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Preface

Transmissible spongiform encephalopathies (TSEsJfadal neurodegenerative disorders
that include bovine spongiform encephalopathy (BBEjattle, scrapie in sheep and goats,
chronic wasting disease in deer and Creutzfeldbidaksease (CJID) in human. The key event
in the pathogenesis of TSEs is the conformatiohahge of the normal host prion protein
(PrP) into the disease-specific prion protein (ByPwhich is thought to be the main, if not
only, agent of TSEs.

BSE was first identified in the United Kingdom (UK) 1986 (Wells et al., 1987) and
subsequently, it spread to European, Asian, andhNamerican countries. The first case of
BSE in Japan was reported in September 2001 (Kimetuah, 2002), and the most recent case,
the 36th, was confirmed in January 2009. BSE isasitarized by spongiform changes (Wells
et al., 1991) and accumulation of Btih the central nervous system (CNS) (Prusinef.et a
1982). PrB°is commonly accepted as a major component of Bfgfitaand is thought to be
produced by post-translational modification fronPP(Prusiner, 1991a; Zhong et al., 2013).
PrP°is the only known disease-specific marker (Bokoal., 1982; Prusiner, 1991b).

The etiological agent of BSE, BSE prions, is trassible to different mammalian
species. A variant form of CJD has been reportédenJK and several other countries, and it
is thought that this disease is caused by the copson of BSE-contaminated beef products
(Chazot et al., 1996; Cousens et al., 1997; Widlgt1998; Will et al., 1996). Therefore, it is
important to understand the pathogenesis of BSEcattle in order to eliminate
BSE-contaminated food chain from human food ancethepreserve public health.

A definite diagnosis of prion diseases includingEBES performed by a postmortem

biochemical or immunohistochemical detection of Pring tissues of CNS (Castilla et al.,
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2005; Haik et al., 2003; Wells et al., 2007). Oer tither hand, diagnosis of BSE-affected
cattle based on clinical symptoms, particularlyhia early clinical phase, is difficult because
of the non-specific nature of prodromal clinicagrss. Typical clinical signs of BSE in cattle
are changes in behavior, abnormality in locomo#iad hypersensitivity to stimuli (Konold et
al., 2004). For example, cattle affected with BS&cdme sensitive to noise (e.g., hand
clapping or a metallic clank). BSE-affected cattlay also be hypersensitive to touch, sound
or light, but these clinical signs are not alwayserved. Thus, more subjective diagnosis
method for BSE-affected cattle is required.

Brainstem auditory evoked potentials (BAEP) areel@otric waves that can be recorded
within 10 ms after an auditory stimulus, and theasweement of BAEP is useful in the
objective assessment of auditory function and Ipabn of brainstem lesions (Chiappa,
1997). The abnormality of BAEP has been reporte8Sik-affected cattle (Arai et al., 2009).
However, the relationship between auditory abnoitsn@aind neuropathological features is
unclear. Information on the relationship betweerecéd brain regions and clinical
manifestation is important to understand pathopilggy of BSE infection.

The uniformity in the pathological features and dhiemical characteristics of the
proteinase K (PK)-resistant PfRPrP-res) in BSE-affected cattle suggests thatglesprion
strain is responsible for BSE. This type of BSE,jchhoriginated from UK and thereafter
became detected in European countries, North Amerd Japan, is called classical BSE
(C-BSE). Recently, variants of BSE (named atypB8E) have been disclosed in cattle in
Europe (Biacabe et al., 2004; Casalone et al, 200zth America (Dudas et al., 2010; Richt,
2007), and Japan (Hagiwara et al., 2007; Yamakaved.,e2003). Those atypical BSEs are
characterized by a higher or lower molecular mdsthe unglycosylated form of PrP-res

(H-type BSE and L-type BSE, respectively) than timaC-BSE (Jacobs et al., 2007). The
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second atypical BSE case (BSE/JP24) that was fahiin Japan in an aged beef cattle,
Japanese Black, showed PrP-positive amyloid plainuestopathological examination of the
brain and the glycoform profile similar to L-typeSB (Hagiwara et al., 2007). These
properties seem to be similar to the L-type BSEreul in Italy (this is also called as bovine
amyloidotic spongiform encephalopathy [BASE]) (Qesa et al., 2004). However, unlike
the BASE prions, shortening of the incubation pdsiavere observed during serial passage of
the BSE/JP24 isolate in transgenic mice expredsowine PrP (Masujin et al., 2008). Thus,
further investigation on biological properties apdthogenicity of the BSE/JP24 using
experimental infected cattle is required to clargfiynilarities and dissimilarities among
atypical BSEs.

In this thesis, the author investigated the assiociaf the clinical symptoms with the
accumulation of Pr® and the vacuolar changes of cattle experimenitaigcted with BSE to
understand pathogenesis of BSE. In Chapter 1,uti®aanalyzed the distribution of Pffn
the CNS of cattle experimentally infected with BS¥ the intracerebral route in order to
investigate the relationship between the kinetic®r° deposition in CNS and the clinical
course of the disease. Since BSE-affected cattieasth hypersensitivity to sound, in Chapter
2, the author concentrated on neuropathologicakstigation particularly in the central
auditory pathway of cattle experimentally infectetth C-BSE. In Chapter 3, the author
described transmission of the BSE/JP24 isolate dtstein/Friesian cattle to assess its risk

against cattle species.



Chapter 1
Neuroanatomical distribution of disease-specific prion protein in experimental bovine

spongiform encephalopathy in cattle after intracerebral inoculation

Introduction

Due to the limitation of the experimental infectioh BSE, current knowledge of the
pathogenesis of BSE in cattle is not enough to rstaled the pathogenesis of BSE and to
assess the risk of further spread of BSE to ca#tlevell as human being. A mouse bioassay
showed that in cattle, the infection was limitedtih@ brain, spinal cord, eyes, dorsal root
ganglia, and distal ileum (Wells et al., 1994, 1998ccasionally, infectivity has also been
detected in the bone marrow and tonsils of experially infected cattle (Hoffmann et al.,
2007;Wells et al., 1999), and recent studies have shbtanperipheral tissues other than the
CNS may harbor PrPat the clinical stages of the disease (BuschmadnGroschup, 2005;
Wells et al., 2005). The distribution of Pffn the brain has been mapped in both naturally
occurring BSE and orally infected cattle (Masujirak, 2007; Vidal et al., 2006; Okada et al.,
2011). However, it is still unclear the relationshietween the kinetics of P¥Rleposition in
the CNS and the clinical course of the diseaseclawfy this point, in Chapter 1, the author
extensively analyzed the distribution of Prih cattle intracerebrally inoculated with C-BSE

prions by immunohistochemical and Western blotinglyses.

Materials and M ethods

Ethical considerations



All animal experiments were approved by the Anifatdical Committee and the Animal
Care and Use Committee of both Hokkaido Animal RegeCenter and National Institute of

Animal Health.

Inoculation of cattlewith C-BSE agents

Brain homogenates (10% wi/v in phosphate-bufferdthedawere prepared from the
brainstems of 3 C-BSE-affected cattle: the firdtleavas naturally infected with C-BSE in
UK (BSE/UK, provided by the Veterinary Laboratorygéncy, UK). The second cattle
infected with C-BSE was disclosed in Kanagawa putefe through BSE screening at 80
months of age (BSE/JP5). The last cattle infectétd @-BSE was disclosed in Wakayama
prefecture at 83 months of age (BSE/JP6) (lwatalet2006; Yokoyama et al., 2007).
Three-month-old sixteen female Holstein/Friesiaweawere used for this experiment (n = 8
for BSE/UK, n = 4 for BSE/JP5, and n = 4 for BSE)YRTable 1). Each animal was
inoculated with 1ml of brain homogenate in the tigide of the midbrain by using an
18-gauge 7-cm disposable needle (NIPRO, Osakanjlapao uninfected cattle served as

controls and were euthanized at 27 months of age.
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Neuropathol ogy

At necropsy, the brains and cerebella were remauedl hemisected at the midline.
Samples of various tissues, including those ofdfiechemisphere and spinal cord at the levels
of cervical (C8) and lumbar enlargement (L6), wixed in 10% neutral buffered formalin
(pH 7.4) for 3 days at 8. The contralateral side was frozen at “8dor the detection of
PrP>° by Western blotting. Coronal slices of the braid aarious tissues were cut at 3—4 mm
thickness and placed in plastic cassettes, whiate wemersed in 98% formic acid for 60
minute (min) at room temperature (rt) to reduc@mpinfectivity (Taylor et al., 1997). The
tissues were automatically processed through aedradries of alcohol to xylene and then
paraffinembedded (ETP-150C; Sakura Finetek Japakyol Japan). Serial sections were cut
at a thickness of im, mounted on silane-coated glass slides (New &ilgnMuto Pure
Chemicals Co., Tokyo, Japan) and stained with hexydh and eosin (HE) or processed for
immunohistochemistry, as described below. Theibigion and extents of vacuolation in the
brain were scored according to the method deschlgesimmons et al. (1996). A vacuolation
lesion profile was created by plotting the meanuadation score for each neuroanatomical

area against the assigned code for that area.

PrP* immunohistochemistry

For each cattle, tissue samples were examined &toleast 8 areas of the brain and 2
spinal cord levels: frontal lobe, striatum, thalanoccipital lobe, midbrain, pons, medulla
oblongata at the obex, and cerebellum, and the i€i8L#& levels of the spinal cord. The
paraffin-embedded tissue sections were pretreatet far PrP° antigen retrieval using a
recently developed chemical method (Bencsik et 2005). Briefly, deparaffinized and

rehydrated tissue sections were immersed in adfa®8% formic acid for 5 min, incubated
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with 0.5% (w/v) potassium permanganate (in 0.1 Mggate buffer, pH 7.0) for 10 min, and
then washed in distilled water 3 times. The sestiwere soaked in 1% sodium disulfide for 2
min and then washed in distilled water. The slidese then immersed in a solution of 0.1%
N-lauroylsarcosine, 75 mM sodium hydroxide, ands@dium chloride for 10 min. Next, the
sections were washed in tap water for 5 min and thlaced in an immunohistochemical
autostainer (Dako Cytomation Autostainer Unive&alining System; Dako, Carpinteria, CA,
USA). They were then incubated sequentially withigmL anti-PrP monoclonal antibody
(mAb) T1, goat anti-mouse Fab’ universal immunop&tase polymer (Histofine
SimpleStain MAXPO (M); Nichirei, Tokyo, Japan), aBd3’ diaminobenzidine tetrachloride
as the chromogen. The T1 anti-PrP mAb was raisathsigmouse PrP amino acid residues
121-231 but cross-reacts with bovine PrP (Shimtzai.e2010). Finally, the sections were
counterstained with hematoxylin. All the steps ime timmunohistochemical staining

procedure were carried out at rt.

PrP* mapping and profiling

For each cattle, the topographical distributionPoP>® deposition was mapped at 14
different areas of CNS: frontal cortex, temporaltew, parietal cortex, occipital cortex,
striatum, hippocampus, thalamus, midbrain, pongjuite oblongata at the obex, cerebellar
cortex, cerebellar medulla, and spinal cord at a8 l26 segments. The PfRvere classified
into 8 types, as previously published (Debeer gt2403; Vidal et al., 2006). Intracellular
PrP>° were subdivided into intraneuronal and intraggj@nular deposits. Reports indicate that
the stellate-type of PrP immunolabeling in astrocytes differed from therawfial-type
labeling (Debeer et al., 2003; Vidal et al., 200BXtracellular Pr® depositions in the

neuropil were classified as linear, perineuronahe fparticulate, coarse granular, and
8



coalescing.

PrP>® accumulation was scored subjectively for intenaitd extent on a scale from 0 to 4
(0, negative; 1, apparent at high magnificationja@parent at moderate magnification; 3,
apparent at low magnification and moderate amoohtccumulation; and 4, large amounts
of accumulation) (Gonzéalez et al., 2002, 2005)wdis then topographically mapped to the

different CNS areas as mentioned above.

Western blotting

Tissue samples were obtained from 18 areas of thm land spinal cord, as shown
schematically in Fig. 1. The tissues were homogehin a buffer containing 100 mM NaCl
and 50 mM Tris-HCI (pH 7.6). The homogenate wasediwith an equal volume of buffer
containing 4% (w/v) Zwittergent 3-14 (Merck, Daradt, Germany), 1% (w/v) Sarkosyl, 100
mM NaCl, and 50 mM Tris-HCI (pH 7.6), and incubateih 0.25 mg collagenase, followed
by the incubation with PK (final concentration, gg/mL) at 37C for 30 min. PK digestion
was terminated by the addition of 2 mM PefablocqiroDiagnostics, Basel, Switzerland).
The sample was then mixed with 2-butanol:methabdl)(and centrifuged at 20,000g<or
10 min. The extracts were separated by 12% SDSapollamide gel electrophoresis and
electroblotted onto a polyvinylidene fluoride meite (Millipore, Billerica, MA., USA).
The blotted membrane was incubated with horserambsjugated anti-PrP mAb T2 (Shimizu
et al., 2010) at rt for 60 min. Signals were depelb with a chemiluminescent substrate

(SuperSignal; Pierce Biotechnology, Rockford, WLSA).



Fig. 1. Schematic representation of brain and spinal cord areas dissected for the Western
blotting analyses.

Ten coronal slices of the brain and spinal cordaadollows (from upper left)at the
levels of the frontal lobe, striatum, thalamus, ipital lobe, midbrain, pons, medul
oblongata at the obex, spinal cord at the cervectdhrgement, spinal cord at the lunr
enlargement, and cerebellum. The brain regionsaar®llows: 1, frontal cortex; 2, parie
cortex; 3, caudate nucleus; 4, accumbens; fetah cortex; 6, thalamus; 7, parietal corte:
white matter at level of thalamus; 9, hypothalamiis;hippocampus; 11, occipital cortex;
occipital white matter; 13, cerebellar cortex; érebellar white matter; 15, cerebe
nucleus; 16, midbrain; 17, pons; and 18, obexspihal cord (C7); 20, spinal cord (L5)
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Results

Clinical signs

Of the 16 cattle studied, 7 (Casks’) showed no clinical signs of BSE even as laté%
months post-inoculation (mpi) (Table 1). The renma® cattle (Cases 8-16) exhibited the
initial clinical signs of the disease between 18 and 22 mpi (1917/6;tmean + standard
deviation [SD]); these signs includedbwering of the head, heightened anxiety, and
sensitivityto auditory stimuli. Within 2 to 3 months of thepgaranceof the initial clinical
symptoms, the cattle developathxia of the hind limbs, which progresseddifficulty in
raising them without assistance. C-BSE-infeatattle were euthanized during this stage of
the diseasdetween 20 and 24 mpi (Table 1). There was no tidikcdifference in the

clinical signs exhibited by cattle inoculated wikie 3 different C-BSE isolates.

Histopathol ogy

The severity of vacuolation in the brain was scoasddescribed in the Materials and
Methods, and theesulting lesion profiles are summarized in FigABimals euthanized at 3,
10, and 12 mpi (Cases 1-dad no vacuolar changes in any regions of the bilaio cattle
(Cases 5 and 6) were euthanized at 16 anthdi8when clinical signs were absent, and they
showed dew vacuoles in the neuropil of the thalamic nudhgipothalamus, pontine nuclei,
nucleus of the spinafact of trigeminal nerve, and putamen (Fig.l2pwever, no vacuolation
was detected in the cerebeald cerebellar cortices of these catae cattle (Case 7) showed
no clinical signs of thelisease and was determined to be at the preclistagéof the disease

when euthanized at 19 mpi. This cattle hadaerate number of vacuoles widely distributed
11



throughout the brain (Fig. 2); vacuolation of theuropil was evident in the thalamic nuclei,
pons, and midbrainand less frequently, in the cerebral cortices, @afig in the caudal
cerebrum.Vacuolar changes of the brain were more frequentén cattle that exhibited
clinical signs and were euthanizbdtween 20 and 24 mpi (Cases 8-16) than inothers
cattle without clinical manifestations. The highestan lesion scores were obtained for the
thalamic nucleiand the neuropil of the central gray matter of tebrain,and the lowest
scores, for the caudal cerebral cortiemsl cerebellar cortex. Moreover, examinatiorthef
dorsal motor nucleus of the vagus nerve (DMNWpwed less characteristic vacuolar change.
However,spongy change was much more severe and frequéhé itrigeminal nucleus and
solitary nucleus than in thether nuclei of the medulla oblongata at the olmsell Mild
vacuolation was present in the neuropil of the gnayter in the spinal cords of all cattle with

clinical signs of the disease.

12



3 - —&— Cases 8-16

Case 7
2.5 4 M— Cases 5 and 6
2 .
\
1.5 4

Vacuolation scores

L T .l

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Code numbers

Fig. 2. Vacuolation scores in C-BSE challenged cattle at preclinical and clinical
stages of the disease.

Points from Cases 5 and 6 represent the means cdttle euthanized at tt
preclinical stage of disease at 16 and 18 mpi, résede Case7 was euthanized at
mpi. Points for Cases—16 represent thenean score of 9 cases with clinical si
euthanized between and 24 mpi. Scores (y-axis) are plotted agairstcttde number
(x-axis) for anatomical areas as follows: 1, nucleuthe solitary tract; 2, nucleus of t
spinal tract of the trigemin nerve; 3, hypoglossal nucleus; 4, vestibular nuadeaplex
5, cochlear nucleus; 6, cerebellar vermis; 7, cergraly matter; 8rostral colliculus; ¢
medial geniculate nucleus; 10, hypothalar 11, nucleus dorsomedialis thalami;
nucleus ventral ; 13, frontal cortex; 14, accumbens; 15, caudatgleus; 16, putame
and 17, claustrur
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PrP* immunohistochemistry

Figure 3 shows braimaps representing the topography and scoring of°RiPthe
frontal cortex level, striatum level, thalamus gratietal cortex level, occipital cortex level,
midbrain, pons, obex, cerebellum, and spinal cords at thar@8.6 segments of cattld he
initial tissue lesion was detected as sparse’*RiBposits in the neuronal perikarya and
neuropil of gray matter, as neuritic-particulategoanular and lineatypes in the nuclei of
thalamus (mostly ventriculanuclei), midbrain, pons and medulla oblongata (flgaspinal
trigeminal nucleus) of theattle euthanized at 10 mpi (Case 2; Fig. 4). &sngly, the
intraneuronal type of PP deposit was morefrequent than the other types. The
neuritic-particulate or granular type of deposition showed neuronal gsedabeling.
Perineuronal labeling was also detected,léss frequently. In 2 cattle euthanized at 12 mpi
(Cases 3 and 4), small amounts of particulate angarlabeling in the neuronal cells and
particulate orgranular neuropil labeling were often present i ghaymatter of the C8 and
L6 segments of the spinal cotdowever, no Pr®¥ deposit was detected in theain sections
of the cattle euthanized at 3 mpi (Cd3eThe cattle (Cases 5 and 6) that had no clinicalssig
and were euthanized at 16 and 18 mpi exhibited nadelamounts of intraneuronal and
intraglial granular aswell as particulate, linear, and coalescing nedrdgdeling in the
thalamus, midbrain, pons, medulla oblongatarebellar medulla, septal accumbens, and
spinalcord. Minimal to slight Pr®® deposition was alspresent in the cerebral and cerebellar
cortices, mostly irthe frontal cortexintraneuronal vacuoles were occasionally presetitan
brainstem and thalamic nuclei of the cattle euthethat 19 mpi (Case 7). PtPdeposition
was moderately localized in the brainstem, thalamic asgptal nuclei, hypothalamus,
cerebellar nuclei, and grapatter of the spinal cord, and was sparse in te&alcerebral

cortices and hippocampus. The labeling in teeebral cortices of this cattle was more
14



apparent thathat in the cattle (Cases 5 and 6) euthanized &ntid8 mpi.In general, the
types and topographical distributiof PrP*° deposits were quite similar among the catit
showed clinical signs (Cases 8—Fag. 3). The different types of immunolabeled ¥rke.,
the particulate or granular neuropil, intraneurppafineuronal, glial, linear, and coalescing
types, werewidely distributed throughout the brain. PfAmmunolabelingwas most
pronounced in the brainsterthalamus, the white matter of the cerebellum, dmgray
matter of the spinal cord (Fig. 3). Small amouatsneuropil labeling were present in the
DMNV at the level of the obex. In contrast, large amounts d?*Pwere evident in the
nucleus of the solitary tract and tkpinal tract nucleus of the trigeminal nerve (F5{.
Strong immunolabeling was conspicuous in both deevical and lumbar segments of the
spinal cord (data not shown). Sligt moderate amounts of PfRleposits were dispersau
the cerebral and cerebellar cortices. The frontaex consistently showed the highest PYP
depositionwhile the lowest was noted in the occipital cortexthe cerebellar cortex, PrP
accumulation occurred in thgranule cell layer, particularly just beneath thakihije cell

layer.

15
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PrPSc deposition score:
L]0, <1, @<2, <3, <4

Fig. 3. Schematic representation of PrP> distribution.

Distribution of PrB° in different brain areas of BSehallenged cattle at preclini
(Cases 4-7) and clinical stages of the diseasee@hs16). The severity of PfRlepositiol
is scored on a semi quantitative scale as 0 = mpogigon, 1 = scanty, 2 = mild, 3
moderate, and 4 = severe, with color gradation éetwhite and black as indicate
Topographical brain areas schematically represéntdtonal slices at the level @rom
upper left to lower right): frontal lobe, striaty thalamus, occipital lobe, midbrain, pc
medulla oblongatat the obex, spinal cord at the cervical enlargenspinal cord at tf
lumbar enlargement, and cerebellum.
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¥ 50um

Fig. 4. Immunohistochemistrical analysis of PrP* in thalamus of Case 2.
Intraglial (large arrow) and particulate (small aavs) PrP® immunolabeling i

detected in the dorsolateral thalamic nucleus. Imohistochemical labelingith mAb
T1.
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Fig. 5. Immunohistochemical analysis of PrP* in the medulla oblongata at the obex
level in Case 12.

Particulate and granular PfRlepositions are obvious in the neuropil of the auslo
the solitary tract (SN). In contrast, Bfaccumulation is sparse in the dorsal motor nu
of the vagus nerve (DMNV). Immunohistochemical laige with mAb T1 anc
hematoxylin counterstain.
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Western blotting

A PrP-res signal was not detectedhe brain extracts from the calf euthanized at 3 mp
(Case 1), but a small amount of PrP-res was detectihe brainstem and cerebellum of the
cattle killed at 10 mpi (Case 2; Fig. 6). The sign¢éensities of the extractsom different
cattle varied. For example, tlsggnals obtained in Cases 4 and 7, in which théecaere
killed at 12 and 19 mpi, respectively, were slighdtronger than those obtained in Cases 3
and 6, in whichthe cattle were killed at similar time points (I#&lal8mpi, respectively). As
seen in both Fig. 6 and Tabletke spread of PrP-res throughout the brain andakpord
correlated with the progression of the disease.r&belts of the Western blotting analyses are

summarizedn Table 2.
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Brain areas Brain areas

Casemi Casemi
NO4 P 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 No. pr 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
‘

2 10

4 12

5 16

6 18

7 19

Fig. 6. Presence of PrP-resin CNS of C-BSE prion-infected cattle.

PrP-res in the CNS extracts from catfiethe preclinical (A) or clinical stages
disease (E was analyzed by Western blotting. Lanes are nuetbarcording to the 1
different CNS regions shown in Figure 1. Each laves loaded with 20 mg tiss
equivalen. Blots were probed with mAb T2 to detect PrP-NI3, not done.
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Discussion

The goal of this study was to investigate the aadation of PrP°in the brain of cattle
intracerebrally inoculated with the C-BSE priondthAugh this transmission route does not
mimic the natural route of infection, which is mdégely the ingestion of infectious material,
intracerebral challenge seems to be the most @fieoute for the synchronized induction of
C-BSE in cattle. In line with this assumption, theubation periods and disease durations of
all the C-BSE-inoculated cattle were consistenthwihe findings of previous studies
(Lombardi et al., 2008). In addition, although thenber of study cattle was small, the cattle
inoculated with the 3 different C-BSE isolates dat differ in terms of the vacuolation scores,
the PrP° topographical distribution, or the extent of BrBccumulation in the brain at the
terminal disease stage. These results suggeshth@t C-BSE isolates used in this study may
be identical and originate from a single origineTduthor detected an early accumulation of
PrP>®in the brainstem of infected cattle: the reasamgHis were that the structure lies in the
intracerebral inoculation path or because the btam is a target site for the C-BSE prions
(Vidal et al., 2005). Although the PtPdetected in the brainstem could thus be attribtaed
residual material from the inoculation, no Prias detected in the brainstem of the cattle
euthanized at 3 mpi (Case 1), either by Westerttibgpor by immunohistochemistry. This
finding is consistent with a previous report of tgerimental transmission of sheep scrapie
(Hamir et al., 2002). Pf® might be widely distributed in a nonuniform manrieom the
inoculated area to other targeted brain areas,estigg that the C-BSE prions had a strong
regional tropism for the brainstem and thalamuslgV/et al., 2006). This possibility was not

ruled out because the author found that®PwRas distributed throughout the brain and spinal
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cord, and not solely localized in the midbrain @edebrum at the site of inoculation (Hamir
et al., 2005, 2004). In addition to the vacuolasida profiles, the author found the
topographical distribution of PFPin the brains of cattle with clinically evidentsdase to be
consistent with that reported for cattle with natlyr occurring C-BSE (Debeer et al., 2003;
Iwata et al., 2006; Orge et al., 2000; SisO et24lQ4; Vidal et al., 2005; Vidal et al., 2006;
Wells et al., 1995). The results described her® alsggest that the accumulation and
distribution of PrB°in the brain correlated with the disease inculbagieriod. Although each
C-BSE inoculum was prepared from the same braiiomefprainstem) of infected cattle, the
author observed differences in the PrP-res sigriahsity on Western blotting between cattle
sacrificed at the same point after inoculation. Erample, the intensity differed between
Case 3 (inoculum: BSE/UK) and Case 4 (inoculum: BBE), wherein the cattle were
sacrificed at 12 mpi, and between Case 6 (inoculB®E/UK) and Case 7 (inoculum:
BSE/JP6), wherein the cattle were sacrificed aarddB 19 mpi, respectively. These differences
may be attributed to the low number of experimeoédtle used, variations in the prion titers
of the inoculums, breeding conditions, or additiofmological, neuropathological or
biochemical factors associated with prion propagain the brain. The vacuolation scores of
symptomatic cattle in this study were considerdbgher than those of asymptomatic cattle,
and they were consistent with those previously rilesd for C-BSE-affected cattle that had
been naturally or experimentally infected (Breséh al., 2006; Lombardi et al., 2008;
Simmons et al., 1996). According to the current el®af peripheral pathogenesis in orally
infected transmissible spongiform encephalopatfi&Es), C-BSE prions probably reaches
the medulla oblongata and then spreads along thesymapathetic efferent fibers of the
autonomic nerve system, i.e., the vagus nerves (MekRt al., 1999; van Keulen et al., 2000).

In one study, cattle receiving a high-dose oralllehge of C-BSE prions showed initial
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deposition of Pr® in the DMNV, celiac and mesenteric ganglion compland caudal
mesenteric ganglion, as well as in the intermetkodh cell column of the spinal cord, but not
in other areas, including the midbrain (Masujirabt 2007). The DMNV was also the first
region of PrB° deposition in the brain of cattle naturally aftby C-BSE (Schulz-Schaeffer
et al.,, 2000) and those with experimentally affdcby oral inoculation of C-BSE prions
(Masuijin et al., 2007). Therefore, the discrepanetween the findings of our study and those
reported for naturally occurring C-BSE with regaodthe severity of vacuolar changes and
PrP>® accumulation in the DMNV might be attributed te tttifferent routes of infection in the
individual studies.

In summary, the author found that the earliest aedation of PrB° in intracerebrally
inoculated cattle in the brainstem and thalamusimed at 10 mpi, which was 10 months
before the onset of clinical signs. Ptas widely distributed throughout the CNS durihig t
preclinical period and accumulated at the targessimostly in the brainstem and thalamus.
This study also indicated that clinical signs o thisease might appear after the appearance

of vacuolar changes in the brain.
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Brief summary

To evaluate the relationship between the kinetid3r6>° deposition in the CNS and the
clinical course of the disease, temporal and spéda&ibution of PrB®was analyzed in the
CNS of Holstein/Friesian cattle inoculated intrateally with 3 sources of C-BSE isolates.
Cattle euthanized at 10 mpi showed ¥réeposits in the brainstem and thalamus, but no
vacuolation. This suggested that the C-BSE priorghtrexhibit area-dependent tropism in
the brain. At 16 and 18 mpi, a small amount of wa&tion was detected in the brainstem and
thalamus, but not in the cerebral cortices. At @24 mpi, when clinical symptoms were
apparent, heavy PTPdeposits were evident throughout the brain andasmiord. The mean
time to the appearance of clinical symptoms wag ©®i, and the mean survival time was
22.7 mpi. These findings indicate that PrBccumulation was detected approximately 10
months before the clinical onset. In addition, thesources of C-BSE prions induced no
detectable differences in the clinical signs, iratidn periods, neuroanatomical location of
vacuoles, or distribution and pattern of PrBepositions in the braiffhese results suggest
that the3 C-BSE isolates used in this study may be ideintaca originate from a single

origin.
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Chapter 2

Neuropathological changesin auditory brainstem nuclei in cattle with experimental

bovine spongiform encephalopathy

Introduction

TSEs are fatal neurodegenerative disorders thatdadBSE in cattle, scrapie in sheep
and goats, chronic wasting disease in deer andi€dhDman. The histopathological features
of BSE are spongy vacuolation of the neuropil aaduelation of neurons in the grey matter
with mild astrogliosis and activation of microg(@/ells et al., 1991).

It is difficult to determine the clinical onset &8SE-affected cattle because of the
non-specific nature of prodromal clinical signspibal clinical signs of C-BSE in cattle are
changes in behavior and locomotion and hyperseitgitio stimuli (Konold et al., 2004).
C-BSE-affected cattle may be hypersensitive tolipgound or light, but usually not to all of
these types of stimuli. For example, cattle witlBBEE can become sensitive to noise (e.qg.,
hand clapping or a metallic clank).

BAEP are bioelectric waves that can be recordeldinvtO ms after an auditory stimulus,
and the measurement of BAEP is useful in the obeessessment of auditory function and
localization of brainstem lesions. The abnormaitBAEP in C-BSE-infected cattle has been
reported as prolonged peak latency of wave Il ¥nals well as the I-V inter-peak latency
(Arai et al., 2009). The origin of wave Il of tH®AEP is the cochlear nucleus and superior

olivary complex (Chiappa et al, 1997). The cochleacleus is the origin of the ascending
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central auditory pathway. Wave V arises in theriofecolliculus, the nucleus of which is the
largest structure in the central auditory pathwayl d@he focus for processing of both
ascending and descending information.

Although C-BSE-affected cattle showed the abnotyali BAEP as well as hyperacusia,
little neuropathological information other than uatation in the cochlear nucleus described
in a lesion profile, is available for the auditdmainstem of C-BSE-affected cattle (Breslin et
al., 2006; Simmons et al., 1996). To investigatg @alationship between neuropathological
lesions and auditory disfunction, in Chapter 2, dlaghor focused on the neuropathological
changes and PTP accumulation in the central auditory pathway ofttlea exposed

experimentally to C-BSE.

Materials and methods
Animals
Sixteen cattle experimental inoculated with C-BSEdascribed in Chapter 1 were used

in this study (Table 1).

Neuropathology

At the time of necropsy examination, the left braincluding the brainstem and
cerebellum, was fixed in 10%neutral buffered foimalpH 7.4). Coronal slices of the
formalin-fixed samples (4im) were immersed in 98% formic acid for 60 min exluce
infectivity, embedded in paraffin wax, sectionedpyf#) and stained with haematoxylin and
eosin (HE). The severity of vacuolation in the braias scored according to the method of

Simmons et al. (1996).
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I mmunohistochemistry

The IHC for PrE®was carried out as described in Chapter 1.

PrP* profiling

The intensity and extent of each morphological tgpePrP° deposition were scored
subjectively from 0 to 4 (0, negative; 1, apparahthigh magnification; 2, apparent at
moderate magnification; 3, apparent at low magaiion and moderate accumulation; 4,
marked accumulation) as described by Gonzéalez €2@02, 2005). Scored data from lesion
profiles and immunohistochemical profiles were gpedl by one-way analysis of variance
(ANOVA) using the statistical program Instat3 (Gn®ad Software, San Diego, CA, USA)

and were expressed as mean + SD.

Results

C-BSE-infected cattle as described in Chapter Jewecrificed at 3, 10, 12, 16, 18 and
19 mpi prior to developing signs of clinical diseg@able 3). One cattle was sacrificed at
each time point, except at 12 months when two eatttre sacrificed. Nine cattle, which
demonstrated signs of clinical disease, were kibetiveen 20 and 24 mpi. Two negative
control cattle were sacrificed at 24 mpi. In C-B8tallenged cattle, initial clinical signs (e.g.,
abnormal posture and changes in locomotion) apgdstveen 18 and 20 mpi and advanced
clinical signs (e.g., tremor and difficulties irsing) developed within 22-24 mpi. No clinical

abnormalities were observed in the control cafilee four cattle that were sacrificed at 3, 10
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and 12 mpi had no vacuolar change in the brainsbote Pr deposits were present in the
brainstem nuclei and medial geniculate body ofleatcrificed at 10 or 12 mpi (Figs. 7 and
8). PrP° was mostly detected in the perikarya (Fig. 8) aeftdn in the neuropil of the grey
matter of each auditory brainstem nucleus. In th#lec sacrificed at 16 mpi, minimal
vacuolation was present in the nucleus of the imfecolliculus, but not in the cochlear
nucleus, superior olivary complex or medial geratellbody (Fig. 9). Moreover, low to
moderate amounts of Ptffaccumulated in the auditory brainstem nuclei (Ef@). In the two
cattle without clinical signs that were killed a8 &nd19 mpi, mild vacuolar changes and
moderate Pr® accumulation were observed in the nuclei of thditaty brainstem and
medial geniculate body (Figs. 7 and 8, Table 3).

All nine cattle sacrificed between 20 and 24 mpoveéd clinical signs and spongy
change was evident in the nucleus of the infermliaulus. Prominent Pr® accumulation
was apparent in the auditory brainstem nuclei aediah geniculate body of nine cattle (Figs.
9 and 10). Consistent PiPtypes in these areas were granular, punctate rérghéuronal.
Other types of Pr® deposition (e.g. linear, stellate, coalescingtaigiial or perineuronal)
were not evident in the nuclei of the auditory bséém and medial geniculate body. The
severity of vacuolation, as well as BfBccumulation in the nucleus of the inferior callics,
of cattle showing clinical symptoms between 20 @4dmpi was significantly higher than
those of subclinical and preclinical cattle prior 19 mpi (Fig. 9). In cattle with advanced
neurological signs associated with C-BSE betweera® 24 mpi, spongiosis and PP
deposits were evident in the nuclei of the auditmginstem and medial geniculate body and
were greatest in the nucleus of the inferior callis (Figs. 7 and 8, Table 3). The level of
vacuolar change in the nucleus of the inferioricolus at the clinical stage was significantly

higher than levels in the cochlear nucleus, theesapolivary complex and the nucleus of
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medial geniculate body (Fig. 9), while the severity PrP° accumulation showed no
significant difference among each nucleus at tieesstage (Fig. 10). In addition, slight BP

deposition was detected in the lateral lemniscuasaaritory cortex.
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Fig. 7. Vacuolation of the auditory brainstem nuclel of BSE-challenged cattle.

HE sections of the auditory brainstem nuclei of B®#llenged cattle sacrificed at
(A-C), 19 (D-F) and 24 mpi (G- Images show the cochlear nucleus (A, D, G)euso
the trapezoid body (B, E, H) and nucleus of theriof colliculus (C, F, 1). M vacuola
changes were present at 12 mpi (A, B, C). Mild wation was observed in the nucleu
the inferior colliculus at 19 mpi (F) and in thecbtear nucleus at 24 mpi (G). Model
neuropil vacuolation was seen in the nucleus ofinferior colliculus at 24 mpi (1). Ba
100 pm.
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Fig. 8. PrP* accumulation in the auditory brainstem nuclei of BSE-challenged cattle

Immunohistochemical staining of FfRaccumulation in the auditory brainstem nt
of BSE-challenged cattle sacrificed at 12 (A-C), (IBF) and 24 mpi (@) using eac
semi-serial section shown in Fig. 1 f)- Images show the cochlear nucleus (A, D
nucleus of the trapezoid body (B, E, H) and nucleughe inferior colliculus (C, F, |
Intraneuronal Pr® accumulation (arrow)siobserved in each auditory brainstemnucle
12 mpi (A-C). Intraneuronal (arrows) and granulactanulation of Pr¥ is apparent i
auditory brainstem nuclei at 19 (D-F) and 24 mpilfGHC. Bar, 100 pum.
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Fig. 9. Vacuolation scores in the auditory brainstem nuclei of
BSE-challenged cattle.

Vacuolation scores in the auditory brainstem nuofeBSE<hallenge
cattle sacrificed prior to 19 mpi (white bars) aaiter 20 mpi (black bar
were compared. Vacuolar change in the nucleuseointterior collculus afte
20 mpi is significantly greater compared with chesmgn the cochle
nucleus, superior olivary complex and nucleus oflialegeniculate body. Cl
cochlear nucleus; SOC, superior olivary complex; liateral lemniscus; NI(
nucleus of inferiorcolliculus; MGB, medial geniculate body; AC, audi
cortex. ***p < 0.0001; **p < 0.001; *p < 0.05. All data are expressec
mear + SD.
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Fig. 10. Scoring of PrP* staining in the auditory brainstem nuclei of
BSE-challenged cattle.

PrP° immunolabellng in the auditory brainstem nuclei
BSE-challenged cattle sacrificed prior to 19 mpi (whi@s) and after :
mpi (black bars) were compared. No significant efiéhces in Pri®
accumulation were present in the auditory brainsterolei at the san
stage. CN, cochlear nucleus; SOC, superior olivary gexy LL, latera
lemniscus; NIC, nucleus of inferior colliculus; MGBnedial genicula
body; AC, auditory cortex. **p < 0.0001; **p < 0.001; *p < 0.05. All dat:
are expressed as mean + SD.
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Discussion

Overall, typical spongiosis and PfRaccumulation were mainly present in the neuropil
of most brainstem nuclei of all C-BSE-challengedtleawith clinical signs. However,
intraneuronal vacuolation was minimal in most dalicases. The various types of BrP
deposition (Debeer et al., 2003; Siso et al., 20@dde widely detected in the brain. Cattle
affected with C-BSE show progressive degeneratio@NS (Wells et al., 1991). Affected
cattle display many clinical signs that depend lus gtage of the disease, which may worsen
with time. It is difficult to diagnose C-BSE befocéinical onset because early clinical signs
of C-BSE are not always typical (Konold et al., 2ZDQC-BSE-infected cattle generally appear
disturbed, anxious and nervous and are sensitivieud noise or metallic sounds. These
neurological signs usually appear at later stadethe disease. In the nine cattle showing
clinical signs of C-BSE that were killed between&@ 24 mpi, moderate vacuolar changes
and abundant PrPaccumulation were evident in all auditory brainsteuclei. Clinical signs
may appear after the presence of spongiform chaf®jee et al., 2004). Vacuolation was
most prominent in the nucleus of the inferior aallus compared with other auditory
brainstem nuclei and the medial geniculate bodgidrescoring of the cochlear nucleus has
been reported to be very low compared with thabtber brainstem nuclei (Breslin et al.,
2006; Simmons et al., 1996). Topographical distitsuof PrP® deposits has been shown to
correspond with vacuolar lesions (Wells and WilehmiL995), but Pr®® accumulation in
some nuclei may not be accompanied by any vacoalébebeer et al., 2003; Kimura et al.,
2002). Neuropathological appearance and topograpRid®° immunolabelling in the brain
of these two preclinical cattle killed at 18 and dfpi were similar to those described

previously in naturally-occurring C-BSE cases (Dabet al., 2003; Kimura et al., 2002; Siso
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et al.,, 2004). To our knowledge, there is no appabte tool currently available for

ante-mortem diagnosis of C-BSE, and confirmatiothef disease is only possible following
post-mortem examination of brain tissue. In humaionp diseases, the combination of
auxiliary examinations based on an electroenceghaho and magnetic resonance imaging is
used for clinical diagnosis (Cataldi et al.,, 200®jeser et al., 2006). In human, the
audiometry of BAEP is a neurological test of auditbrainstem function in response to
auditory stimuli, therefore BAEP changes may beoagmanied by damage to the auditory
pathways in the brain or auditory nerve indicatweainderlying neuropathological alterations
(Cascino et al.,, 1988). Results of the presentyssubhgest that spongy changes in the
auditory brainstem nuclei, especially in the nusleof the inferior colliculus of

C-BSE-affected cattle, may be related to prolonBA&P latency and reflect the dysfunction

of auditory stimuli rather (Arai et al., 2009).

37



Brief summary

Since the C-BSE-affected cattle showed auditoryabality such as hypersensitivity to
sound, this study focused on neuropathological gbsuobserved in the auditory brainstem of
the C-BSE-challenged cattle. Sixteen cattle expembally inoculated with C-BSE as
described in Chapter 1 were used in this studyoigethe appearance of clinical signs (i.e., at
3, 10, 12 and 16 mpi), vacuolar change was absenild and Pr° deposition was minimal
in the auditory brainstem nuclei. The two cattlergied at 18 and 19 mpi without clinical
signs showed mild vacuolar degeneration and moglarabunts of P accumulation in the
auditory brainstem pathway. In the cattle showihgi@al manifestation (i.e., after 20 mpi),
spongy changes were more prominent in the nucletiseanferior colliculus compared with
the other nuclei of the auditory brainstem andrtteglial geniculate body. These pathological
findings suggest that neuropathological changesacherized by spongy lesions accompanied
by PrP° accumulation in the auditory brainstem nuclei rhayassociated with hyperacusia in

C-BSE-affected cattle.

38



Chapter 3

Experimental transmission of L-type atypical bovine spongiform encephalopathy

detected in Japan to cattle.

Introduction

The C-BSE was first recognized in UK in 1986 (We#¢ al., 1987), and has
subsequently spread to other European countripanJand North America. Until recently, it
was believed that the BSE agent was a single sbrased on biological, neuropathological
and biochemical characteristics in field BSE cg&rsice et al., 1996; Kuczius et al., 1998;
Simmons et al.,, 1996). However, since 2003, atypBSE cases that show different
neuropathological and molecular phenotypes have Ibegorted (Ducrot et al., 2008). At
present, atypical BSE are classified as the H-typeé L-type according to the higher and
lower molecular masses of the unglycosylated fofrr®-res in Western blotting analysis,
respectively, compared with those from C-BSE c#&3asobs et al., 2007). Among the L-type
BSE cases reported from various countries (Dudrat.e2008), the Italian L-type BSE cases
were further characterized by the presence of Bdftipe amyloid plaques in the brain
(Casalone et al., 2004) and is termed as BASE. Bg&s were experimentally transmitted
to cattle, and the phenotypes of the BASE priong leeen partly characterized (Lombardi et
al., 2008). However, it remains to be determinecttiver the L-type BSE prions detected in
other countries are identical to the BASE priones®ving this issue is crucial for future

research aimed at exploring the origin of atypB8E, assessing the risk of atypical BSE and
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reviewing of the current administrative measuresB8E control. In Japan, two atypical BSE
cases have been identified to date. The first cdmm®ved an L-type-like electrophoretic
mobility of the unglycosylated PrP-res Western blotting analysis (Yamakawa et al., 2003
The second atypical case (BSE/JP24) was identifiexh aged beef cattle, Japanese Black,
and showed PrP-positive amyloid plagues in histogagical examination of the brain and a
distinct glycoform profile of the L-type BSE (Hagma et al., 2007). Such properties seem to
be similar to those reported in the BASE casesdl0as et al., 2004). However, the lesion
profile of the BSE/JP24 prion-inoculated transgamice expressing bovine PrP (TgBoPrP)
was slightly different from that of the BASE priomaculated another line of transgenic mice
expressing bovine PrP (TgBov XV) (Capobianco et2807). In addition, a serial passage of
the BSE/JP24 in the TgBoPrP shortened the incuba@riods from 197.7 + 3.4 days at the
first passage to 152.2 + 3.1 days at the seconshgas however, this characteristic was not
reported in the European L-type BSE (Masujin et 2008). Thus, it remains controversial
whether the BSE/JP24 isolate is identical to th&SBAr L-type BSE prions.

To characterize properties of the BSE/JP24 prion§hapter 3, the author carried out
experimental transmission of the BSE/JP24 isolateldistein/Friesian cattle and examined
the clinical course of the disease. Furthermorech@mical and neuropathological properties

of the BSE/JP 24 isolate were compared to thosleeo€-BSE prions.
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Materialsand Methods

Ethical considerations
This study was approved by the Animal Ethical Cottesiand the Animal Care and Use
Committee of National Institute of Animal Healthdahlokkaido Animal Research Center,

respectively.

Animals

Three Holstein/Friesian calves aged 2—-3 months \wveracerebrally inoculated with 1
ml of 10% (w/v) brain homogenates prepared from riiedulla oblongata of L-type BSE
(BSE/JP24) (n = 3). Three cattle experimentallyculated with C-BSE prions from UK were
used in this study (Case 8, 12 and 15 in Table Cladpter 1). These cattle were clinically

monitored and sacrificed at the terminal stageiséabe.

PrP-res detection

Western blotting analysis for PrP-res from PK-tegldbrain homogenates was carried out
as described previously (lwata et al., 2006). TeectePrP-res, anti-PrP mAbs 6H4 (Roche
Diagnostics, Basel, Switzerland) and T2 (Hayasli.e2004) were used for Western blotting.
The signal intensities in di-, mono-, and non-gbyated fragments of PrP-res were

measured and semiquantified by densitometric arsalys

Scoring of vacuolation and immunohistochemistry for PrP
Vacuolation profile was determined using HE-stairsedtions as described previously

(Simmons et al., 1996). For the immunohistochemitsikction of Pr¥®, dewaxed sections
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were pretreated with the chemical solutions asrdesat previously (Bencsik et al., 2005) and
immunolabeled with mAbs F99/97.6.1 (VMRD, Pullm&®, USA) and T1 (Furuoka et al.,
2007) using the tyramide signal amplification sgstNEN Life Science Products, Boston,

MA, USA).

Results

Clinical manifestation

Cattle inoculated with the C-BSE or the BSE/JP2dns appeared to show clinical signs
indicative of BSE, such as mild anxiety and/or hhgséhesia evoked by sudden loud noises or
waving of clipboard at 548 + 25 and at 344 + 14gpyst inoculation (dpi) (mean = SD),
respectively. Clinical durations were 128 + 46 ddd + 25 days for C-BSE and BSE/JP24
inoculated cattle, respectively. The BSE/JP24-iteded cattle were inactive and displayed
little aggression during the clinical stage. Pesidd the terminal stage of the diseases were
675 + 57 and 486 + 11 dpi for C-BSE- and BSE/JR@deulated cattle, respectively (Table

4).
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PrP-res glycoform

The unglycosylated fragments of PrP-res derivethftbe original BSE/JP24 cattle and
the BSE/JP24-affected cattle migrated slightly dasthan those of PrP-res from the
C-BSE-affected cattle (Fig. 11A and B). The relathamounts of di- mono-, and
non-glycosylated PrP-res fragments from the BSE/H#ected cattle resembled those from
the original BSE/JP24 cattle. These glycoform proge are similar to those of the Italian
L-type BSE (Casalone et al., 2004). The glycoformtios of PrP-res from the
BSE/JP24-affected cattle were distinguishable fthose observed in C-BSE affected cattle
(Fig. 11A and C): ratio of di- and mono-glycosytterP-res were nearly comparable to
PrP-res from the BSE/JP24-affected cattle, whedeagycosylated PrP-res is abundant in

PrP-res from the C-BSE-affected cattle.

Vacuolation lesion and PrP> distribution

Vacuolation was more severe in the midbrain, thagrhypothalamus and frontal cortex (Fig.
12 A) of the BSE/JP24-affected cattle comparedhtt bf the C-BSE-affected cattle. The
PrP*° deposition in the BSE/JP24-affected cattle was radiarized by diffuse
synaptic-punctuate staining, low-grade stellateetipsP° deposits, and amyloid PrP plaques
by immunohistochemistry (Fig. 12B). However, nakstg differences were observed in the
topography of Pr¥® deposition between the C-BSE prion- and the BSEI3ffected cattle
(data not shown). PrP deposits were pronounced in the neuropil of thelathus and
midbrain, particularly in the periaqueductal gragttar of the brains of cattle affected with
the C-BSE and the BSE/JP24 prions (data not shdwestern blotting analysis also showed
that there were no marked differences in the’RiRtribution, except for high PrPlevels in

the frontal cortex of the BSE/JP24-affected cdfig. 12C).
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Fig. 11. Western blotting analysis of PrP-res.

(A) Western blotting of PHKreated brain homogenates from the oric
BSE/JP24 cattle (lane 2), the C-BSE pridianes 1 and 4) and the BSE/J
prion-challenged cattle (lane 3). Blots were prolygth mAbs T2 and 6H4. (B
Samples after deglycosylation by PNGase treatnMaolecular mass standards (Kl
are indicated on the left. (C) Ratios of the digno- and norglycosylated forms «
PK-treated Pr. Error bars indicate standard deviation (SD).
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Fig. 12. Neuropathological and biochemical comparison between C-BSE or the
BSE/JP24-affected cattle.

(A) Lesion profile of the C-BSE and the BSE/JP2feeted cattle The mean scor
for the C-BSE-affected cattle (C-BSE; open circless 3) and the BSE/JP2ffectel
cattle (BSE/JP24; closed squares, n = 3) are shown. Hyaws indicate SD. TI
neuroanatomical regions are as follows: 1, nuctduhe solitary tract; 2, nucleus of

spinal tract of V; 3, hypoglossal nucleus; 4, mgfr nuclear complex; 5, cochlear

nucleus; 6, cerebellar vermis; 7, central gray emat8, rostral colliculus; 9, med
geniculate nucleus; 10, hypothalamus; 11, nucleusadnedialis thalami; 12, nucle
ventralis lateralis thalami; 13, frontal cortex;, Beptal nuclei; 15, caudate aheus; 1€
putamen; 17, claustrum. (B) PfRleposition in the frontal lobe of the C-BSeft panel
and the BSE/JP24 prion-affected (right panel) eatBtellate-type P deposit an
PrP-plaque are indicated by arrows and insetseotisely. Barsm the main panels = 2
um; bars in the insets = 30m. (C) Comparison of regional P¥Rleposition in the bra
between the C-BSE and the BSE/JP24-affected ca#ttieepresentative Western blot
PrP>® is shown. The levels of PtPrelative to the thalamus (C-BSHfected cattle) «
hypothalamus (BSE/JP24-affected cattle) are inddccaelow the panels.
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Discussion

Atypical BSE cases were usually detected in agdtecaver 8-year old with few
exceptions and thus, it is conceivable that atypBSE might occur sporadically in aged
cattle like as sporadic CJD in human and that efypBSE might be an origin of C-BSE
(Biacabe AG et al., 2008). Therefore, it is of iet to know the disease phenotype after the
transmission of atypical BSE to cattle. This stdéynonstrated the successful transmission of
the BSE/JP24 prion to cattle. Molecular propertEBrP-res in cattle experimentally infected
with the BSE/JP24 isolate unchanged. In addititthoagh most of brain regions except for
the medulla oblongata of the original BSE/JP24 casee unable to be investigated due to
inadequate specimen collection, neuropathologeaiuires such as severe vacuolation in the
medulla oblongata at the obex level and the presen®rP° plaques closely resembled each
other. Based on molecular properties of PrP-res ammnunohistochemical and
neuropathological properties, the disease phenaif/pee BSE/JP24 case was reproduced in
cattle inoculated with the BSE/JP24 isolate and wlagiously different from that of the
C-BSE cases. This suggests that atypical BSE aat letype BSE like the BSE/JP24 case,
may not simply be an origin of the C-BSE. Feedihgieat-and-bone meal and change in the
rendering process that produces meat-and-bone areadd 1980s are believed to be a major
cause of the BSE emergence in UK (Wilesmith et1897). Thus, it cannot be denied that
properties of atypical BSE prions would change uridesh condition during the rendering
process.

The time of clinical onset in the BSE/JP24 prionenlated cattle was apparently earlier
than that in cattle inoculated with the C-BSE psion this study or than that in a previous

study (Wells et al., 2005). A major clinical symptcoof the BSE/JP24-affected cattle was
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depression, and being different from the C-BSE sase aggressiveness was observed in
clinical phase. With disease progression, both G BSE and BSE/JP24-affected cattle
showed an ataxic gait, which appeared to be duantmordinated hind limbs and had
difficulty in rising in the terminal stage. RecgntLombardi et al. (2008) reported that a mean
period to the terminal stage of disease was 476 ohagxperimental BASE infection in cattle
and major clinical signs were dullness and amydtyppvhich are similar to the observation
on BSE/JP24-affected cattle in this study.

Incubation period of the TgBoPrP transgenic micallenged with the BSE/JP24 isolate
(199.7 £ 3.4 days) was reported to be shorter thah of the TgBoPrP transgenic mice
challenged with the C-BSE prions (223.5 + 13.5 (idisasujin et al., 2008). Similarly, the
transmission studies of BASE and L-type BSE prienserged in European countries to
another transgenic mice line TgBov XV revealed BASE (228 + 10 days) and L-type BSE
prions (212 + 15 days) showed shorter incubatiomogethan the C-BSE prions (298 + 7
days) (Beringue et al., 2007). Taken together \githilarities of the BSE/JP24 isolate to
BASE in experimental infection in cattle, the sianity of the BSE/JP24 isolate to BASE and
L-type BSE isolated in transmissibility to transgemice expressing bovine PrP, suggests
that the BSE/JP24 prion shares common featuresA&HEand L-type BSE prions disclosed
in European countries.

In this study the author showed that the BSE/JP&dnp L-type like BSE prion
disclosed in Japan, was apparently different from €-BSE prions, but that the BSE/JP24
prion appears to be rather similar to the BASE nmigLombardi et al., 2008). Of interest,
experimental transmission of the BSE/JP24 priotattie induced a shorter incubation period
and more severe neuropathological changes compardte C-BSE prions, similar to the

transmission study of the BASE prions to cattle nlbardi et al., 2008). These findings
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suggest that the L-type BSE prions, such as BASEtlae BSE/JP24 prions, might be more
virulent in cattle species than C-BSE prion. HoweWeis speculation conflicts with reports
that atypical BSE field cases have been mainly doun adult and aged cattle without
noticeable clinical symptoms under an active sllarge scheme (Ducrot et al., 2008). The
reasons for this discrepancy between L-type BSH feases and cattle of experimental
transmission, i.e., difference in incubation pesi@hd clinical manifestations, are unknown.
Route of infection and/or prion titer may accounmtthe differences.

One public concern is that atypical BSE is a sporfmtm of BSE and is able to spread
from cattle to cattle. If this is the case, risknmagements against atypical BSE have to be
carefully assessed and have to be continued atircéetvel to prevent re-emergence of BSE.
Further transmission studies on atypical BSE usiamrally occurring route, for instance,
oral route, should be addressed to provide scierdifidence for a risk analysis of atypical

BSE.
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Brief summary

It has been assumed that the causative agent @-B®E in cattle is a single strain that
first emerged in UK. However, atypical BSE cased #how different neuropathological and
molecular phenotypes have been recently reportédiiopean countries, North America, and
Japan. To clarify the characteristic of L-type liligypical BSE case that was disclosed in
Japan, BSE/JP24, the author inoculated brain honatge from cattle of the BSE/JP24 case
into Holstein/Friesian cattle and examined biocteahand neuropathological properties as
well as the clinical course of the disease. The BBE4 isolate successfully transmitted to
Holstein/Friesian cattle. Based on the incubatienqal, neuropathological hallmarks, and
molecular properties of PTP the BSE/JP24 prions were apparently distinguighfibm the

C-BSE prions and closely resemble BASE prions\weat found in Italy.
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Conclusion

Bovine spongiform encephalopathy (BSE) was firghitfied in the United Kingdom in
1986. Subsequently, it spread to European, Asiath,North American countries. A variant
form of Creutzfeldt-Jakob disease that was repoirnet996 is thought to be caused by the
consumption of BSE-contaminated beef products. &fbeg, it is important to understand the
pathogenesis of the classical BSE (C-BSE) in cétie first emerged in UK and spread all
over the world, in order to reduce the C-BSE riskpublic as well as to animals. However,
due to the difficulty in using cattle for experimehinfection, our current knowledge of the
pathogenesis of the C-BSE in cattle is still inadeq. Therefore, the author investigated the
relationship among the clinical manifestation, @ecumulation of disease-specific prion
protein (PrB% and the vacuolar changes of cattle experimeniafgcted with the C-BSE in
order to clarify neuropathogenesis of the C-BSHEtHermore, different type BSE cases from
the C-BSE cases, called atypical BSE, disclose@003, and thereafter, the presence of
atypical BSE cases was reported in many countnigsiding Japan. In this thesis the author
also analyzed properties of the BSE/JP24 isoldie, decond L-type-like atypical BSE
disclosed in Japan, by experimental infection itlea

In Chapter 1, to evaluate the relationship betwtderkinetics of Pr®¥ deposition in the
central nervous system and the clinical cours@efdisease, temporal and special distribution
of PrP® was analyzed in the central nervous system of teioiriesian cattle inoculated
intracerebrally with 3 sources of C-BSE isolatesattlé euthanized at 10 months
post-inoculation (mpi) showed PfPdeposits in the brainstem and thalamus, but no

vacuolation. This suggested that the BSE prionshtreghibit area-dependent tropism in the
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brain. At 16 and 18 mpi, a small amount of vacuotatvas detected in the brainstem and
thalamus, but not in the cerebral cortices. At @24 mpi, when clinical symptoms were
apparent, heavy PtPdeposits were evident throughout the brain andasgiord. The mean
time to the appearance of clinical symptoms wag ©%i, and the mean survival time was
22.7 mpi. These findings indicate that PrBccumulation was detected approximately 10
months before the clinical onset.

Since the C-BSE-affected cattle showed auditoryahality such as hypersensitivity to
sound, in chapter 2, the author focused on neunofmgical changes observed in the auditory
brainstem of the C-BSE-challenged cattle. Beforedhpearance of clinical signs (i.e., at 3,
10, 12 and 16 mpi), vacuolar change was absenildramd PrB°¢ deposition was minimal in
the auditory brainstem nuclei. The two cattle $mad at 18 and 19 mpi without clinical
signs showed mild vacuolar degeneration and mogl@rabunts of Pr® accumulation in the
auditory brainstem pathway. In the cattle showihgi@al manifestation (i.e., after 20 mpi),
spongy changes were more prominent in the nuclettseanferior colliculus compared with
the other nuclei of the auditory brainstem andrttesglial geniculate body. These pathological
findings suggest that neuropathological changesacterized by spongy lesions accompanied
by PrP accumulation in the auditory brainstem nuclei rhayassociated with hyperacusia in
BSE-affected cattle.

It has been assumed that the causative agent &f-B®E in cattle is a single strain that
first emerged in UK. However, atypical BSE cased #how different neuropathological and
molecular phenotypes have been recently reportédiiopean countries, North America, and
Japan. In Chapter 3, to clarify the characterisfid-type like atypical BSE case that was
disclosed in Japan, BSE/JP24, the author inoculbatasth homogenates from cattle of the

BSE/JP24 case into Holstein/Friesian cattle andnéx@d biochemical and neuropathological
52



properties as well as the clinical course of theedse. The BSE/JP24 isolate successfully
transmitted to Holstein/Friesian cattle. Based ba incubation period, neuropathological
hallmarks, and molecular properties of PrPthe BSE/JP24 prions were apparently
distinguishable from the C-BSE prions and closelsemble bovine amyloidotic spongiform
encephalopathy prions that were found in Italy.

In conclusion, this study clarified a part of theBSE pathogenesis by analyzing the
association of the clinical symptom, the accumata®f PrP°¢ and the vacuolar changes of
cattle experimentally infected with the C-BSE.addition, this study clarified biochemical
and neuropathological features of the BSE/JP24, itype like atypical BSE isolate in Japan.
Results of this study provide important informatimm the risk analysis and management on

BSE to reduce the risk of BSE to public as wellesrisk of re-emergence of BSE.
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