore, the discrepancy between the find-
ings of our study and those reported for naturally occur-
ring BSE with regard to the severity of vacuolar changes
and PrPS¢ accumulation in the DMNV might be at-
tributed to the different routes of infection in the in-
dividual studies.

In summary, we found that the earliest accumulation
of PrP5%¢ in intracerebrally inoculated cattle in the brain-
stem and thalamus occurred at 10 mpi, which was 10
months before the onset of clinical signs. PrPS¢ was
widely distributed throughout the CNS during this
preclinical period and accumulated at the target sites,
mostly in the brainstem and thalamus. This study also
indicated that clinical signs of the disease might appear
after the appearance of vacuolar changes in the brain.
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Summary

Bovine spongiform encephalopathy (BSE) is characterized by the appearance of spongy lesions in the brain,
particularly in the brainstem nuclei. This study evaluated the degenerative changes observed in the central au-
ditory brainstem of BSE-challenged cattle. The neuropathological changes in the auditory brainstem nuclei
were assessed by determining the severity of vacuolation and the presence of disease-associated prion protein
(PrP5¢). Sixteen female Holstein—Friesian calves, 2—4 months of age, were inoculated intracerebrally with
BSE agent. BSE-challenged animals developed the characteristic clinical signs of BSE approximately 18
months post inoculation (mpi) and advanced neurological signs after 22 mpi. Before the appearance of clinical
signs (i.e. at 3, 10, 12 and 16 mpi), vacuolar change was absent or mild and PrP® deposition was minimal in the
auditory brainstem nuclei. The two cattle sacrificed at 18 and 19 mpi had no clinical signs and showed mild
vacuolar degeneration and moderate amounts of PrP% accumulation in the auditory brainstem pathway.
In the animals challenged with BSE agent that developed clinical sings (i.e. after 20 mpi), spongy changes
were more prominent in the nucleus of the inferior colliculus compared with the other nuclei of the auditory
brainstem and the medial geniculate body. Neuropathological changes characterized by spongy lesions accom-
panied by PrP% accumulation in the auditory brainstem nuclei of BSE-infected cattle may be associated with

hyperacusia.
Keywords: auditory brainstem; BSE; cattle; prion

Transmissible spongiform encephalopathies (TSEs)
are fatal neurodegenerative disorders that include
bovine spongiform encephalopathy (BSE) in cattle,
scrapie in sheep and goats, chronic wasting disease
in deer and Creutzfeldt—Jacob disease in man. The
key event in the pathogenesis of T'SE is the conforma-
tional change of the normal host prion protein (PrP®)
into the abnormal, disease-associated form (PrP%°),
which is thought to be the main, if not only, agent
of TSE. BSE was first recognized in the UK in 1986
(Wells et al., 1987) and was reported subsequently
in several European countries and, more recently, in
Japan, Canada and the USA. The histopathological
features of BSE are spongy vacuolation of the neuropil
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and vacuolation of neurons in the grey matter with
mild astrogliosis and activation of microglia (Wells
etal., 1991).

Itis difficult to determine the exact time of onset of
BSE because of the non-specific nature of prodromal
clinical signs. Typical clinical signs of BSE in cattle
are changes in behaviour and locomotion and hyper-
sensitivity to stimuli (Konold et al., 2004). BSE-
infected animals may be hypersensitive to touch,
sound or light, but usually not to all of these types
of stimuli. For example, cattle with BSE can become
sensitive to noise (e.g. hand clapping or a metallic
clank). The abnormality of brainstem auditory
evoked potentials (BAEPs) in BSE-infected cattle
has been reported to involve prolonged peak latency
of wave IIT and V as well as the I-V interpeak

© 2010 Elsevier Ltd. All rights reserved.
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latency (Arai el al., 2009). The origin of wave IIT of
the BAEP is the cochlear nucleus and superior olivary
complex. The cochlear nucleus is the origin of the as-
cending central auditory pathway. Wave V arises in
the inferior colliculus, the nucleus of which is the larg-
est structure in the central auditory pathway and the
focus for processing of both ascending and descending
information. Little pathomorphological information,
other than vacuolation in the cochlear nucleus
described in a lesion profile, is available for the audi-
tory brainstem of BSE-infected cattle (Simmons et al.,
1996; Breslin ¢t al., 2006). The aim of the present
study was to investigate the neuropathological
changes and PrP accumulation in the central
auditory pathway of cattle exposed experimentally
to BSE.

Sixteen female Holstein—Friesian calves, aged 2—4
months, were inoculated intracercbrally with 1 ml
aliquots of 10% (w/v) brain homogenates prepared
from three animals (from the UK and Japan) with
naturally-occurring BSE. For negative controls, two
calves received intracerebral inoculation of 10%
brain homogenates of normal cattle.

At the time of necropsy examination, the left brain,
including the brainstem and cerebellum, was fixed in
10% neutral buffered formalin (pH 7.4). Coronalslices
of the formalin-fixed samples (4 mm) were immersed
in 98% formic acid for 60 min to reduce infectivity,
embedded in paraffin wax, sectioned (4 pum) and
stained with haematoxylin and eosin (HE). The sever-
ity of vacuolation in the brain was scored according to
the method of Simmons e al. (1996).

For immunohistochemistry (IHC), pretreatment
for PrP%° antigen retrieval was conducted by a recently
developed chemical method (Bencsik et al., 2005).
Briefly, dewaxed sections were immersed in 98% for-
mic acid for 5 min, treated with 0.5% potassium per-
manganate (pH 7.0) for 10 min at room temperature
and then washed thrice in distilled water. The sections
were soaked in 1% sodium disulphite for 2 min and
then washed once in distilled water. Sections were

- then immersed in a solution consisting of 0.1% N-laur-

oylsarcosine, 75 mM sodium hydroxide and 2% so-
dium chloride for 10 min. After washing with water
for 5 min, the sections were placed in an automated
immunohistochemical processor (DakoCytomation
Autostainer Universal Staining System; Dako, Car-
pinteria, California) and incubated with anti-PrP pri-
mary monoclonal antibody (mAb; T1), anti-mouse
universal immunoperoxidase polymer (Nichirei His-
tofine Simple Stain MAX-PO (M); Nichirei, Tokyo,
Japan) as the secondary antibody and 3,3" diamino-
benzedine tetrachloride as the chromogen. The pri-
mary mAb used in this study was raised against
mouse PrP amino acid residues 121—231 and recog-
nizes mouse PrP amino acid residues 137—143 (di-
luted at 1 pg/ml) (Shimizu et al., 2010). Finally,
sections were counterstained with haematoxylin.
The intensity and extent of each morphological
type of PrP% accumulation were scored subjectively
from 0 to 4 (0, negative; 1, apparent at high magnifi-
cation; 2, apparent at moderate magnification; 3,
apparent at low magnification and moderate accu-
mulation; 4, marked accumulation) as described by

Table 1
Individual animal data on clinical status, vacuolar lesion score and intensity of PrP5¢ accumulation

Case Code Inoculum Post-inoculation Clinical Cochlear nucleus Olivary nucleus Lateral lemniscus Inferior colliculus Medial geniculate body Auditory cortex

No.  No. period (months)  signs -

Lesion  PrP% Lesion PrP% Lesion  PrP%  Lesion  PrP¥  Lesion PP Lesion PrP*

score  score  score  Score  score  score  score  Score score score score  score
1 0801 BSE/UK 3 - 0 0 0 0 0 0 0 0 0 0 0 0
2 9066 BSE/UK 10 - 0 0 0 0 0 0 0 0 0 0.5 0 0
3 9385 BSE/UK 12 - 0 0 0 1 0 0 0 2 0 1 0 0
4 3962 BSE/JP5 12 — 0 1 0 1 0 0 0 1 0 1 0 0
5 2601 BSE/UK 16 - 0 2 0 2 0 0 1 2 0 2 0 0
6 0886 BSE/UK 18 - 2 3 1 3 0 0 1 1 0.5 1 0 0.5
7 3955 BSE[JP5 19 - 2 2.5 2 2.5 0 0 2 2 1 2.5 0 1
8 4394 BSE/UK 20 + 2 3 2 2 0 0.5 2 2 2 3 0 0.5
9 3728 BSE/JP6 21 + NA NA 0 1 NA 2 3.5 0 1
10 5426 BSE/JP6 22 + 2 4 2 3 0 1 3 4 2 3 0 0.5
11 5523 BSE[JP5 23 + 2 3 2 3 0 1 4 4 2 3.5 0.5 1
12 4437 BSE/UK 23 + 3 3 3 3 0 1 4 3 2.5 35 0 0
13 1479 BSE/JP6 23 + 2 3 2 3 0 1 4 3 2.5 3 0.5 1
14 5087 BSE/UK 24 + NA 2 3 0 1 3 3.5 2 3.5 0.5 1
15 3321 BSE/JP6 24 + 3 2 3 0 1 2 3.5 3 0 0.5
16 4612 BSE/JP5 24 + 4 2 3.5 0 1 4 3 2.5 4 1 1
Clinical signs: +, positive; —, negative, NA, tissue not available.
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Gonzélez et al. (2002, 2005). Scored data from lesion
profiles and immunohistochemical profiles were
analyzed by one-way analysis of variance
(ANOVA) using the statistical program Instat3
(GraphPad Software, San Diego, California) and
were expressed as mean = standard deviation (SD).

BSE-infected cattle were killed at 3, 10, 12, 16, 18
and 19 months post inoculation (mpi) prior to devel-
oping signs of clinical disease (Table 1). One animal
was killed at each time point, except at 12 months
when two animals were killed. Nine animals, which
demonstrated signs of clinical disease, were killed be-
tween 20 and 24 mpi. Two negative control animals
were killed at 24 mpi. In the clinical cases of BSE-
challenged cattle, initial clinical signs (e.g. abnormal
posture and changes in locomotion) appeared be-
tween 18 and 20 mpi and advanced clinical signs
(e.g. tremor and difficulties in rising) developed
within 22—24 mpi. Clinical signs were not detected
in the control cattle.

The four cattle that were killed at 3, 10 and 12 mpi
had no vacuolar change in the brain, but some PrP>

deposits were present in the brainstem nuclei and me-
dial geniculate body of cattle killed at 10 or 12 mpi
(Figs. 1 and 2). PrP* was mostly detected in the
perikarya (Fig. 2) and often in the neuropil of the
grey matter of each auditory brainstem nucleus. In
the animal killed at 16 mpi, minimal vacuolation
was present in the nucleus of the inferior colliculus,
but not in the cochlear nucleus, superior olivary com-
plex or medial geniculate body (Fig. 3). Moreover,
low to moderate amounts of PrP* accumulated in
the auditory brainstem nuclei (Fig. 4). In the two an-
imals devoid of clinical signs that were killed at 18 and
19 mpi, mild vacuolar changes and moderate PrPS
accumulation were observed in the nuclei of the audi-
tory brainstem and medial geniculate body (Figs. 1
and 2; Table 1).

All nine animals killed between 20 and 24 mpi had
clinical signs of disease and spongy change was evi-
dent in the nucleus of the inferior colliculus. Promi-
nent PrP* accumulation was apparent in the
auditory brainstem nuclei and medial geniculate
body of nine animals (Figs. 3 and 4). Consistent

Fig. 1. Microscopical comparison of the auditory brainstem nuclei of BSE-challenged cattle killed at 12 (a—c), 19 (d—f) and 24 mpi (g—1).
Images show the cochlear nucleus (a, d, g), nucleus of the trapezoid body (b, e, h) and nucleus of the inferior colliculus (c, f, 1). No
vacuolar changes were present at 12 mpi (a, b, ¢). Mild vacuolation was observed in the nucleus of the inferior colliculus at 19 mpi
(f) and in the cochlear nucleus at 24 mpi (g). Moderate neuropil vacuolation was seen in the nucleus of the inferior colliculus at

24 mpi (i). HE. Bar, 100 pm.
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Fig. 2. Immunohistochemical comparison of Prp*

accumulation in the auditory brainstem nuclei of BSE-challenged cattle killed at 12

(a—c), 19 (d—f) and 24 mpi (g—1) using each semi-serial section shown in Fig. 1 (d—f). Images show the cochlear nucleus (a, d, g),
nucleus of the trapezoid body (b, ¢, h) and nucleus of the inferior colliculus (c, £, i). Intraneuronal PrP5 accumulation (arrow) is ob-
served in each auditory brainstem nucleus at 12 mpi (a—c). Intraneuronal (arrows) and granular accumulation of PrPis apparentin
auditory brainstem nuclei at 19 (d~f) and 24 mpi (g—1). IHC. Bar, 100 pm.

13-19
w20-24

CN  SOC LL CNIC MGB AC

Fig. 3. Comparison of vacuolar lesion scores in the auditory brain-
stem nuclei of BSE-challenged cattle killed prior to 19 mpi
(white rectangle) and after 20 mpi (black rectangle).
Vacuolar change in the nucleus of the inferior colliculus af-
ter 20 mpi is significantly greater compared with changes in
the cochlear nucleus, superior olivary complex and nucleus
of medial geniculate body. CN, cochlear nucleus; SOC, su-
perior olivary complex; LL, lateral lemniscus; NIC, nu-
cleus of inferior colliculus; MGB, medial geniculate body;
AC, auditory cortex. P<0.0001; “"P<0.001;
"P < 0.05. All data are expressed as mean & SD.

PrP*¢ types in these areas were granular, unctate
and intraneuronal. Other types of PrPS¢ deposmon
(e.g. linear, stellate, coalescing, intraglial or
perineuronal) were not evident in the nuclei of the
auditory brainstem and medial geniculate bodg
The severity of vacuolation, as well as PrP™*

accumulation in the nucleus of the inferior
colliculus, of clinically-affected animals between 20
and 24 mpi was significantly higher than those of
subclinical and preclinical animals prior to 19 mpi
(Fig. 3). In animals with advanced neurological signs
associated with BSE between 22 and 24 mpi, spongio-
sis and immunolabelled PrP* deposits were evident
in the nuclei of the auditory brainstem and medial ge-
niculate body and were greatest in the nucleus of the
inferior colliculus (Figs. 1 and 2; Table 1). The level of
vacuolar change in the nucleus of the inferior collicu-
lus at the clinical stage was significantly higher than
levels in the cochlear nucleus, the superior olivary
complex and the nucleus of medial geniculate body
(Fig. 3), while the severity of PrP> accumulation
showed no significant difference among each nucleus
at the same stage (Fig. 4). In addition, slight Prp®e
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45 - Hekde
b * Hied

o319
820-24

CN SOC LL NIC MGB AC

Fig. 4. Comparison of PrP5 immunolabelling in the auditory
brainstem nuclei of BSE-challenged cattle killed prior to
19 mpi (white rectangle) and after 20 mpi (black rectan-
gle). No significant differences in PrP> accumulation
were present in the auditory brainstem nuclei at the
same stage. CN, cochlear nucleus; SOC, superior olivary
complex; LL, lateral lemniscus; NIC, nucleus of
inferior colliculus; MGB, medial geniculate body; AC, au-
ditory cortex. "P < 0.0001; “*P < 0.001; “P < 0.05. All
data are expressed as mean == SD.

deposition was detected in the lateral lemniscus and
auditory cortex.

Overall, typical spongiosis and PrP*® accumulation
were mainly present in the neuropil of most brainstem
nuclei of all BSE-challenged animals with clinical
signs. However, intraneuronal vacuolation was mini-
mal in most clinical cases. The various types of PrP>
deposition (Debeer ¢t al., 2003; Sisé et al., 2004) were
widely detected in the brain.

Cattle affected with BSE show progressive degener-
ation of the central nervous system (Wells ez al., 1991).
Affected animals display many clinical signs that de-
pend on the stage of the disease, which may worsen
with time. It is difficult to diagnose BSE before clini-
cal onset because early clinical signs of BSE are not al-
ways typical (Konold et al., 2004). BSE-infected
animals generally appear disturbed, anxious and ner-
vous and are sensitive to loud noise or metallic sounds.
These neurological signs usually appear at later stages
of the disease.

In the nine animals showing clinical signs of BSE
thatwere killed between 20 and 24 mpi, moderate vac-
uolar changes and abundant PrP5¢ accumulation were
evident in all auditory brainstem nuclei. Clinical signs
may appear after the presence of spongiform changes
(Sisé et al., 2004). Vacuolation was most prominent
in the nucleus of the inferior colliculus compared
with other auditory brainstem nuclei and the medial
geniculate body. Lesion scoring of the cochlear nucleus
hasbeen reported to be very low compared with that of
other brainstem nuclei (Simmons et al., 1996; Breslin
et al., 2006). Topographical distribution of PrP%
deposits has been shown to correspond with vacuolar

lesions (Wells and Wilesmith, 1995), but PrP*® accu-
mulation in some nuclei may not be accompanied
by any vacuolation (Kimura ¢ al., 2002; Debeer
et al., 2003). Neuropathological appearance and
topographical PrP® immunolabelling in the brain of
these two preclinical animals killed at 18 and 19 mpi
were similar to those described previously in
naturally-occurring cases of BSE (Kimura ef dal.,
2002; Debeer et al., 2003; Sisé et al., 2004).

To our knowledge, there is no appropriate tool cur-
rently available for ante-mortem diagnosis of BSE,
and confirmation of the disease is only possible follow-
ing post-mortem examination of brain tissue. In hu-
man prion diseases, the combination of auxiliary
examinations based on an electroencephalogram
and magnetic resonance imaging is used for clinical
diagnosis (Cataldi et al., 2000; Wieser et al., 2006).
In man, the audiometry of BAEP is a neurological
test of auditory brainstem function in response to
auditory stimuli, therefore BAEP changes may be
accompanied by damage to the auditory pathways
in the brain or auditory nerve indicative of
underlying neuropathological alterations (Cascino
et al., 1988). Results of the present study suggest
that spongy changes in the auditory brainstem nuclei,
especially in the nucleus of the inferior colliculus of
BSE-infected cattle, may be related to prolonged
BAEP latency and reflect the dysfunction of auditory
stimuli rather.
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Sc237 hamster PrP5¢ and Sc237-derived mouse PrP>¢
generated by interspecies in vitro amplification exhibit
distinct pathological and biochemical properties in tga20
transgenic mice
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ABSTRACT

Prions are the infectious agents responsible for transmissible spongiform encephalopathy, and are
primarily composed of the pathogenic form (PrP5) of the host-encoded prion protein (PrP®). Recent
studies have revealed that protein misfolding cyclic amplification (PMCA), a highly sensitive method for
PrP5¢ detection, can overcome the species barrier in several xenogeneic combinations of PrP5¢ seed and
PrP€ substrate. Although these findings provide valuable insight into the origin and diversity of prions,
the differences between PrP5¢ generated by interspecies PMCA and by in vivo cross-species transmission
have not been described. This study investigated the histopathological and biochemical properties of
PrP% in the brains of tga20 transgenic mice inoculated with $c237 hamster scrapie prion and PrP%
from mice inoculated with Sc237-derived mouse PrP%, which had been generated by interspecies PMCA
using Sc237 as seed and normal mouse brain homogenate as substrate. Tga20 mice overexpressing mouse
PrPC were susceptible to Sc237 after primary transmission. PrP¢ in the brains of mice inoculated with
Sc237-derived mouse PrP% and in the brains of mice inoculated with Sc237 differed in their lesion
profiles and accumulation patterns, Western blot profiles, and denaturant resistance. In addition, these
PrP5¢ exhibited distinctive virulence profiles upon secondary passage. These results suggest that different
in vivo and in vitro environments result in propagation of PrP5° with different biological properties.

Key words prion, protein misfolding cyclic amplification, species barrier, strain diversity.

Transmissible spongiform encephalopathies are fatal neu-
rodegenerative disorders and include BSE, scrapie in sheep
and goats, CWD in deer and elk, and CJD in humans
(1). Prions are the infectious agents responsible for TSEs,
which are characterized by PrP% accumulation; PrP¢ has
a substantially different conformation than that of PrP¢
(2). Different prion strains have been identified in most

Correspondence

species affected by TSE. This strain diversity can be ex-
plained by the inherent conformational flexibility of each
type of PrP5¢, which confers a specific disease phenotype
in regard to characteristics such as incubation period,
clinical symptoms, and neuropathological characteristics
(3, 4). Prion strains are also characterized by the bio-
chemical properties of PrP%, including their glycosylation
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disease; GdnHCI, guanidine hydrochloride; HE, hematoxylin and eosin; HRP, horseradish peroxidase; PK, proteinase K; PMCA, protein misfolding
cyclic amplification; PNGase F, peptide: N-glycosidase F; PrP, prion protein; PrPC, host-encoded cellular prion protein; PrP="¢, proteinase K-resistant
aggregated PrP¢; PrPS¢, scrapie form of PrPS; SEM, standard error of the mean; TSE, transmissible spongiform encephalopathy; vCID, variant
Creutzfeldt-Jakob disease; WB, Western blot.
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profiles, electrophoretic mobility, and resistance to pro-
teases and denaturants (5, 6). However, the mechanism
by which a variety of PrP5 are generated from the same
primary structure has not yet been elucidated.

Recent studies have reported that PMCA, a highly sen-
sitive method for PrP5¢ detection (7-9), can overcome
the species barrier in several xenogeneic combinations of
PrP5¢ seed and PrPC substrate, such as deer—ferret (10),
deer-mouse (11), hamster-mouse, and mouse~hamster
(12). Since BSE and vCJD are suspected to be attributable
to cross-species transmission of prions (13), interspecies
PMCA offers valuable insight into the origin and diversity
of prions. However, a detailed comparison of PrPS¢ gen-
erated by interspecies PMCA and PrP% accumulated in
brains following cross-species transmission has not been
undertaken because prion diseases are generally less trans-
missible to heterogeneous species. For example, a hamster
scrapie prion strain, Sc237, has been described as non-
infectious in wild-type mice because no clinical sign of
disease was observed more than 735 days after intracere-
bral inoculation (14). This phenomenon is known as the
“species barrier” (15), and is probably due to the species-
specific physicochemical properties of prion proteins (16).

Although generation of a novel PrP* with high infec-
tivity can be reproduced in just a few days by interspecies
PMCA (12), studies on the differences in PrP> generated
in vivo and in vitro are needed to examine whether PMCA
is comparable to cross-species transmission of prion dis-
eases in vivo. In this study, we demonstrated that tga20
transgenic mice overexpressing mouse PrPC are suscepti-
ble to Sc237 following primary transmission. Therefore,
we could compare PrP% accumulated in the brains of
mice inoculated with Sc237 and PrP%¢ from mice inoc-
ulated with Sc237-derived mouse PrP> generated by in-
terspecies PMCA using Sc237 as PrP5¢ seed and normal
mouse brain homogenate as PrP® substrate. The PrP¢ that
accumulated in the brains of these mice differed in their
histopathological and biochemical properties, and exhib-
ited different virulence patterns upon secondary trans-
mission, suggesting that PrP% with different biological
properties propagate in a heterogeneous environment de-
pending on whether they are produced in vivo or in vitro.

MATERIALS AND METHODS

All animal experiments were performed according to the
guidelines of the National Institute of Animal Health.

PMCA

To avoid contamination, normal brain homogenates were
prepared in a laboratory that had never contained in-
fected materials. To compare the amplification efficien-
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cies of PrP% in wild-type mouse- and transgenic mouse-
based amplifications, the brains of ICR mice, PrP®-
overexpressing tga20 transgenic mice (17), and PrP knock-
out (PrP%?) mice were separately homogenized in 20%
(w/v) PBS containing complete protease inhibitors (Roche
Diagnostics, Mannheim, Germany). The homogenates
were stored in small aliquots at —80°C. The homogenates
were mixed with an equal volume of elution buffer (PBS
containing 2% Triton X-100 and 8mM EDTA) and in-
cubated at 4°C for 1 hr with continuous agitation. After
centrifugation at 4500 g for 5 min, the supernatant of ICR
brain homogenate was ready for use as a PrP® substrate.
The brain homogenates (10%) of PrP%? and tga20 mice
were prepared as described above, and mixed in a 5:1 pro-
portion of PrP%%:tga20. This mixture was also used as a
PrPC substrate.

Mouse-adapted scrapie strain Chandler was used as the
PrPS seed. The prion strain was propagated in ICR mice.
Thebrains of mice in the terminal stage of disease were ho-
mogenized at a 10% concentration (w/v) in PBS. PMCA
was carried out using a fully automatic cross-ultrasonic
protein activating apparatus (Elestein 070-GOT, Elekon
Science, Chiba, Japan) as reported previously (18). Am-
plification was performed by 40 cycles of sonication, in
which a 3s pulse oscillation was repeated Stimes at 0.1s in-
tervals, followed by incubation at 37°C for 1hr with gentle
agitation (19).

Interspecies PMCA

PrPC substrate prepared from ICR mice was used for in-
terspecies PMCA. In addition, PrP® substrate contain-
ing digitonin was prepared by adding digitonin (Nacalai
Tesque, Kyoto, Japan) to a mixture of mouse brain ho-
mogenate and elution buffer at a final concentration of
0.05% prior to incubation and centrifugation. This PrP¢
substrate was used for the first and second rounds of am-
plification.

A hamster-adapted scrapie prion strain, Sc237, was
propagated in hamsters. When the animals had reached
the terminal disease stage, they were killed and their brains
pooled and homogenized in 10% (w/v) PBS containing
1% Triton X-100 and 4mM EDTA. After centrifugation
at 4500 g for 5 min, the supernatant was used as the
PrP5¢ seed. The Sc237 seeds were diluted 1:100 in ICR
mouse PrP® substrate containing digitonin (total volume,
100 pL) in an electron-beam irradiated polystyrene tube.
Amplification was performed by 40 cycles of sonication, in
which a 3s pulse oscillation was repeated five times at 1sin-
tervals, followed by incubation at 37°C for 1 hr with gentle
agitation. After two cycles of 1:10 dilution of the PMCA
product and subsequent amplification, the PrP% signal
on WBs was gradually attenuated. The pulse oscillation

(© 2011 The Societies and Blackwell Publishing Asia Pty Ltd
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interval was changed from 1.0 to 0.1s, and amplification
was performed in the absence of digitonin after the sec-
ond amplification round as reported previously (19). The
PMCA products were diluted 1:10 in each of the second
through eighth rounds of amplification, and 1:1 000-1:10
000 from the ninth through the 22nd round. The final
dilution of the PrP5¢ seed was 1073? in the PMCA product
of the 22nd amplification round. A negative control reac-
tion (PrP€ substrate only) was performed simultaneously
in the same manner.

Western blotting

Samples (10 pL) from each round of amplification were
mixed with 10 L of PK solution (100 pg/mL) and incu-
bated at 37°C for 1hr. In some experiments, PK-digested
samples were treated with PNGase F (New England Bio-
Labs, Ipswich, MA, USA) to remove sugar chains on the
PrP5 molecules, according to the manufacturer’s instruc-
tions. The digested materials were mixed with 20 uL of
2 x SDS sample buffer and incubated at 100°C for 5 min.
The samples were separated by SDS-PAGE and transferred
onto a polyvinylidene fluoride membrane (Millipore,
Bedford, MA, USA). After blocking, the membrane was
incubated for 1hr with HRP-conjugated T2 monoclonal
antibody diluted to 1:10,000. The T2 antibody, which rec-
ognizes a discontinuous epitope in amino acid residues
132-156 in the mouse PrP sequence, reacts with both
mouse and hamster PrP (20, 21). Anti-PrP monoclonal
antibodies 4E10 (HRP conjugated, diluted to 1:10,000)
and 3F4 (AP conjugated, diluted to 1:10,000) were also
used. The 4E10 antibody recognizes an epitope in amino
acid residues 147-158 (RYYRENMYRYPN) of the mouse
PrP sequence (22), but does not react with hamster PrP.
The 3F4 antibody recognizes an epitope in amino acid
residues 110-113 (MKHM) of the hamster PrP sequence
(23), but does not react with mouse PrP. After washing, the
blotted membrane was developed using Immobilon West-
ern chemiluminescent HRP or AP substrate (Millipore),
according to the manufacturer’s instructions. Chemilu-
minescence was analyzed with the Light Capture system
(Atto, Tokyo, Japan).

Cross-species transmission of scrapie PrPS¢

The 10% homogenate of Sc237-infected hamster brains
was injected intracerebrally (20 uL per mouse) into five
tga20 transgenic and five Tg52NSE transgenic mice (24),
which overexpress mouse PrP® and hamster PrPC, respec-
tively. The PMCA product obtained in the 22nd round
(R22) of amplification was diluted 1:10 and injected in-
tracerebrally into five tga20 and five Tg52NSE mice. Den-
sitometric analysis of WBs revealed that the PrP%¢ signal
intensity in the PMCA product was approximately one-

© 2011 The Societies and Blackwell Publishing Asia Pty Ltd

eighth of thatin a 1% homogenate of Sc237-infected ham-
ster brain. The 10% homogenate of Sc237-infected brains
was therefore diluted by 1:800 for injection into the control
mice. Animals at the terminal stage of disease were killed
and the right hemisphere of the brain stored at —80°C for
biochemical analysis. For secondary transmission, brain
homogenates (10%) of the Sc237-infected (Sc237/tga #1)
and PMCA product-inoculated mice (PMCA/tga #1) were
injected intracerebrally (20 pL per mouse) into four and
five tga20 transgenic mice, respectively.

Biochemical characterization of scrapie PrP5¢
that accumulated in the brains of tga20 mice

Resistance to PK digestion and GdnHCl denaturation were
examined in the PrP% that accumulated in the brains of
tga20 mice inoculated with Sc237 and PrP* from the mice
inoculated with the R22 PMCA product. To examine PK
sensitivity, 10% brain homogenates of Sc237- and PMCA
product-inoculated mice were digested with various con-
centrations of PK (0.05-5 mg/mL) at 37 °C for 1 hr. The
digested materials were immediately mixed with an equal
volume of 2 x SDS sample buffer and incubated at 100°C
for 5 min. The samples were analyzed by WB in three in-
dependent experiments. The average intensity of the PrP%
signal in each sample was expressed as the percentage of
that in the sample digested with 0.05 mg/mL PK. The
results were analyzed by one-way ANOVA and Tukey’s
multiple comparison test. The PKsy value, which is the
concentration of PK needed to reduce the signal intensity
by half, was estimated from an approximate curve calcu-
lated with the experimental data.

To perform the guanidine denaturation assay, the 10%
homogenate of Sc237- and PMCA product-inoculated
brains was incubated with agitation at room temperature
for 2 hr in various concentrations of GdnHCI ranging
from 0 to 4.0 M. The samples were incubated with agita-
tion at 4°C for 30 min in the presence of 10% Sarkosyl,
and centrifuged at 100,000 g for 1 hr in a TL-100 ultra-
centrifuge (Beckman Coulter, Brea, CA, USA). The pellets
were dissolved directly in a PK solution (0.05 mg/mL)
and incubated at 37°C for 1 hr. The samples were ana-
lyzed by WB in three independent experiments. The av-
erage intensity of the PrP% signal in each sample was
expressed as a percentage of that in the sample prepared
without GdnHCI. The results were statistically analyzed
as described above. The GdnHCls, value, which is the
concentration of GdnHCI needed to reduce the signal
intensity by half, was estimated from an approximate curve
calculated from the experimental data.

Histopathological analysis

The left hemispheres of the brains were fixed in
10% buffered formalin for neuropathological analysis.
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Coronal slices of the brains were immersed in 98% formic
acid to reduce infectivity and embedded in paraffin wax.
Sections (4 pm) were cut and stained with HE. The lesion
profile was determined by examination of the HE-stained
sections and scoring the vacuolar changes in nine standard
grey matter areas (25).

For PrP% immunohistochemistry, sections were pre-
treated with 3% H,O; for 10 min at room temperature,
and incubated with 10 sg/mL PK in PBS containing 0.1%
Triton-X for 10 min, followed by 10 min incubation in
150 mM sodium hydroxide at 60°C. PrP% was detected
in brain sections using anti-PrP monoclonal antibody
SAF84 (SPI-Bio, Montigny le Bretonneux, France). The
sections were incubated with SAF84 antibody at a concen-
tration of 1 g/mL for 60 min. Immunoreactions were de-
veloped using anti-mouse universal immuno-peroxidase
polymer (Nichirei Histofine Simple Stain MAX-PO (M),
Nichirei, Tokyo, Japan) as the secondary antibody, and 3~
3'diaminobenzidine tetrachloride as the chromogen with
a Dako Cytomation Autostainer Universal Staining System
(Dako, Carpinteria, CA, USA).

RESULTS

Amplification efficiencies of mouse PrP5¢ in
ICR- and tga20-based amplifications

We compared the amplification efficiencies of Chan-
dler PrP% using ICR and tga20 brain homogenates as
PrPC substrates. For tga20-based amplification, it was
necessary to dilute tga20 brain homogenate with Prp%/°
brain homogenate to obtain good amplification. Oth-
erwise, the amplified PrP5 signal was indistinguishable
from high background signals from protease-undigested
PrP molecules (data not shown). Homogenates (10%)
of Chandler-infected brain were diluted 1:100-1: 100,000
with each of the PrP€ substrates, and one round of PMCA
was performed (Fig. 1). A PrP% signal was detected in
duplicate samples of the 107> dilution samples in both
ICR- and tga20-based amplifications, and WB profiles of
amplified PrP% from both amplifications were very sim-
ilar. These observations suggest that wild-type PrP¢ and
diluted transgenic PrP¢ have similar PrP% amplification
capabilities to Chandler strains in vitro. In the present
study, ICR brain homogenate served as the PrP© substrate
for convenience and low background signal.

Generation and amplification of mouse PrP5¢
by interspecies PMCA

PrP% of the hamster prion strain Sc237 was amplified by
PMCA with mouse PrP¢ substrate. Since the 4E10 an-
tibody does not react with hamster PrP because of two
amino acid substitutions in the epitope, it is possible to
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(a) ICR

(b} tga20 + PrP*

Fig. 1. Amplification of mouse-adapted Chandler scrapie PrP% by
PMCA. (a) PMCA was performed using ICR brain homogenate as the
PrPC substrates. Homogenates (10%) of Chandler-infected brains were
diluted 1:100-1:100,000 with the PrP¢ substrate. Amplification was
performed in duplicate except for the negative control. (b) Amplifica-
tion of Chandler PrP*¢ was performed using a mixture (1:5) of brain
homogenates of tga20 and PrP%° mice as the PrPC substrate. After
PK digestion, the PMCA products were analyzed by WB using HRP-T2
monoclonal antibody. Arrows indicate the positions of molecular mass
markers corresponding to 37, 25, 20, and 15kDa (Western C standards,
Bio-Rad Laboratories, Hercules, CA, USA). N, control in which only Prp¢
substrate was amplified.

determine the species from which PK-resistant PrP is de-
rived. The generation of mouse PrP* in the first round
of amplification was clearly demonstrated by use of the
4F10 antibody (Fig. 2a). In the presence of digitonin,
however, the PrP% signal gradually decreased from the
second to third round of amplification. Although addi-
tion of digitonin to the reaction mixture effectively re-
duces the background signal caused by aggregated PrP¢
(PP} in mice (17), digitonin might adversely affect
interspecies amplification. The PrP% molecules can be
amplified by omitting digitonin from the amplification
buffer (Fig. 2b,c), as described in the Materials and Meth-
ods section.

In contrast, the presence of the Sc237 seed was con-
firmed by 3F4 antibody in the first round amplification,
and its remnant signal became lower than the minimum
limit of detection in WB after the second round of am-
plification (Fig. 2a,b). PrP was detected by T2 antibody,
which reacts with both mouse and hamster PrP after the
fifth round of amplification (Fig. 2¢). From the third to
seventh rounds, the amplification efficiency was so low
that the PrP% could barely be maintained during the
process of dilution of the PMCA products and its subse-
quent amplification. After this lag phase in amplification,
the PrP* signal became markedly intense. Although the
spontaneous generation of PrPS molecules has been re-
ported previously (26, 27), no such PrP5 molecules were
observed when the mouse PrP® substrate alone was am-
plified by 10 rounds of serial PMCA (Fig. 2d). There-
fore, the signal enhancement was caused by an increase in

(© 2011 The Societies and Blackwell Publishing Asia Pty Ltd
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Fig. 2. Amplification of Sc237 hamster PrP5 by interspecies PMCA. (a) Hamster Sc237 PrP> was amplified by serial PMCA with mouse PrP¢
substrate. Amplification was performed in the presence of digitonin, and the R1-R3 samples were analyzed by WB with HRP-4E10 and AP-3F4
antibodies following PK digestion before (-) and after (+) amplification. Lanes labeled “No seed” represent the control reactions, which contained
only the PrP¢ substrate. Numerals in parentheses indicate the Sc237 seed dilution in each sample. Arrows indicate the positions of the 30 and 20kDa
molecular mass markers (MagicMark XP, Invitrogen, Carlsbad, CA, USA). (b) The R2 product in Fig. 1a was amplified by serial PMCA in the absence of
digitonin. The R3 and R4 products, labeled “+", were analyzed by WB with HRP-4E10 and AP-3F4 antibodies following PK digestion. Lanes labeled
“N" represent control reactions, these contained only the PrP¢ substrate. (c) WB profiles of the R3-R22 PMCA products; PrP5¢ molecules were detected
with HRP-T2 antibody. (d) No spontaneous generation of PrP¢ was observed; samples 1~10 contained only mouse PrP¢ substrate and were amplified
in the absence of digitonin. The PMCA product was diluted 1:10, amplified, then diluted and amplified again for a total of 10 rounds. After each
amplification round, samples (R1-R10) were analyzed by WB with HRP-T2 antibody after PK digestion. Arrows indicate the positions of molecular

mass markers corresponding to 37, 25, 20, and 15kDa.

amplification efficiency after the eighth round of amplifi-
cation. This high-efficiency amplification continued into
the 22nd round of amplification, and a diglycosylated form
of PrP%¢ molecules was predominant over other glycosy-
lated forms throughout the amplification process.

Infectivity of S¢237 and interspecies
PMCA-derived mouse PrPS¢ in tga20 mice

Table 1 shows the results of the bioassay. Contrary to what
has previously been believed, the tga20 mice died after
an average period of 548 =+ 55 days when 10% brain ho-
mogenate of Sc237-infected hamsters was administered
intracerebrally (Sc237/tga). The latent period in tga20
mice overexpressing mouse PrP® was much longer than
that in Tg52NSE mice with hamster PrPC. Infectivity of
the PMCA product from the 22nd round of amplification
was also examined in these transgenic mice. Although

(© 2011 The Societies and Blackwell Publishing Asia Pty Ltd

the control mice, which were inoculated with the ho-
mogenate diluted 1:800, had not developed the disease af-
ter more than 690 days, all tga20 mice inoculated with the
R22 product (PMCA/tga) developed the disease after an
average period of 345 =+ 21 days. A significant difference
was observed between the incubation periods of Sc237/tga
and PMCA/tga mice. None of the Tg52NSE mice inocu-
lated with the PMCA products developed the disease after
more than 720 days.

Brain homogenates of the primary-passaged mice
(5c237/tga #1 and PMCA/tga #1) were injected intracere-
brally into tga20 mice. In the secondary transmission, dis-
ease onset in the mice inoculated with brain homogenate
of Sc237/tga #1 was significantly accelerated, and these
mice (Sc237/tga-2) died after an average of 111 = 2 days.
In contrast, mice inoculated with brain homogenate of
PMCA/tga #1 developed the disease after an average of
317 +£ 6 days. There was no significant difference between
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Table 1. Mean incubation time of tga20 and Tg52NSE transgenic mice

tga20
Tg52NSE
Primary passage Secondary passage Primary passage
Transmission Mean Transmission Mean Transmission Mean
rate (total incubation rate (total incubation rate (total incubation
death/ total time £ SD death/total time + SD death/total time £ SD
Inoculum (dilution of PrP5¢ seed) number) (days) number) (days) number) (days)
Sc237 100 100% (5/5) 548 = 554§ 100% (4/4) 111 £ 28 100% (5/5) 45 + 2
8 x 10~2t 0% (0/5) >690 100% (5/5) 6141
Interspecies PMCA product R22 (10~49) 100% (5/5) 345 £ 21% 100% (5/5) 317 +6 0% (0/5) =720

t, the 10% homogenates of Sc237-infected brains were diluted 1:800 and injected into transgenic mice as controls; »8, the mice indicated by
identical superscript symbols had significantly different (P < 0.01) mean incubation times.

the survival period of primary-passaged mice (PMCA/tga)
and that of secondary-passaged mice (PMCA/tga-2).

Histopathological analysis of brains and
spleens of tga20 mice inoculated with Sc237
and PMCA-derived mouse PrP5¢

To characterize the neuropathological properties of Sc237
and the R22 PMCA-derived mouse PrP5%¢, we examined
the regional profiles of neuronal vacuolation scores in the
brains of affected mice (n = 5, Fig. 3). The vacuolation
scores of mice inoculated with the PMCA-derived PrP%
were significantly different from those of mice inoculated

15 1

Vacuolation score
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Brain areas

Fig. 3. Vacuolation profile in nine different brain areas of tga20
mice inoculated with Sc237 and PMCA. Brain regions are as follows:
1, dorsal medulla; 2, cerebellum; 3, midbrain; 4, hypothalamus; 5, thala-
mus; 6, hippocampus; 7, paraterminal body; 8, posterior midline of the
cerebral cortex; 9, anterior midline of the cerebral cortex. The average
lesion scores (n = 5 animals/group) and SEM (error bar) are shown in the
graph. Asterisks denote significant differences between samples (two-
tailed t-test, *, P < 0.05; **, P < 0.001). Closed circles, PMCA product;
open circles, Sc237.
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with Sc237 in six brain regions, namely the midbrain (re-
gion 3), hypothalamus (region 4), hippocampus (region
6), paraterminal body (region 7), posterior midline of the
cerebral cortex (region 8), and anterior midline of the cere-
bral cortex(region 9). Furthermore, the vacuolation pro-
files of PMCA-PrP%¢ inoculated mice were distinct from
those of mice inoculated with mouse scrapie strains such as
Chandler, Obihiro, and 22A (unpublished observations).
Immunohistochemical results from the brains and spleens
of infected mice (n = 5) are shown in Fig. 4. In mice in-
oculated with Sc237, PrP5¢ accumulated over the whole
region of the interpeduncular nucleus, midbrain, and
medulla, diffuse distribution or synaptic-like immunos-
taining and plaque formation of PrP% being observed in
the corpus callosum. Although spongiform change was
less frequent and PrP% accumulation was not apparent
in the brain sections of mice inoculated with the PMCA-
derived mouse PrP%, PrP% deposition was observed in
the spleens of these mice, as it was in the Sc237-inoculated
mice.

Biochemical properties of PrP5¢ that
accumulated in the brains of tga20 mice

inoculated with Sc237 and the PMCA-derived
mouse PrPS¢

The WB profile of the PrPS molecules that accumulated in
the brains of tga20 mice inoculated with Sc237 (Sc237/tga)
and the R22 PMCA products (PMCA/tga) was compared
to the profiles of the Sc237 mouse scrapie prion strains
(Obihiro, ME7 and Chandler), and the PrP*° generated by
interspecies PMCA (R22 PMCA). The R22 PMCA PrP*
resembled the Sc237 rather than the mouse scrapie strains
in the ratio of the three glycosylated forms of PrP%, but the
diglycosylated form of PrP5¢ was 0.7kDa smaller than that
of the Sc237 PrP%¢ (Fig. 5a). The size of the unglycosylated
PrPS molecules of PMCA/tga #1 was 0.9kDa smaller than
that of the Sc237/tga #1 mouse (Fig. 5a,b). This difference
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