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A case of L-type-like atypical bovine spongiform encephal-
opathy was detected in 14-year-old Japanese black beef cattle (BSE/
JP24). To clarify the biological and biochemical properties of the
prion in BSE/JP24, we performed a transmission study with wild-
type mice and bovinized transgenic mice (TgBoPrP). The BSE/
JP24 prion was transmitted to TgBoPrP mice with the incubation
period of 199.7 + 3.4 days, which was shorter than that of classical
BSE (C-BSE) (223.5 + 13.5 days). Further, C-BSE was transmitted
to wild-type mice with the incubation period of about 409 days,
whereas BSE/JP24 prion inoculated mice showed no clinical signs
up to 649 days. Severe vacuolation and a widespread and uniform
distribution of PrPS¢ were pathologically observed in the brain of
BSE/JP24 prion affected TgBoPrP mice. The molecular weight
and glycoform ratio of PrPS¢ in BSE/JP24 were different from
those in C-BSE, and PrP5¢ in BSE/JP24 exhibited weaker protei-
nase K resistance than that in C-BSE. These findings revealed that
the BSE/JP24 prion has distinct biological and biochemical proper-
ties reported for that of C-BSE. Interestingly, a shorter incubation
period was observed at the subsequent passage of the BSE/JP24
prion to TgBoPrP mice (152.2 + 3.1 days). This result implies that
BSE/JP24 prion has newly emerged and showed the possibility that
L-type BSE prion might be classified into multiple strains.

Introduction

Bovine spongiform encephalopathy (BSE) is a type of transmis-
sible spongiform encephalopathy (TSE) or prion disease,! and it
causes variant Creutzfeld-Jakob disease (vCJD) in humans.>3 TSEs
are characterized by the accumulation of an abnormal prion protein
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(PrP5¢), which is a protease-resistant isoform of the host-encoded
cellular prion protein (PrPC), in the affected brain. According to the
protein-only hypothesis, PrPS¢ is the principal component of the
infectious agent. Prion strain classification is based on the result of
mice transmission, e.g., incubation period, lesion profile and PrPS
deposition pattern.*” Recently, the biochemical characteristics of
PrPS¢ have been also used to discriminate prion strains.%12

In recent years, several cases of atypical neuropathological and
molecular phenotypes of BSE (atypical BSE) have been reported in
Japan, several European countries and North America.!31? Atypical
BSE cases are temporally classified into two groups—L-type and
H-type—according to the molecular size of the proteinase K (PK)
digested non-glycosylated form of PrPS¢.!® However, the precise
definition of atypical BSE prions remains to be established.

In Japan, two atypical BSE cases were observed. One was a case
of L-type BSE found in healthy 23-month-old steer Holstein (BSE/
JP8).13 In this case, PrP5¢ was present in a very small amount in
the brain, thereby preventing successful transmission to bovinized
transgenic mice (TgBoPrP).2? The other was found in 14-year-old
Japanese black beef cattle (BSE/JP24).2! PrPS¢ in this case showed
a similar glycoform ratio to that of Italian L-type BSE [bovine
amyloidotic spongiform encephalopathy (BASE)] or human sporadic
Creutzfeldt-Jacob disease (type-2) in the western blot analysis.
However, unlike BASE, the non-glycosylated form of PrPS¢ in BSE/
JP24 did not exhibit a clear faster migration as compared with
that of classical BSE cases.?! In this case, a considerable amount of
PrP% accumulated in the brain. However, the transmissibility and
the precise characteristics of the BSE/JP24 prion remain elusive.
To clarify the biological and biochemical properties of the BSE/
JP24 (L-type-like) prion, we performed a transmission study with
wild-type mice and TgBoPrP mice. This study showed the intensive
transmissibility of BSE/JP24 prion to TgBoPrP mice. We found that
BSE/JP24 prion has biological and biochemical properties distinct
from those of C-BSE prion, and BSE/JP24 prion has not completely
adapted to bovinized mice.
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Results Table 1 Transmission of C-BSE and BSE/JP24 prion to
Transmissibility of BSE/JP24 prion to mice. TgBoPrP mice mice
inoculated with brain homogenates of BSE/JP24 and C-BSE devel-  140culum Mice No. diseased/ Incubation period
oped a progressive neurological disease with incubation periods no. inoculated (days = SD)
of 199.7 + 3.4 and 223.5 £ 13.5 days, respectively (Table 1). The cpsE
subsequent passage of the brain hor.nogena.te of B'SE/]P24 prion 1# passage TgBoPrP 11/11 22354+ 13.5
:;fflezted "I;gBoPrP sho:lvec.i a sélorter mc'ulz{au;)r;l perlod(;)f 152.2 if 20d passage TgBoPrP 15/15 2149+ 48
.1 days. In contrast, the incubation period of the second passage o s ICR 5/5 408.6 + 28.2
C-BSE prion in TgBoPrP was 214.9 + 4.8 days, which was similar BSE/JF;;jOge / o
to the period observed in the first passage (Table 1). These two cattle S' .
samples were also inoculated intracerebrally into ICR (wild-type) ! dpassoge TgBoPrP 10/10 197.7 « 3.4
mice. While C-BSE prion was transmitted to ICR mice with an 2 passage TgBoPrP 10/10 152.2 = 3.1
incubation period of 408.6 days, BSE/JP24 prion inoculated ICR 1¥ passage ICR 0/23 >649%*

mice showed no abnormality up to 649 days post inoculation. No
PrPS¢ accumulation and vacuolation was observed at 649 days post
inoculation (data not shown).
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Figure 1. Western blotting analysis of PrPS¢ from C-BSE and BSE/JP24. (A) The fragment of
PrPSc in the cattle brain of C-BSE (lanes 1 and 3) and BSE/JP24 (lanes 2 and 4). PrPSc in the
brain of TgBoPrP inoculated with C-BSE prion (lanes 5 and 7) and BSE/JP24 prion (lanes 6
and 8). All samples were digested with 50 ug/ml PK at 37°C for 1 h, and then samples in
lanes 3, 4, 7 and 8 were treated with PNGaseF. PrP5¢ was detected by using mAb 6H4.
Molecular markers are shown on the left (kDa). (B) The relative amount of the di-, mono-
and non-glycosylated form of PrPS¢ in the C-BSE and BSE/JP24 prion affected individual.
The results are mean + standard deviation in five experiments. Bar diagram: diglycosylated
form (black), monoglycosylated form (grey) and nonglycosylated form (white).
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*The incubation periods were significantly different between the first and second passage of BSE/JP24 prion
(p < 0.05). **No PrPS accumulation was observed at 649 days post inoculation.

Molecular mass and glycoform of PrPS¢ in BSE/JP24
prion passaged TgBoPrP mice. All the diseased TgBoPrP
mice inoculated with BSE/JP24 prion harboured PrPS¢
in their brains. Before transmission to the TgBoPrP
mice, the non-glycosylated form of PK digested PrPS
of BSE/JP24 showed indistinguishable mobility with
that of C-BSE (Fig. 1A, lanes 1 and 2) in western blot
analysis as reported previously.?! However, when PrPS¢
was treated with PNGaseF, we attained improved resolu-
tion and observed a slightly faster migration pattern of
the non-glycosylated form of PrPS¢ of BSE/JP24 than
that of C-BSE (Fig. 1A, lanes 3 and 4). Intriguingly, this
difference became more apparent after transmission to
TgBoPrP mice (Fig. 1A, lanes 5 to 8). PrPS¢ from BSE/
JP24 showed a glycoform pattern distinct from that of
C-BSE (Fig. 1A and B). This different glycoform pattern
was conserved in BSE/JP24 prion transmitted TgBoPrP
mice (Fig. 1B).

Neuropathological examination. The BSE/JP24
prion affected TgBoPrP mice showed a higher score
and a different lesion profile when compared to those
of C-BSE prion affected TgBoPrP mice (Fig. 2). Dense
PrPSe deposition was observed in particular nuclei in the
pons (pontine and vestibular nuclei), midbrain (inter-
stitial nucleus and red nucleus), thalamus (habenular
nuclei) and cerebellum or the adjacent periventricular
area in the frontal lobe and the striatum of the C-BSE
prion affected TgBoPrP mice (Fig. 3E). Fine and coarse
granular PrPS¢ was predominant in the C-BSE prion
affected TgBoPrP mice (Fig. 3C). PrP plaques were
observed in the adjacent periventricular area in the
frontal lobe, oriens layer of hippocampus and corpus
callosum of C-BSE prion affected TgBoPrP mice (inset
of Fig. 3A and C). In contrast, fine punctuate and fine
granular PrP%¢ was dominant in BSE/JP24 prion affected
TgBoPrP mice (Fig. 3D). The topographical distribution
of PrpSe deposits was dense and uniform in the pons, cere-
bellar medulla, midbrain, thalamus and corpus callosum
(Fig. 3F). No PrP plaque was present in the BSE/
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Figure 2. Lesion profile of TgBoPrP mice inoculated with
C-BSE and BSE/JP24 prions. Vacuolation was scored
on a 0-5 (mean values) in the following brain areas:
1, dorsal medulla; 2, cerebellar cortex; 3, superior
cortex; 4, hypothalamus; 5, thalamus; 6, hippocampus;
7, septal nuclei of the paraterminal body; 8, cerebral
cortex at the levels of 4 and 5; and 9, cerebral cortex
at the level of 7. ®: 15" passage of BSE/JP24 prion,
0: 2" passage of BSE/JP24 prion, a: 1% passage of
C-BSE prion.

C-BSE

BSE/JP24

Figure 3. Histopathological (A and B), immunohis-
tochemical (C and D) and PET-blot (E and F) analysis
of TgBoPrP mice inoculated with C-BSE and BSE/
JP24 prions. No distinct vacuolation in the presence
of PrP plaques was detected in the cerebral cortex
and hippocampal region in C-BSE prion affected
TgBoPrP mice (A), whereas severe vacuolation in
the absence of PrP-positive deposits was prominent
in BSE/JP24 prion affected TgBoPrP mice (B).
Immunolabelled PrPSc showed coarse granular and
coalescing-like patterns in the gigantocellular nucle-
us of medulla oblongata of C-BSE prion affected
TgBoPrP mice (C). A diffused fine granular pattern
was observed in BSE/JP24 prion affected TgBoPrP
mice (D). Immunohistochemical labelling with mAb
F99/97.6.1. The insets at the lower right corner
(A and C) are PrP plaques detected in the periven-
tricular area of frontal lobe (arrowheads). PET blot
reveals that immunolabelled PrPS¢ was marked in
particular nuclei of brainstems in C-BSE prion affect-
ed TgBoPrP mice (E). On the other hand, widespread
and homogeneous PrPS¢ immunolabelling was obvi-
ous in BSE/JP24 prion affected TgBoPrP mice (F).
PET blots of the representative coronal section at the
level of the hippocampus (leff) and medulla oblon-
gate (right) are shown. The mAb SAF84 was used in
PET-blot analysis. Bar: 200 um (A and B); 50 um (C
and D); 20 um (inset of A and C).

JP24 prion affected TgBoPrP mice (Fig. 3B and D). Similar PrPSe
deposits and distribution patterns were observed in the first and
second passages of BSE/JP24 prion affected TgBoPrP mice (data not
shown). These results revealed striking differences between C-BSE
and BSE/]JP24 prion affected TgBoPrP mice.

Relative PK resistance of PrPS¢ from C-BSE and BSE/JP24.
The relative PK resistance of PrPS¢ from BSE/JP24 and C-BSE was
analyzed. The PrPS¢ concentration of the sample was adjusted by
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the signal intensity of western blotting. The PrPS¢ of C-BSE cattle
was resistant to 1,000 ug/ml of PK digestion. However, the PrPSe
of BSE/JP24 cattle showed a faint PrP5¢ signal at 500 ug/ml of PK
digestion (Fig. 4A). These characteristics were conserved in TgBoPrP
mice passaged PrP>¢ (Fig. 4B and C). It is noteworthy that different
glycoform patterns were observed with 500 and 1,000 ug/ml of PK
digested PrP5¢ from the second passage of C-BSE prion affected
TgBoPrP mice. Though the PK resistance of PrP* from BSE/JP24
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prion affected TgBoPrP mice weakened slightly at the
second passage (Fig. 4C), no significant difference was A
observed statistically (data not shown).
Conformational stability studies. The Western blot
signal intensity showed that [GdnHClI], ,, for denatur-
ation of PrP%¢ in cattle was 3.1 + 0.1 M (C-BSE) and
2.9 £ 0.3 M (BSE/JP24). The conformation stability of
the C-BSE and the BSE/JP24 prion affected TgBoPrP
mice were 2.9 £ 0.2 M and 2.8 £ 0.1 M at the first
passage and 3.0 + 0.2 M and 2.8 + 0.2 M at the second
passage, respectively. No clear difference was observed

PK

(kDa)

19 —

between the [GdnHCI],,, values in BSE/JP24 and
C-BSE (Table 2). B

Discussion PK

Our study showed the biological and biochemical (kDa)
features of BSE/JP24 prion. The incubation period of
BSE/JP24 prion inoculated TgBoPrP mice was shorter
than that of C-BSE prion (Table 1). All TgBoPrP mice
that succumbed to BSE/JP24 prion possessed PrPS¢ in
their brains. A different glycoform of PrPS¢ with rela-

tively weaker PK resistance, was detected in passaged
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mice, similar as the observation in the case of cattle c
(Figs. 1 and 4). Histopathologically, BSE/JP24 prion
affected TgBoPrP mice exhibited severe vacuolation PK
and widespread and uniform PrPS¢ deposition in the
brain (Fig. 3). Furthermore, C-BSE prion was trans-
mitted to wild-type mice, while BSE/JP24 prion was
not up to 649 days (Table 1). These finding showed
that BSE/JP24 and C-BSE prion have distinct biolog-
ical and biochemical properties. We conclude that the
BSE/JP24 prion is different from the C-BSE one.
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Recently, L-type BSE cases were detected in several

13,1416,18,19 ;nd their characteristics were

countries,
investigated.!®20:3%31 Tt has been reported that the
European L-type BSE has a distinct glycoform of
PrPS¢ that has relatively weaker PK resistance.!® These
characteristics closely resemble with those of BSE/JP24
(Fig. 4A).*! In addition, similar incubation periods,
spongiform changes and PrPS deposition patterns
were observed in BSE/JP24 and European L-type BSE
prion affected bovinized transgenic mice (Table 1 and
Fig. 3).16:30.31 \Ye also showed that the lesion profiles and incuba-
tion periods in the C-BSE prion inoculated TgBoPrP were similar to
those of C-BSE prion inoculated Tgbov XV (Table 1 and Fig. 2).3°
Thus, the biological characteristics of BSE/JP24 prion seemed to
be similar to those of European L-type BSE prion. However, BSE/
JP24 prion affected cattle exhibited considerable PrPS¢ deposition at
the obex, similar to the observation with C-BSE,2! while in the case
of the Italian L-type BSE (BASE), a European L-type BSE, weak
PrPS¢ positivity was observed in the brainstem.'# The lesion profile
of BSE/JP24 prion affected TgBoPrP was slightly different from that
of BASE prion inoculated Tgbov XV, although both showed similar
incubation periods and PrP%¢ deposition patterns (Fig. 2).3° These
findings may suggest that BSE/JP24 prion has different characters
from L-type BSE in Europe.
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Figure 4. Relative PK resistance of PrPS¢ in prion affected cattle and TgBoPrP mice. (A) PK
resistance of PrPSc in the cattle brain of C-BSE and BSE/JP24. (B) PK resistance of PrPSc of
TgBoPrP mice inoculated with C-BSE and BSE/JP24 prions. (C) PK resistance of PrPS¢ from
the subsequent passage of C-BSE and BSE/JP24 prion to TgBoPrP mice. The PrPS¢ concentra-
tion of sample was adjusted by the signal intensity of western blotting. The samples were
treated with PK of various concentration (40-1,000 ug/ml) at 37°C for 1 h. Data shown
represent one of three experiments demonstrating similar trends. PrPS¢ was detected with
mAb 6H4. Molecular markers are shown on the left (kDa).

Table 2 Conformational stability ([GdnHCI], ,, value) of
PrP5¢ from C-BSE and BSE/JP24

TgBoPrP mouse
Bovine 1% passage 2" passage
C-BSE 3.1+0.1*% 2902 3.0x+0.2
BSE/JP24 29+03 2.8 £0.1 2.8+0.2

*[GdnHCl], , concentration (M) was calculated based on denaturation curves obtained by densitometric
analysis of the Western blotting. The results are mean = standard deviation in five experiments.
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For further characterization, we performed a second passage
of BSE/JP24 prion to TgBoPrP mice. Although no significant
differences were observed in the lesion profile and PrPS¢ deposi-
tion between the first and the second passaged mice (Fig. 3), the
incubation periods became shorter (Table 1). This phenomenon
had not been reported in European L-type BSE.3! The amount of
PK-digested PrP%¢ in BSE/JP24 cattle and C-BSE cattle, together
with the amount of passaged in TgBoPrP, were not different
(Fig. 1A). Thus, we can rule out the possibility that the lower prion
titer of BSE/JP24 cattle caused the longer incubation period in the
first passage. This result suggests that the primary passaged BSE/
JP24 prion was not fully adapted to TgBoPrP mice. This implies that
the BSE/JP24 prion may have emerged newly and it may not have
completely adapted to cattle species. The different glycoform of PrPS¢
was observed in the C-BSE prion second passaged TgBoPrP with a
high concentration of PK digestion (Fig. 4). This result may suggest
that PrP%¢ with different characteristics had emerged depending on
passage. However, the biological properties, as represented by the
incubation period, did not change in C-BSE prion.

In this study, we examined the detailed characteristics of the prions
in the Japanese L-type-like BSE case, and showed the possibility that
L-type BSE prion might be classified into multiple strains. Further
characterization with transmission study including the comparative
analysis of L-type BSE prions from the different countries may neces-
sary to be cleared their origins.

Methods

BSE materials. The brain sample of L-type-like BSE (BSE/]JP24)
affected cattle was used in this study.?! Classical BSE affected brain
sample was also used which was kindly provided by the Veterinary
Laboratories Agency (VLA), Weybridge, UK. These brain samples
were stored at -80°C until use.

Transmission studies. The transmissibility of BSE/JP24 and clas-
sical BSE prion were assessed by using transgenic mice expressing
bovine PrP [Tg(BoPrP) 4092HOZ/Prnp®%; TgBoPrP] and wild-
type mice (ICR: Japan SLC, Inc.,). TgBoPrP mice, which are highly
susceptible to C-BSE prions, were supplied by Dr. S.B. Prusiner.??
The brain of C-BSE and BSE/JP24 prion affected cattle were
homogenized in nine volumes of phosphate buffered saline (PBS)
using a multi-bead shocker (Yasui Kikai) and centrifuged at 1,000 xg
for 5 min at room temperature (RT). The supernatant was used as
the inoculum. Female TgBoPrP mice (3-week-old) were inoculated
intracerebrally with 20 ul of supernatant. After inoculation, the
clinical status of the mice was monitored daily to assess the onset of
neurological signs. Diseased mice were sacrificed and subjected to
PrPS¢ examination as described previously.??

PrPS¢ extraction from the brain(s) of BSE prion affected
cattle and mice. PrP5¢ was extracted from the cattle brain tissues
by a method described previously.? Briefly, the brain tissues
of cattle were homogenized at 20% concentration (wt/vol) in
a buffer containing 100 mM NaCl and 50 mM Tris-HCl (pH
7.6). The brain homogenate (250 ul) were mixed with an equal
volume of detergent buffer containing 4% (wt/vol) Zwittergent
3-14 (Calbiochem), 1% (wt/vol) Sarkosyl, 100 mM NaCl and 50
mM Tris-HCl (pH 7.6), and incubated with 6.25 ul of 40 mg/

ml collagenase. Then, the sample was subjected to proteinase K
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(PK; Roche Diagnostic) digestion at various concentrations
(40-1,000 ug/ml) to evaluate the PK resistance of PrP%¢. PK diges-
tion was terminated with 2 mM 4-(2-aminoethyl) benzenesulfonyl
fluoride hydrochloride (Pefabloc; Roche Diagnostics). The sample
was mixed with a 2-butanol: methanol mixture (5:1) and centri-
fuged at 20,000 xg for 10 min. PrP5¢ was detected in the brain of
mice according to a method described previously.?? For the detec-
tion of PrPS¢ in mice brains, 10% of brain homogenate was mixed
with an equal volume of detergent buffer containing 0.01% Triton
X-100, 0.01% sodium deoxycholate, 100 mM NaCl and 10 mM
Tris-HCI (pH 7.6), and then incubated with PK at various concen-
trations (40—1,000 ug/ml). After PK treatment, some samples were
deglycosylated with N-glycosidase F (PNGaseF; New England
Biolabs) following the manufacturer’s instructions.

Western blotting analysis. The extracted samples were mixed
with a gel-loading buffer containing 2% (wt/vol) SDS and were
boiled for 5 min before electrophoresis. The sample was separated by
12% SDS-PAGE and blotted electrically onto a PVDF membrane
(Millipore). The blotted membrane was incubated with anti-PrP
monoclonal antibody (mAb) 6H4 (Prionics) at RT for 1 h. Signals
were developed with a chemiluminescent substrate (SuperSignal;
Pierce biotechnology). The glycoform ratio of PrPS¢ was calculated
by using the Fluorochem software (Alpha-Innotech Co.,).

Conformational stability assay. Conformational stability assay
was performed according to methods described previously.?> Briefly,
50 wl of 10% brain homogenate was added to an equal volume of
guanidine hydrochloride (GdnHCI) with a concentration range of 0
to 8 M. Mixed samples were incubated at 37°C for 1 h. Then, the
sample was diluted by the addition of 850 ul of Tris buffer containing
10 mM Tris-HCI (pH 8.0), 150 mM NaCl, 0.5% Triton-X 100 and
0.5% deoxycholate. Then 50 ul of GdnHCI was added to each
sample to obtain a final concentration to 0.4 M. Next, the samples
were digested with 20 ug/ml PK at 37°C for 1 h. PrPS¢ concentration
and Western blotting analysis were carried out as described above.
Conformation stability was examined by using mAb 6H4 recognized
PrP amino acid residues 143-151. The GdnHCI concentration at
half maximal denaturation ([GdnHCI],,,) was used as a measure
of the relative conformational stability of PrPSe, (GdnHCI],,, was
calculated based on the denaturation curves obtain by densitometric
analysis using the Fluorochem software (Alpha Innotech Co.,).

Neuropathological examination. The brain was rapidly removed
from mice that were killed at the terminal stage of the disease. The
brain was then fixed in 10% buffered formalin solution (pH 7.4).
Coronal slices of the brain were immersed in 98% formic acid, to
reduce the infectivity for 1 h at RT,2® and embedded in paraffin
wax. Sections with a thickness of 4 um were cut and stained with
haematoxylin and eosin (HE) or immunohistochemistry. For neuro-
pathological analysis, the lesion profile was determined using the
HE-stained sections by scoring the vacuolar changes in nine standard
grey matter areas, as previously described.?’

Immunohistochemistry. The sections were incubated in 3%
hydrogen peroxide for 15 min, treated with 10 ug/ml of PK (Wako
Pure Chemical) for 10 min, and incubated in 100 mM sodium
hydroxide at 60°C for 10 min. The sections were then incu-
bated in anti-PrP monoclonal antibody mAb F99/97.6.1 (VMRD,

Inc.,). Immunostaining was performed using a Nichirei Histo-fine
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MAX-PO (M) kit (Nichirei), with 3-3'-diaminobenzidine tetrachlo-
ride as the chromogen. Finally, the sections were counterstained with
haematoxylin.

PET blot. Paraffin embedded tissue (PET) blot was performed as

described previously?®2? with the following modification. Dewaxed

membranes were treated with 80 ug/ml of PK for 30 min at 37°C
followed by denaturation using 3 M guanidine thiocyanate for
10 min at RT. The membranes were then incubated with primary
mAb SAF84 (SPI-bio) for 90 min at RT. Then, they were incu-
bated in alkaline phosphatase-coupled anti-mouse antibody [1:250,
Nichirei Histofine Simple Stain MAX-AP (M) (Nichirei)] and visu-
alized with 5-bromo 4-chloro 3-indolyl phosphate and nitroblue
tetrazolium (BCIP/NBT; Roche Diagnostics) as a substrate.
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