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Fig. 2. Expression of PrP° in N2a subclones. Ten micrograms of
cell lysates were loaded on each lane, and PrP¢ was detected
with mAb 31C6. Na indicates parental N2a cells, and the num-
bers on the top of the images indicate the number of N2a sub-
clones. Results of representative N2a subclones are indicated.
The luminescence intensities were quantified with a LAS-3000
chemiluminescence image analyzer, and the numbers below the
images indicate the mean PrP° expression relative to that in the
parental N2a cells (n = 2).

-8, -19, -20, -23, and -24 in Fig. 1) were classified as
unsusceptible because they were negative for PrP* at all
passages examined. Subclones N2a-3 and -5, which
showed intense PrP* bands at the ninth passage (Fig.
1), were positive for PrP* for more than 30 serial pas-
sages (data not shown). Thus, we used N2a-3 and -5 as
representative prion-susceptible N2a subclones in the
following experiments.

Expression of PrP° and PrP Gene

Because PrP¢ is essential for the propagation of prion
and formation of PrP* (5-7), we first investigated PrP*
expression in N2a subclones by WB (Fig. 2). As
expected, prion-susceptible subclones expressed 0.4- to
2.6-fold as much PrP¢ as the parental N2a cells (Fig. 2).
Among the prion-susceptible subclones, N2a-22
showed the lowest PrP* expression; it expressed only
0.4 * 0.1-fold as much PrP* as the parental N2a cells.
In contrast, PrP¢ expression varied among the prion-
unsusceptible subclones. Forinstance, subclones N2a-1,
-4, -8, -19, and -20 expressed similar level of PrP* as the
parental N2a cells and susceptible subclones, whereas
N2a-23 and -24 had lower PrP‘ expression than the
parental cells, and actually, subclone N2a-24 expressed
only one one-hundredth as much PrP* as the parental
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Fig. 3. Cell surface expression of PrP® in N2a subclones. PrP° on
the cell surface of N2a and subclones N2a-1, -3, -5, and -24 was
detected by flow cytometry. NC indicates the fluorescence inten-
sity of N2a cells stained with negative control mAb P1-284 as a
primary antibody. The PrP¢ expression levels relative to that in
parental N2a cells were calculated from mean fluorescence
intensities and are shown in Table 1.

Table 1. Levels of PrP® and PrP mRNA expression in N2a sub-
clones

Relative to parental N2a cells

N2a
subclone Total PrP¢* on ceﬁrfljcﬁace"‘ ml};:) A"
N2a-1 1.0 £ 0.7 1.1 £0.06 1.4*+04
N2a-3 1.2 +05 1.3 = 0.07 1.8 = 0.7
N2a-5 0.8 0.2 1.0 = 0.06 1.5+04
N2a-24 0.01 £0.004 0.07 = 0.006 0.1 £0.04

“Means * S.D. (n=3) relative to parental N2a cells.

N2a cells.

Flow cytometric analysis showed that susceptible
subclones N2a-3 and -5, and the unsusceptible subclone
N2a-1 expressed PrP° on their cell surfaces, whereas,
consistent with the WB analysis, the level of PrP¢ on
the cell surface of the N2a-24 subclone was less than
one-tenth of that in parental N2a cells (Fig. 3, Table 1).
Furthermore, quantitative RT-PCR analysis also showed
that the expression of the PrP gene in N2a-1, -3, and -5
was |.4-, 1.8-, and 1.5-fold higher than in the parental
N2a cells, respectively, whereas N2a-24 expressed only
one-tenth as much PrP mRNA as the parental N2a cells
(Table 1). Thus, the low level of PrP° expression in
N2a-24 is probably due to inefficient transcription of
the PrP gene. These results indicated that there are two
types of prion-unsusceptible N2a subclones: one (e.g.,
N2a-1) that expresses a level of PrP similar to prion-
susceptible N2a cells, and another (e.g., N2a-24) that
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expresses lower levels of PrP* than susceptible cells.

Cellular Cholesterol Content of N2a Subclones

The cellular cholesterol is reported 1o be important
for the accumulation of PrP¥ in prion-infected N2a
cells (2, 38). We therefore measured the cellular cho-
lesterol content in representative N2a subclones; howev-
er, there was no significant difference in the cellular
cholesterol contents between the parental N2a cells (8.3
+ 0.9 pug/mg protein), prion-unsusceptible subclones
N2a-1 and -24 (8.6 = 0.7 and 9.3 = 0.9 pg/mg protein,
respectively) and susceptible subclones N2a-3 and -5
(9.2 = 0.4 and 7.9 = 0.9 pg/mg protein, respectively).

Binding of PrP* to N2a Subclones

Binding of PrP* to the cells is considered to be the
initial step in the prion infection after cells are inoculat-
ed with prion-infected brain homogenates. Thus, we
examined the binding of PrP¥ to N2a subclones to
investigate whether the binding step is involved in
determining the prion-susceptibility and whether the
expression of PrP“ affects PrP* binding. Figure 4a
shows the representative results for the binding of PrP*
to N2a subclones at 37 C. PrP* bound equally to prion-
susceptible (N2a-3 and -5) and unsusceptible N2a sub-
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clones (N2a-1 and -24). In addition, there was no sig-
nificant difference in the amount of bound PrP* among
N2a subclones and N2all/9-4 that of stably overex-
pressed mouse PrP¢ (Fig. 5a). In addition, we observed
a dose-dependent increase in PrP* binding both on ice
and at 37 C, regardless of the prion susceptibility or
level of PrP¢ in the cells (Fig. 4b). The increase of
bound PrP* at 37 C suggests that a part of bound PrP*
may be internalized during the incubation. These
results revealed that prion susceptibility of these sub-
clones is not determined by the binding and/or uptake of
PrP* and that PrP€ is not directly involved in the binding
and/or uptake of PrP>.

Effect of Exogenously Introduced PrP on Prion Sus-
ceptibility

We speculated that the low level of PrP® expression in
N2a-24 may explain its inability to support prion repli-
cation. To examine this possibility, we transfected N2a-
1 and -24 cells with the mouse PrP gene expression
vector pRc/EF-MoPrP and selected stable transformants
in the presence of G418. We also used the PrP“-overex-
pressing N2a subclone N2all/9-4, which is a stable
transformant by pRc/EF-MoPrP, as a control for G418-
resistant prion-susceptible cells. Quantitative analysis of
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Fig. 4. Binding of PrP* to N2a subclones. (a) Representative results for the binding of PrP* to N2a cells. The cells were inoculated with
2% brain homogenate from mice infected with Chandler strain and then incubated at 37 C for 3 hr. Bound PrP* was detected as
described in “Materials and Methods.” The binding of PrP* relative to that in parental N2a cells is shown in the table on the right. Val-
ues in the table are the means * S.D. from three independent experiments. Na, parental N2a cells; II, N2all/9-4; 1, 3, 5, and 24, N2a
subclone-1, -3, -5, and -24, respectively. (b) Dose- and temperature-dependent binding of PrP*. The cells were inoculated with 0.4 and
2% brain homogenate from mice infected with Chandler strain and incubated at 37 C or on ice for 3 hr.
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Fig. 5. (a) Expression of PrP in N2a, N2a-1, and N2a-24 cells.
N2a-1 and N2a-24 subclones were transfected with pRc/EF-
MoPrP, and G418-resistant cells were selected. A indicates
authentic cells, and S indicates G418-resistant cells. The G418-
resistant N2a subclone 11/9-4 was used as a control for G418-
resistant prion-susceptible cells. Ten micrograms of the cell
lysates were loaded on each lane, and PrP° was detected with
mAb 31C6. The luminescence intensities were quantified, and
the numbers below the image indicate the amount of PrP¢ rela-
tive to that in N2a cells. (b) Effect of PrP¢ expression on prion
susceptibility of subclones N2a-1 and N2a-24. N2all/9-4, N2a-
1S, and N2a-24S cells were inoculated with 2% brain
homogenate from mice infected with Chandler strain. PrP* was
detected after the sixth consecutive passage. The results of
duplicate samples are shown. (c) Cell surface expression of PrP°
in N2a-24 cells. PrP° on the cell surface of N2a-24, 24S, and
248SS (selected by cell sorter) was detected by flow cytometry.
NC indicates the fluorescence intensity of N2a-24S cells stained
with negative control mAb P1-284 as a primary antibody.

WB revealed that the G418-resistant N2a-1 (N2a-1S)
and N2a-24 (N2a-248) cells expressed 2.1- and 1.4-fold
more PrP¢ than the parental N2a cells (Fig. 5a). In
addition, the G418-resistant N2a subclone N2all/9-4
expressed 7.3-fold more PrP* than parental N2a cells.
Flow cytometric analysis revealed that 39% of N2a-1S
(data not shown) and 32% of N2a-24S cells expressed
higher surface level of PrP° than the corresponding
authentic subclones (Fig. 5¢). These cells were inocu-
lated with brain homogenate from prion-infected mice
and then examined for PrP* after six serial passages.
PrP* was detected in neither N2a-1S nor N2a-24S cells
but was detected in N2all/9-4 cells, suggesting that sta-
ble expression of PrP° did not confer the prion suscepti-
bility to N2a-1 and N2a-24 cells (Fig. 5b). The fact that
32% of G418-resistant N2a-24S cells expressed elevated
levels of PrP° might cause the inefficient prion replica-
tion in N2a-24S cells. To exclude this possibility, we
collected PrP¢-overexpressing cells from G418-resistant
N2a-24S cells by cell sorting. In this cell population
(N2a-24SS), 79% of cells expressed elevated cell sur-
face levels of PrP¢ (Fig. 5c); however, PrP% was not
detected in these cells when they were inoculated with
prion-infected brain homogenates (data not shown).

Discussion

N2a cells have been reported to be composed of cells
with different susceptibilities to prion infection (4, 9).
One of the determinants of prion susceptibility is the
expression of PrP¢ (3-5), but the quantitative relation-
ship between PrP¢ expression and prion susceptibility
is not well understood. We found considerable variation
in the expression of PrP¢ in the N2a subclones estab-
lished in this study. In particular, subclone N2a-24
expressed less than one one-hundredth as much PrPas
the parental N2a cells. Among the prion-susceptible
N2a subclones, N2a-22 showed the lowest expression
of PrP¢ but still expressed 0.4-fold as much PrP© as the
parental N2a cells, suggesting that a substantial amount
of PrP¢ is required to support prion propagation in N2a’
subclones. On the other hand, as represented by sub-
clone N2a-1, some prion-unsusceptible subclones
expressed similar levels of PrP¢ as the parental N2a
cells and other prion-susceptible subclones. These
results are consistent with the idea that the expression of
PrP¢ is a critical factor but they also indicate that other
factors and/or cellular microenvironments also deter-
mine the susceptibility of N2a cells to prion (4):

Exposing cells to prion-infected materials such as
brain homogenates usually starts infection, and many
cell lines can bind and internalize exogenous PrP* (24,
25, 39). Recently, Hijazi et al. showed that the similar
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levels of PrP* bind to wild-type Chinese hamster ovary
(CHO) cells, which do not express detectable levels of
PrP¢, and CHO cells overexpressing PrP* (13). Magal-
haes et al. also showed that uptake of exogenous PrP*
does not require the presence of endogenous PrP© (25).
In agreement with these observations, our results indi-
cated that the binding of exogenous PrP* to the N2a
cells was neither related to the prion susceptibility nor
the level of PrP¢ expression. This also indicated that
the binding of PrP* observed in this study did not
account for the specific binding to PrP* but binding of
PrP* to cell surface, although molecules and microenvi-
ronments involved in the binding are unclear. Cellular
heparan sulfate (HS) has been reported to be involved in
the uptake of exogenous PrP* following productive
prion propagation in cells (14). In addition, the complex
of LRP/LR and HS proteoglycan has been suggested to
act as a receptor for PrP> (12, 15). We did not address
the role of LRP/LR and HS proteoglycan in the binding
of PrP* to N2a subclones; however, when the binding
assay was carried out at 37 C, PrP* binding to the N2a
subclones was increased regardless of the PrP expres-
sion level or prion susceptibility, suggesting that the
uptake of PrP* may not be a major determinant of prion
susceptibility in the N2a subclones. A recent report
showed that the trafficking of exogenous PrP* in mouse
septum neuron-derived SN56 cells differed according to
the ability of prion to propagation in the cells (25).
This suggested that prion susceptibility may be deter-
mined by events occurring after the uptake of PrP*.
Therefore it would be of interest to analyze the fate of
PrP* after its binding to prion-susceptible and -unsus-
ceptible N2a subclones.

In this study, we obtained a subclone, N2a-24, in
which the expression of PrP“ was much lower than in
the parental N2a cells and other subclones. We con-
firmed that the low PrP* expression was due to ineffi-
cient expression of PrP mRNA. To address whether the
low level of PrP gene expression is caused by genomic
mutations in the regions involved in transcription of the
PrP gene, we used long PCR to amplify the 5- and 3
flanking regions of exon 1 (nucleotides 6055—12058 in
accession number U29186), which contain regions
influencing PrP gene expression (17, 33) and carried
out a direct sequencing of the amplified products. We
did not find any nucleotide differences in this region
between authentic N2a cells and subclones N2a-5 and
N2a-24. We further analyzed the nucleotide sequences
of exon 3 and its flanking regions (nucleotides
2709630189 in accession number U29186), but again,
the sequences were identical in authentic N2a cells and
subclones N2a-5 and N2a-24 (data not shown). Thus,
the low level of PrP gene expression in N2a-24 was not

due to a mutation in the PrP gene but rather was proba-
bly due to a deficiency in the cellular machinery used
for transcription of the PrP gene. In hepatic stellate
cells, which express trace amounts of PrP¢, the expres-
sion of PrP¢ increased in response to CCls-induced
hepatic damage (16). In addition, PrP¢ expression is
increased in peripheral nerves during axon regeneration
(28). These studies raised the possibility that the regu-
lation of PrP® expression plays a role in neural and
hepatic regeneration. In addition, PrP gene expression
is developmentally regulated (26), but the molecular
mechanism controlling PrP gene expression remains
unclear. Thus, the low expression of the PrP gene in
subclone N2a-24 despite a lack of mutations in the
genomic region of the PrP gene, suggests that this sub-
clone will be useful for analyzing the mechanism of
PrP gene expression.

Host factors other than PrP“ may be involved in the
PrP* formation, i.e., prion replication, but little is
known so far. A comparison of prion-susceptible and
-resistant tissues could help to identify such host factors;
however, large differences exist in gene expression pro-
files between tissues and thus comparison between tis-
sues would complicate the identification of factors
influencing prion susceptibility. A fine comparison
would be possible, however, if the compared samples
have similar biological properties. Hence, the N2a sub-
clones established in this study should be useful for
identifying host factors and cellular microenvironments
influencing prion replication. Comprehensive compari-
son of these cells by transcriptomic and proteomic
analyses will be useful in this regard and should help to
elucidate the molecular mechanism of prion replication.
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The establishment of effective therapeutic interventions for prion diseases is necessary. We report on a newly
developed amyloidophilic compound that displays therapeutic efficacy when administered orally. This com-
pound inhibited abnormal prion protein formation in prion-infected neuroblastoma cells in a prion strain-
dependent manner: effectively for RML prion and marginally for 22L prion and Fukuoka-1 prion. When the
highest dose (0.2% [wt/wt] in feed) was given orally to cerebrally RML prion-inoculated mice from inoculation
until the terminal stage of disease, it extended the incubation periods by 2.3 times compared to the control. The
compound exerted therapeutic efficacy in a prion strain-dependent manner such as that observed in the cell
culture study: most effective for RML prion, less effective for 22L prion or Fukuoka-1 prion, and marginally
effective for 263K prion. Its effectiveness depended on an earlier start of administration. The glycoform pattern
of the abnormal prion protein in the treated mice was modified and showed predominance of the diglycosylated
form, which resembled that of 263K prion, suggesting that diglycosylated forms of abnormal prion protein
might be least sensitive or resistant to the compound. The mechanism of the prion strain-dependent effec-
tiveness needs to be elucidated and managed. Nevertheless, the identification of an orally available amyloid-

ophilic chemical encourages the pursuit of chemotherapy for prion diseases.

Transmissible spongiform encephalopathies, or prion dis-
eases, are a group of fatal neurodegenerative disorders that
include Creutzfeldt-Jakob disease (CJD) and Gerstmann-
Straussler-Scheinker syndrome (GSS) in humans and scrapie,
bovine spongiform encephalopathy, and chronic wasting dis-
ease in animals. These disorders are characterized by accumu-
lation in the brain of an abnormal isoform of prion protein
(PrP), which is a main component of the pathogen, prion, or a
pathogen itself and which is rich in beta-sheet structure and
resistant to digestion with proteinase K (24). Recent outbreaks
of variant CJD and iatrogenic CJD through use of cadaveric
growth hormone or dura grafts in younger people have neces-
sitated the development of suitable therapies.

Caughey and colleagues first found Congo red and sulfated
glycans to inhibit abnormal PrP formation in vitro (5, 6), al-
though Congo red was much earlier described as a staining
device for prion amyloid rods (23). Since the discovery of the
therapeutic activity of Congo red, amyloidophilic compounds
such as amyloid dye derivatives and glucoseaminoglycan mi-
metics have been noted as one class of possible therapeutic
candidates for prion diseases (4, 32). Recently, the most ad-
vanced progress with amyloidophilic compounds, which have
an excellent ability to permeate through the blood-brain bar-
rier, has been made in the field of diagnosis of Alzheimer's
disease. Some amyloidophilic compounds are developed as
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search, Tohoku University Graduate School of Medicine, 2-1 Seiryo-
cho, Aoba-ku, Sendai, Miyagi 980-8575, Japan. Phone: 81-22-717-8232.
Fax: 81-22-717-7656. E-mail: doh-ura@mail.tains.tohoku.ac.jp.

¥ Published ahead of print on 19 September 2007.

imaging probes to visualize amyloid deposits in the brains of
Alzheimer’s disease patients using positron emission tomogra-
phy or single-photon emission computed tomography technol-
ogy (3). Some of these chemicals are also useful to visualize
abnormal PrP amyloids of some types of prion diseases in the
brain (2, 14, 15, 28, 30).

We previously reported that some of these amyloid-imaging
probes are effective as antiprion compounds and prolong the
incubation periods of animals cerebrally infected with prion
disease (14). We also reported that a new class of amyloid-
ophilic chemicals, styrylbenzoazole derivatives, which have bet-
ter penetration through. the blood-brain barrier and which
show more discrete labeling of amyloid deposition in brain
tissues affected by either Alzheimer’s disease or prion diseases,
are effective as antiprion chemicals (15, 19). However, the
efficacy of these amyloidophilic compounds, intravenously ad-
ministered weekly, was not remarkable but was rather limited.
In addition, their effectiveness was suggested to be prion strain
dependent, but this was not fully evaluated because of the
limited availability of the compounds in quantity and dosing
route. It can be assumed that elevated brain chemical levels are
necessary for a compound’s efficacy. Therefore, a muitiple-
dosing regimen, which causes more sustained elevation in
brain chemical levels, might be preferable to a single weekly
dosing. In this study, to ascertain undefined benefits and lim-
itations of amyloidophilic compounds as therapeutic drug can-
didates for prion diseases, a new class of amyloidophilic com-
pounds which have no similarity in chemical structure with
previously reported antiprion compounds was synthesized and
tested for either antiprion activity in vitro or therapeutic effi-
cacy in vivo when administered orally as a mixture with feed.
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TABLE 1. Tested compounds and their inhibition of abnormal PrP formation in ScN2a cells
Otanol-water Inhibition of abnormal Maximum
Compound Chcmical structurc Mol wt coefficient” PrP (approxin‘:atc dosct
(log D,,.) ECsu. M) (kM)
\
cpd-B | 264 a1 0.06 >10
2N
HN—>
.
cpd-D1 347 22 100 >10
H [0}
=N-N 7N
1 o
cpd-D2 HoN—$ My 3 342 3.6 10 >10
0 N
N Q@
cpd-D3 N 293 32 1 >10
HO
== n N
cpd-D4 NO/\/ O—(\ 319 Not determined 1 >10
&8
cpd-DS D/\. \O_(:_O/ 347 47 1 >10
’H >_N_
cpd-D6 'Lo WH 306 24 10 >10
N\

“ The distribution coefficient, a measure of a compound’s hydrophilicity or hydrophobicity. was estimated using ChemAxon's calculator plugin softwarc (Budapcst,
Hungary). The cocfficients of medicines used for brain diseases are generally around 3.0.
»The approximate dose giving 50% inhibition of abnormal PrP formation relative to the control.

< The maximal dosc that docs not affect the ratc of cclf growth to conflucnce.

MATERIALS AND METHODS

Chemicals and experimental models. Tcst compounds were synthesized at the
Tokyo R & D Center of Daiichi Pharmaccutical Co., Ltd. (Tokyo, Japan). The
structures of the compounds are shown in Table 1. The compounds were dis-
solved in 100% dimcthyl sulfoxide usnng ultrasonication and storcd at —~30°C
until use.

Cultured cells were grown in Opti-MEM (Invitrogen Corp., Carlsbad, CA)
supplemented with 10% fetal calf scrum. As ceflular models for the screening of
antiprion compounds, cithcr mousc ncuroblastoma cclls (N2a cells) or N2a cells
with fivefold PrP vverexpression (N2a-58 cells) which were persistently infected
with a distinct prion strain were used, as follows: N2a cells infected with RML
scrapic prion (ScN2a cclis) (25), N2a cclls with 22L scrapic prion (N167 cclls),
N2a-58 ceils with RML scrapie prion (NO02 or Ch2 cells), or N2a-58 cells with
Fukuoka-1 GSS prion (F3 cells) (15). The Ch2 cells are a subclone of NOO2 cells.

Five-weck-old Tga20 micc overexpressing murince PrP (11) or Tg7 micc over-
cxpressing hamster PrP (26) were used as animal discasc modcls after intrace-
rebral infection with 20 wl of 1% (wt/vol) brain homogenate of RML prion, 22L
prion, or Fukuoka-1 prion for Tga20 mice or 263K scrapie prion for Tg7 mice.
Five-weck-old ICR micc and Syrian hamsters were also uscd after they were
infected intracerebrally with 20 ul of 1% (wt/vol) brain homogenate of RML
prion or 40 pl of 1% (wt/vol) brain homogenate of 263K prion, respectively. Each
animal was maintained under deep cther ancsthesia for minimum distress during
intracercbral inoculation. Permission for the animal study was obtaincd from the
Animal Experiment Committee of Tohoku University, Japan.

In vitro PrP imaging. Autopsy-diagnosed brain samples from cases of GSS,
which were kindly provided by Toru Iwaki from the Department of Neuropa-
thology. Kyushu University, Japan. were used. After fixation in 10% buffered
formalin for 2 weeks. the sample was immersed in 98% formic acid for reduction
of prion infectivity, embedded in paraflin, and cut into 7-mm-thick scctions. For
neuropathological staining, deparaffinized sections were immersed in 15 Sudan

black solution to quench tissue autofluorescence. They were then incubated for
30 min in 1 mM solution of compound B (cpd-B), rinscd with distilled watcr, and
cxamined under a fluorescence microscope (DMRXA: Leica Microsystems
GmbH. Wetzlar, Germany) using a fluorescein isothiocyanate filter set.

For comparison, each section was subsequently immunostained for PrP as
described in a previous study (7). Brietly. the sections were treated with a
hydrolytic autoclave and incubatcd with a rabbit primary antibody, anti-PrP-C,
which was raiscd against a mousc PrP fragment consisting of amino acids 214 to
228 (1:200; Immuno-Biological Laboratorics Co. Ltd., Gunma, Japan), followed
by incubation with EnVision+System horseradish peroxidase labeling polymer
(Dako, Glostrup, Denmark). The reaction product was developed with 3,3'-
diaminobenzidine tetrahydrochloride solution and counterstained with hematox-
ylin.

In vitro treatment in cell cultures. Antiprion activity was cvaluatcd by assaying
the content of protease-resistant PrP (PrPres) in the cellular models, as de-
scribed in earlier studies (6. 8, 18). Briefly, test compounds were added at the
designated concentrations when cells were passaged at 10% confluence. while
maintaining the final concentration of dimethyl sulfoxide in the medium at less
than 0.5%. The cells were allowed to grow to confluence and were lysed with lysis
buffer (0.5% sodium dcoxycholate, 0.5% Nonidct P-40, phosphate-buffered sa-
line [PBS]). For analysis of PrPres, samples were digested using 10 pg/ml pro-
teinase K for 30 min at 37°C: the digestion was stopped using 1 mM phenyl-
methylsulfonyl fluoride. The samples were centrifuged at 160,000 X g for 30 min,
and then pellets were resuspended in 1 X sample loading buffer and boiled for 5
min. For analysis of the total level of ceflular PrP in N2a cclls treated with a test
compound, cell lysates were mixed directly with one-quarter volume of 5%
sample loading buffer and boiled for 5 min.

The samples were analyzed by immunoblotting. They were separated by elec-
trophoresis on a 15% Tris-glycinc—sodium dodecyl sulfatc-polyacrylamide gel
and electroblotted onto a polyvinylidene difluoride filter. The PrP was detected
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using a monoclonal antibody, SAF83 (1:5000; SPI-Bio. Massy, Francc), followcd
by an alkaline phosphatase-conjugated goat anti-mouse antibody (1:20,000; Pro-
mega Corp., Madison, WI). Immunorcactivity was visualized using a CDP-Star
detection reagent (Amersham, Piscataway, NJ). More than three independent
assays were performed in each experiment.

The cell surface level of cellular PrP was assaved using flow cytometry, as
described previously (10). Briefly, N2a cells dispersed by treatmemt with 0.1%
collagenase (Wako Purc Chemical Industrics Ltd., Osaka, Japan) were washed
with ice-cold 0.5% fetal calf serum in PBS and incubated with SAF83 (1:500) or
isotypc-matched control immunogiobulin G1 for 20 min on ice. Cells were
washed with 0.5% fctal calf scrum in PBS and incubated with goat F(ab’)2
fragment anti-mouse immunoglobulin G (heavy plus light chain)-phycoerythrin
(1:100) (Beckman Coulter Inc., CA) for 20 min on icc. After washing, cclls were
analyzed using an EPICS XL-ADC flow cytometer (Beckman Coulter Inc., CA).

Pharmacokinetic studies. Brain cpd-B lcvels in the animals were assayed as
described previously (20) after a 1-week feeding with 0.2% cpd-B ad libitum. All
animals were sacrificed at 9:00 a.m. of day 8 by excision of the carotid artery
under deep cther ancsthesia to remove as much blood as possible, and the brain
was collected, rinsed with saline, and weighed. Because preliminary studies found
no significant difference in the data for perfused brains and nonperfused brains.
the brain was not perfused with saline to remove residual blood. The brain was
homogcenized with 2 ml of 100% mcthanol for mousc brain or 4 ml for hamster
brain, After centrifugation of the homogenate at 800 X g for 10 min, the
supcrnatant was diluted with 9 volumes of 20 mM phosphatc buffer, pH 6.5 (PB),
and then filtered to obtain the sample for analysis. The sample was then applicd
to a conditioned C,4 solid-phase extraction cartridge. The compound was cluted
with methanol and was dilutcd with an equal volume of PB. The compound then
was scparatcd by high-performance liquid chromatography using a reversed-
phase column (C,, 4.6 ¥ 150 mm: Phenomenex Inc., Torrance, CA). The com-
pound was dctected using a UV dctector at 285 nm, and the dosc of cpd-B per
gram of brain tissue was detcrmined.

The kinctics of brain uptakc and washout of cpd-B were also investigated as
described previously (20). The compound was solubilized in 5% Tween 80 in
ethanol and then preparcd as a 0.2-mg/mi solution containing 5% Tween 80 and
5% cthanol in salinc. The compound at a dosc of 1.0 mg/kg of body weight was
administered intravenously to ICR mice under cther anesthesia. Both Tween 80
and cthanol are FDA-approved solubilizers of lipophilic medicinal chemicals. At
the dosc uscd in the study, ncither solubilizer has been reported to causc any
toxicity or to affect the pharmacokinetics. At 2 min or 30 min after injection, the
blood was collectecd from the heart using heparin, and then the brain was
obtaincd as described above. The blood plasma was mixed with 3 volumes of
acctonitrile and centrifuged at 10,000 X g for S min. The supernatant was mixed
with the same volume of PB and subsequently filtered to obtain the plasma
sample for analysis. The preparation for the brain sample for analysis and the
assay of the samples were performed as described above. The percentage of the
injected dose per gram of tissue or fluid was used as a measure of the brain or
plasma level of the compound. '

In vivo tr in | models. In cxpcrimental animals that had been
infected intracercbrally with a prion pathogen, cpd-B was given orally ad libitum
as a mixture with powder feed at doscs of 0.1%, 0.13%, 0.2%, and 0.33% by
weight in the feed, corresponding, respectively, to ca. 150 mg/kg of body weight/
day, ca. 225 mg/kg of body weight/day, ca. 300 mg/kg of body weight/day, and ca.
500 mg/kg of body weight/day in Tga20 mice, as each mouse consumed an
average of 3.75 g of the feed per day. The animals were monitored cvery day until
the terminal stage of disease: the incubation period. which was defined in the
present study as the length of time from inoculation to the terminal stage of
discasc, was dctcrminced.

Pathological and infectivity assays. The right brain hemispheres of the mice
were lixed using 10% buflered formalin and then embedded in paraflin. Three-
micrometcr-thick scctions of the coronal slice sitcd at around onc-third of the
distance from the interaural line to the bregma line were dewaxed and immu-
nostaincd using an anti-PrP-C antibody, as described above, or an antibody
against glial fibriltary acidic protein (1:5000; Dako, Glostrup. Dennrark). as
described in a previous study (9).

For dctection of PrPres by immunoblotting, the left brain hemisphere was
homogenized with 9 volumes of lysis buffer; after low-speed centrifugation, the
supcrnatant was trcatcd with 50 pg/ml protcinasc K for 30 min at 37°C. An
aliquot corresponding to 0.13 mg of brain tissuc for PrPrcs assay or 0.83 pg of
brain tissue for total PrP assay was electrophoresed on a 13.5% Tris-glycine—
sodium dodccyl sulfatc-polyacrylamide gel and analyzed by immunoblotting as
described above.

For the infectivity assay, the left brain hemisphere was homogenized with PBS
to produce a 10% brain homogenate. Scrially diluted homogenate samples for
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assay were produced by diluting the brain homogenate scrially with 10% brain
homogenate of noninfccted mice fed with 0.29% cpd-B for | month. A 20-pl
aliquot of cach samplc was then inoculated intraccrebrally into each of the Tga20
mice. Incubation times were assayed as described above.

Statistical analysis. Statistical significance was analyzed using the Kruskal-
Wallis test followed by Scheffe’s F test for multiple comparisons. Correlation
analysis was performed using Spearman’s rank correlation cocflicient method.
The regression coefficient was determined using simple linear regression analysis.
The survival rate was calculated using the Kaplan-Meier method: its significance
was cvaluated using the log rank method.

RESULTS

Antiprion activity in vitro. The antiprion activities of newly
synthesized compounds were investigated using ScN2a cells,
which are N2a cells that are persistently infected with RML
scrapie prion and are commonly used for drug screening. At a
half-maximum effective concentration (EC,,) of about 60 pM,
cpd-B inhibited PrPres formation (Table 1 and Fig. 1A). Other
related compounds were also potent within a nontoxic dose
range of up to 10 pM.

To investigate whether the efficacies of the compounds de-
pend on the pathogen strain, cpd-B was tested in four other
cell lines that had been infected individually with distinct prion
strains. As shown in Fig. 1A, cpd-B was effective only in N002
(ECsq, 320 nM) and Ch2 (ECs,, 300 nM), both of which are
N2a-58 cells infected with RML prion. However, the inhibitory
activity in these cells was not as strong as that in ScN2a cells,
which are derived from N2a cells expressing one-fifth of the
normal PrP molecules of N2a-58 cells. In contrast, cpd-B was
ineffective in both N167 cells (N2a cells infected with 22L
scrapie prion) and F3 cells (N2a-58 cells infected with
Fukuoka-1 GSS prion) at a dose of less than 10 pM. However,
at a dose of 10 uM, a marginal reduction of the PrPres signals
was observed in both cells. At a dose of greater than 10 pM,
cell toxicity was observed. The results suggest that cpd-B exerts
an inhibitory activity on PrPres formation in a prion strain-
dependent manner: more effectively for RML prion and mar-
ginally for 22L prion or Fukuoka-1 prion.

The inhibition mechanism included no alteration of either
the total or the cell surface leve! of normal PrP, as demon-
strated in noninfected N2a cells treated with 1 pM cpd-B,
using either immunoblot analysis of the cell lysate without
protease digestion or flow cytometry analysis of the cell surface
PrP (Fig. 1B and C). In addition, cpd-B did not facilitate the

digestion of abnormal PrP by proteinase K, nor did it interfere

with immunodetection, because PrPres signals were not mod-
ified after cpd-B was mixed and incubated with a cell lysate of
nontreated ScN2a cells before proteinase K digestion (data not
shown).

Pharmacological properties. Abnormal PrP amyloid imag-
ing by cpd-B was performed on brain sections of GSS cases to
examine the amyloidophilic properties of cpd-B. The com-
pound bound to and fluorescently labeled most of the PrP
plaques in cerebellar cortices of GSS cases (Fig. 1D). Back-
ground staining was barely observed after rinsing off the excess
compound. Immunohistochemical analysis of PrP revealed
that the compound achieved high-specificity labeling. The
compound displayed no signal in controf sections without amy-
loid lesions (data not shown).

Next, to examine the brain accessibility of cpd-B when ad-
ministered orally, brain levels of cpd-B in the experimental
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FIG. 1. cpd-B effects on prion-infected and noninfected cells and its amyloidophilic property. (A) Immunoblot analyses of PrPres formation in
various prion-infected cells treated with the indicated concentrations of cpd-B. N2a-58 (N2a#58) is a stable transformant of N2a and expresses
five-times-higher levels of PrP than N2a. Ch2 is a subclone of NOU2. The bars on the lelt are molecular size markers for 41, 32, and 18 kDa.
(B) Immunoblot analysis of total normal PrP in noninfected N2a cells treated with cpd-B. Molecular size markers on the left are 47, 32, and 25
kDa. (C) Flow cytometric analysis of cell surface-normal PrP in noninfected N2a cells treated with 1 uM cpd-B. The solid and broken lines,
respectively, indicate cpd-B-treated cells and nontreated cells. Gray line peaks on the left show their respective controls, using isotype immuno-
globulin as a first antibody. (D) Imaging of abnormal PrP plaques in the brain tissue by cpd-B. Abnormal PrP deposition in a cerebellar tissue from
a case of GSS was fluorescently labeled with ¢pd-B and subscquently immunostained with an anti-PrP antibody. Bar, 50 um.

animals used in the study were assayed after the animals were
fed ad libitum with 0.2% cpd-B-containing feed for 1 week.
The brain level of cpd-B was 39.16 + 22.15 nmol/g brain tissue
in Tga20 mice (n = 4), 26.04 = 12.50 nmol/g brain tissue in
ICR mice (n = 4), and 22.94 * 7.64 nmol/g brain tissue in Tg7
mice (n = 4). Syrian hamsters, however, showed a lower level,
7.26 + 2.47 nmol/g brain tissue (n = 4). A considerable amount
of cpd-B was detected in the brains of all experimental ani-
mals: no significant difference in the brain cpd-B levels was
found among the types of the mice.

Further study of the pharmacokinetics of cpd-B in the blood
and the brain was performed with ICR mice after cpd-B was
injected into the tail vein. The percentage of the injected dose
per gram of tissue or fluid was determined. The brain uptake
level of cpd-B at 2 min after intravenous injection was 8.01% =
1.27% of the injected dose/g tissue, whereas the blood plasma
level was 2.92% + 1.00%/g fluid. Consequently, the ratio of the
cpd-B concentration in the brain to that in the blood plasma is
2.7:1, indicating that cpd-B is equal to the best brain-entering
amyloidophilic chemicals previously identified (15). On the
other hand, both the brain level and the blood plasma level of
cpd-B at 30 min after the intravenous injection were below the
measurable level of 50 pM, which indicates that cpd-B is very
rapidly washed out from the brain and blood.

Regarding toxicity of cpd-B, body weight losses of about
16% in Tga20 mice and about 5% in Tg7 mice were observed
after cpd-B was given orally ad libitum for | week at a dose of
0.33% weight in feed, which corresponds to ca. 500 mg/kg of
body weight/day. Other doses of cpd-B tested in this study
produced no apparent toxic effects in the experimental animals
used.

Therapeutic efficacy in vive. The therapeutic activity of
cpd-B in vivo was assayed in murine PrP-overexpressing Tga20
mice that had been cerebrally infected with RML scrapie
prion. The nontreated infected mice started exhibiting abnor-

mal clinical signs such as staggering, rotating, irritation, and
motionlessness at about 2 months after the infection; the mice
then wasted into the terminal stage of disease in a week.
Treatment by feeding cpd-B-containing feed ad libitum was
initiated immediately after the infection and continued until
the terminal stage of disease. The cpd-B-treated mice did not
exhibit such abnormal signs as described above and wasted
gradually into the terminal stage of disease. As shown in Fig.
2A, oral ¢pd-B treatment significantly prolonged the incuba-
tion periods of infected Tga20 mice in a dose-dependent man-
ner; these were 68.5 = 5.9 days in the nontreated control mice,
108.0 + 2.8 days in the mice treated with 0.1% cpd-B feed,
120.5 = 10.7 days in the mice with 0.13% cpd-B feed, and
154.3 = 19.9 days in the mice with 0.2% cpd-B feed. Therefore,
oral cpd-B treatment at the highest dose produced a 2.3-fold
extension of the incubation periods of the mice. Statistical
analyses demonstrated a significant linear correlation between
the incubation periods and the cpd-B doses (r = 0.95; P <
0.01); the correlation equation was y = 426.37x + 66.93 (y,
incubation period [days]; x, cpd-B dose [percentage in feed)),
and the correlation coefficient was 0.89 (P < 0.01).

In our previous studies, the effectiveness of amyloidophilic
chemicals in the extension of incubation periods of infected
animals was observed only in Tga20 mice infected with RML
prion (14, 15). ICR mice were then examined for the thera-
peutic efficacy of oral cpd-B treatment to investigate whether
effectiveness of amyloidophilic compounds is restricted only to
Tga20 mice. Nontreated control ICR mice that had been ce-
rebrally infected with RML prion were in the terminal stage of
disease at 154.2 = 18.4 days postinfection, whereas the mice
treated with 0.2% cpd-B feed lived significantly longer (P <
0.01). Even though the oral cpd-B treatment was discontinued
at day 187 postinfection when the last of the nontreated ani-
mals reached the terminal stage of disease, more than half of
the treated mice survived to day 270 postinfection (Fig. 2B).
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FIG. 2. Effects of orally administered cpd-B on animals cerebrally infected with prion diseases. cpd-B was given orally in a mixed form with
powder feed ad libitum throughout the incubation periods in all animal disease models except the ICR-RML model, in which oral cdp-B treatment
was discontinued at the time when the last of the nontreated animals reached the terminal stage of disease. In this study, the incubation periods
are defined as the periods from the cerebral infection to the terminal stage of disease. Survival rates were calculated using the incubation periods

and are plotted using the Kaplan-Meier method.

Next, the therapeutic efficacy of oral cpd-B treatment
against other prion strains was investigated. The cpd-B treat-
ment significantly prolonged the incubation periods of Tga20
mice that had been cerebrally infected with 22L scrapie prion
(P < 0.01); these were 963 = 5.9 days in the nontreated
control mice and 126.3 * 10.3 days in the mice treated with
0.2% cpd-B feed, indicating a 1.3-fold extension of the incu-
bation period (Fig. 2C). Control mice started exhibiting distin-
guished opisthotonus with head rotating a week before the
terminal stage of disease, whereas cpd-B treated mice showed
no such clinical sign, even in the terminal stage.

cpd-B was also effective against Fukuoka-1 GSS prion. Ce-
rebrally infected Tga20 mice lived significantly longer with oral
cpd-B treatment (P < 0.05), i.e.,, 101.6 * 12.1 days for the
nontreated control mice and 142.2 = 21.0 days for the mice
treated with 0.2% cpd-B feed, indicating a 1.4-fold extension of
the incubation period (Fig. 2D). Staggering was observed as an
initial clinical sign in the control mice more than 1 week before

the terminal stage of disease, although this clinical sign was not
seen in the cpd-B treated mice.

In contrast to the case for these prion strains, the efficacy
of oral cpd-B treatment was very marginal for 263K scrapie
prion when Tg7 mice expressing hamster PrP were used as
the host (Fig. 2E). The incubation periods of the cpd-B-
treated mice (52.7 + 2.8 days) were significantly but very
marginally longer than those of the nontreated mice (48.0 *
3.0 days) (P < 0.05). This prion is a hamster-adapted scrapie
prion strain; Syrian hamsters were used as the host to ex-
amine whether the marginal efficacy of oral cpd-B treatment
is attributable chiefly to the host Tg7 mouse or to the patho-
gen strain 263K prion. As observed in Tg7 mice, hamsters
treated with 0.2% cpd-B feed also exhibited a marginal
increase in the incubation period compared to that of the
nontreated control hamsters that had been cerebrally in-
fected with 263K prion (P < 0.05): 107.0 £ 2.5 days in the
cpd-B treated hamsters and 97.4 = 6.9 days in the non-
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FIG. 3. cpd-B effects throughout various timings and durations of
oral administration. Tga20 mice cerebrally infected with RML prion
were treated with 0.2% cpd-B feed at different times and for different
durations, and the incubation periods were assayed. Open bars indi-
cate the durations of no treatment {cpd-B (—)]. Shaded bars indicate
the durations of oral cpd-B treatment [cpd-B (+)].

treated hamsters (Fig. 2F). These results indicate that oral
cpd-B treatment is not as effective for 263K prion.

Timing and duration of dosing. The effectiveness of cpd-B at
various timings and durations of oral administration was ana-
lyzed in Tga20 mice that had been cerebrally infected with
RML prion (Fig. 3). The incubation periods of the nontreated
mice were 63.0 = 1.8 days, whereas the incubation periods of
the mice treated with 0.2% cpd-B feed were inversely corre-
lated with the postinfection durations to the commencement of
cpd-B treatment (r = —0.79; P < 0.01): 174.5 = 7.6 days when
started at day 0 postinfection, 117.2 = 7.0 days when started at
day 35 postinfection, and 88.7 = 17.3 days when started at day
49 postinfection. On the other hand, the incubation periods of
the mice treated with 0.2% cpd-B feed were also correlated
with the durations of cpd-B treatment which started immedi-
ately after cerebral infection (r = 0.95, P < 0.01): 102.1 = 2.9
days when treated for 14 days from the infection, 120.2 + 5.2
days when treated for 35 days from the infection, and 142.5 =
7.8 days when treated for 70 days from the infection. In addi-
tion, when the cpd-B treatment was discontinued during early
disease stages, the remaining incubation times were longer
than that of the control mice.

Pathological evaluation. The PrPres content in the brains of
cpd-B-treated mice was analyzed sequentially by immunoblot-
ting and compared with that in the nontreated control mice
(Fig. 4A). The PrPres signals in the nontreated mice were very
strong at the terminal stage of disease (day 63 postinfection).
In contrast, in the mice treated with 0.1% cpd-B feed from the
start of infection, PrPres signals were faint at day 63 postin-
fection and distinct at the terminal stage of disease (day 108
postinfection). However, the PrPres signals at the terminal
stage of disease did not reach the high level shown by the
nontreated control mice at that stage. Comparison of the signal
intensities of the diglycosylated PrPres form showed that 6- to
15-fold-diluted samples from the nontreated terminal mice
exhibited signal intensities similar to those of undiluted or
2-fold-diluted samples from the 0.1% cpd-B-treated terminal
mice (Fig. 4B). Similarly, in the mice treated with 0.2% cpd-B
feed from the start of infection, PrPres signals gradually in-
creased according to the time course after infection: no signals

J. VIROL.

were detected at day 63 postinfection, distinct signals were
detected at day 120, and similar or more distinct signals were
detected at the terminal stage of infection (day 154 postinfec-
tion). The PrPres signal levels of the 0.2% cpd-B-treated mice
at the terminal stage of disease were indistinguishable from
those of the 0.1% cpd-treated mice at the terminal stage of
disease.

The glycoform patterns of PrPres differed completely. As
shown in Fig. 4B, when the samples were diluted and reassayed
so that the signal intensities of diglycosylated PrPres forms
were equalized as much as possible, the difference was much
more distinct. The glycoform patterns in the nontreated mice,
which were uniform in the analyzed samples, were predomi-
nantly monoglycosylated, whereas the glycoform patterns in
the cpd-B-treated mice were not necessarily uniform but were
always predominantly diglycosylated. This predominance of
diglycosylated PrPres was also observed for 263K prion (Fig.
4C) but not for other prion strains used in this study (data not
shown).

Madification in the pathology of the brains of cpd-B-treated
mice was analyzed (Fig. 4D). For nontreated control mice with
an incubation period of 63 days, the brain showed prominent
pathological changes consisting of abnormal PrP deposition
and glial cell reaction in the thalamus, although the brains of
the mice treated with 0.2% cpd-B feed showed no such patho-
logical changes at day 63 postinfection and milder levels of
abnormal PrP deposition at the terminal stage of disease (day
154 postinfection). No difference was apparent in the pattern
or distribution of abnormal PrP deposition in the brains be-
tween the nontreated mice and the cpd-B-treated mice.

Infectivity analysis. Infectivity levels are inversely correlated
with incubation periods (24). Therefore, infectivity levels of the
brains of the mice treated with 0.2% cpd-B feed were evalu-
ated by assaying the incubation periods of animals that had
been cerebrally inoculated with the brain homogenate (Table
2). The 10*-fold-diluted brain homogenates from the cpd-B-
treated mice at day 63 postinfection exhibited incubation pe-
riods similar to those of the 10°-fold- or greater diluted brain
homogenates from the nontreated mice; the 10°-fold-diluted
brain homogenates from the cpd-B-treated mice at the termi-
nal stage of disease (day 154 postinfection) showed incubation
periods similar to those of the 10*-fold- or 10°-fold-diluted
brain homogenates from the nontreated mice. The data indi-
cate that the brains of mice treated with 0.2% cpd-B feed had
much lower infectivity levels than those of the nontreated mice
at the same time point after infection and even at the terminal
stage of disease. A 100-fold to 1,000-fold difference in infec-
tivity levels was apparent between the nontreated terminal
mice and the cpd-B-treated terminal mice, although a less-
than-100-fold difference in PrPres levels between the two
mouse groups was estimated from the immunoblot data shown
in Fig. 4B. On the other hand, no inconsistency was apparent
in the gaps in the infectivity levels and the PrPres levels be-
tween the cpd-B-treated mice at day 63 postinfection and those
at the terminal stage of disease. The gap in infectivity levels
between these two groups was around 10-fold; 10-fold dilution
of the samples from the cpd-B-treated terminal mice similarly
produced no signals on the immunoblot, as observed in the
samples from the cpd-B-treated mice at day 63 postinfection
(data not shown).
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FIG. 4. Immunoblot and immunohistochemical analyses of cpd-B-treated animal brains. (A) Immunoblot analysis of PrP in the brains of
nontreated mice (no-treat) or mice treated with 0.1% cpd-B feed or 0.2% cpd-B feed. Each lane represents an aliquot corresponding to 0.13 mg
for PrPres (PK+) or 0.83 pg for total PrP (PK—) of brain tissue from each mouse sacrificed al a designated day after cerebral inlection (dpi).
Molecular size markers on the left show 47, 32, 25, and 16 kDa. (B) Immunoblot analysis of PrPres of some of the samples in panel A, which were
diluted and reassayed to equalize signal intensities of the diglycosylated PrPres bands as much as possible for comparison of the signal intensity
and the glycoform pattern of PrPres. Molecular size markers on the left show 32, 25, and 16 kDa. (C) Immunoblot analysis of PrPres to compare
the glycoform patterns of the RML prion and the 263K prion. Analyzed samples were from an RML prion-infected mouse brain and a 263K
prion-infected hamster brain. Molecular size markers on the left are the same as those in panel B. (D) Immunohistochemical analysis of abnormal
PrP deposition (PrP) and neurodegenerative changes by means of astrocytic glial reaction (glial fibrillary acidic protein {GFAP]) in the brains of
noninfected mice, infected but nontreated mice, and infected mice treated with 0.2% cpd-B fecd. Data from cach representative mouse sacrificed
at a designated day after cerebral infection (dpi) are shown; every picture was taken from an almost identical area of the thalamus. The samples
of 0.2% cpd-B at 63 dpi and 0.2% cpd-B at 154 dpi are from the same individual mouse as the samples in the right lane of 0.2% cpd-B 63 dpi and
the rightmost lane of 0.2% cpd-B 154 dpi in panel A, respectively. Bar, 50 pm.

DISCUSSION ential in the outcome of the treatment with antiprion com-
pounds. Treatment with cpd-B was effective against all tested
prion strains, but both its antiprion effectiveness in vitro and its
therapeutic efficacy in vivo were consistently dependent on the
prion strain. In fact, cpd-B was most effective against RML
prion but less effective against 22L prion and Fukuoka-1 prion
either in vitro or in vivo. In addition, its lowest effectiveness in
therapeutic efficacy was demonstrated identically in either the
263K prion-infected Tg7 mouse model or the 263K prion-
infected hamster model, although its effectiveness against
263K prion could not be evaluated on the same host back-
ground as that used for the other prion strains. It is unlikely
that differences in the hosts used in this study are influential in
the therapeutic efficacy of cpd-B treatment, because the brain
chemical levels in all types of mice fed with 0.2% cpd-B for 1
week were not significantly different.

Amyloidophilic chemicals are not the only class of antiprion
compound that cxhibits the therapcutic cfficacy in a prion

In this study, the newly synthesized chemical cpd-B was discov-
ered as an orally available antiprion compound that is effective for
prolonging the incubation periods of animals cerebrally infected
with prion diseases. This compound has no similarity in chemical
structure to previously reported antiprion compounds, although
the compound shares the following properties with antiprion
amyloidophilic chemicals we previously reported, such as (trans,
trans)-1-bromo-2,5-bis-(3-hydroxycarbonyl-4-hydroxy)styryl-
benzene and styrylbenzoazole chemicals: binding to PrP amyloid
plaques in the brain tissue, inhibiting abnormal PrP formation in
prion-infected cells without any effect on either normal PrP ex-
pression level or protease sensitivity of abnormal PrPres, prefer-
ential antiprion effects in RML prion-infected cells rather than
221 prion-infected or Fukuoka-1 prion-infected cells, and pro-
longing the incubation period in the RML prion-infected Tga20
mouse model but never or only marginally in the 263K prion-
infected Tg7 mouse model. The discovery of orally available

cpd-B effectiveness reinforces the idea that amyloidophilic chem-
icals can serve as one class of antiprion drug candidates.
This study has shown that prion strains are definitely influ-

strain-dependent manner. The polyene antibiotic amphoteri-
cin B is another example, but it is opposite 10 amyloidophilic
chemicals and is specitically cffective against 263K prion (1).
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TABLE 2. Infectivity assays of the brains of nontreated mice or cpd-B-treated mice
Nontreated mice (63 dpi“) cpd-B treated mice (63 dpi) cpd-B treated mice (154 dpi)
Dilution Mousc dNo. of Mcan incubation time Mousc NO‘ of Mcan incubation time Mouse No' of Mcan incubation time
iscascd (days) = SD o discascd {days) = SD o discascd (days) = SD
ne. mice/total ¥8) = . mice/total ¥8) = . mice/total ¥s) =
10° cnt-1 8/8 774 = 45 be-14 71 284.1 + 54.6 bl-1 77 122.0 + 14.0
bc-2¢ 8/8 136.8 = 19.2 bl-2/ m 926 + 89
bl-3 "7 89.1 4.0
10} cnt-1 8/8 84.4 + 6.9 be-1¢ 0/7 >140° bl-1 5/9 >140°
cnt-2 6/6 753 £ 24 bc-2¢ 1/8 >140° bl-2f 777 97.4 £ 9.6
cnt-3 717 75774 : bl-3 9/9 1016 * 74
10* cnt-1 7/7 884 =173 be-14 1/8 >140° bl-1 1/9 >140"
be-2¢ 1/9 >140¢ bl-2 377 >140°
bl-3 3 >140"
10° cnt-1 6/6 155.7+ 55.3
cnt-2 M 105.4 + 16.5
cnt-3 M 95.9 + 7.1
10° cnt-1 /7 >420"
107 cnt-1 3/7 >420"
108 cnt-1 1/7 >420"
10° cnt-1 2/7 >420"

“ Days after cerebral inoculation.

P Obhserved up to 420 days postinoculation.

“ Obscrved up to 140 days postinoculation.

¢ Mousc for the samplc in the lcft lanc of 0.2% cpd-B at 63 dpi in Fig. 4A.
“ Mouse for the sample in the right lane of 0.2% cpd-B at 63 dpi in Fig. 4A.

! Mouse for the sample of the rightmost lane of 0.2% cpd-B at 154 dpi in Fig. 4A.

Either variation in strain-specific PrP conformational struc-
tures or variation in microenvironments facilitating PrP con-
formational changes might be involved in the mechanism of
prion strain-dependent efficacy. The results of this study
showed that prions producing predominantly diglycosylated
PrPres molecules were least sensitive or resistant to cpd-B
treatment, which suggests that either the conformational struc-
ture responsible for PrPres or the diglycosylation moieties
might affect the interaction of the compound with abnormal
PrP molecules, although this inference must be examined fur-
ther. The findings indicate that each class of antiprion com-
pounds must be examined using various prion strains to learn
more about prion strain dependency.

Even in the terminal stage of disease, both abnormal PrP
deposition levels in the brain and infectivity levels in the brain
were reduced in the mice treated with cpd-B compared to the
nontreated control mice. It remains unclear why this gap oc-
curs. One possibility is that the treated mice prematurely fel}
into the terminal stage because of accumulated cpd-B toxicity.
This inference, however, does not seem to be correct, because
the noninfected mice treated with 0.2% cpd-B feed for more
than 1 year showed no clinical signs and appeared healthy.
Another possibility is that neuronal cells in the brain might be
more vulnerable to lower levels of abnormal PrP in the pres-
ence of cpd-B or that abnormal PrP bound with cpd-B might
be more toxic to the neuronal cells in the brain. However, these
inferences also seem to be unlikely, because the toxicity of
PrP106-126 peptide amyloid, which is reminiscent of abnormal

PrP, in primary neuronal cell cultures is attenuated by the
presence of cpd-B (unpublished data). Another possibility is
that prion strains modificd or sclected from the original by the
compound might multiply in the animals and cause the discase;
this inference is supported by data showing that PrPres mole-
cules with different glycoform patterns were detected in the
treated mice. Further study, however, must provide evidence
to support this inference. The findings indicate that life-threat-
ening levels of either infectivity or abnormal PrP in the brain
are not necessarily the same between treated animals and
nontreated animals.

A large quantity of cpd-B was needed for efficacy in vivo;
disease progression was not halted even though the treatment
commenced immediately after the infection and continued to
the terminal stage of disease. This limited effectiveness of
cpd-B might be partly attributable to the pharmacological
properties of its rapid washout from either the brain or the
blood, because it is assumed that the compounds with better
brain permeativity and longer retention in the brain might
produce more beneficial results in prion-infected animals. In
addition, some metabolic instability of the compound might be
responsible for its limited effectiveness, especially the loss of
efficacy during long-term administration. In fact, cpd-B is easily
metabolized in the presence of mouse liver microsome extracts
(unpublished data). Therefore, the pharmacokinetic parame-
ters of this compound must be improved for better efficacy.

The effectiveness of cpd-B is dependent upon the timing and
duration of administration; an earlier start of administration is
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necessary to maximize beneficial results. Therefore, diagnostic
measures in much earlier disease stages, especially presymp-
lomatic stages, are vital Lo produce more benelicial outcomes.
In addition, multidrug combination chemotherapy using sev-
eral antiprion compounds with different actions might produce
more beneficial results. This study suggests that cpd-B inhibits
new formation of abnormal PrP but does not facilitate the
degradation of already formed abnormal PrP, because a mix-
ture of cpd-B with abnormal PrP did not modify the protease-
resistant property of abnormal PrP. In addition, cpd-B itself
has no activity to protect neuronal cells from neurotoxic insults
aside from PrP amyloid (unpublished data), suggesting that
cpd-B does not protect neuronal cells from neurodegenerative
insults that are induced secondarily by abnormal PrP. Combi-
nations of cpd-B with other compounds such as doxycycline,
flupirtine, and simvastatin might be examples, but their efficacy
must be evaluated. Doxycycline is a tetracycline antibiotic
known to destabilize abnormal PrP (12). Flupirtine is a cen-
trally acting nonopioid analgesic and protects neuronal cells
from apoptotic cell death induced by toxic PrP106-126 peptide
amyloid (29). It was used in clinical trials, where beneficial
effects on cognitive functions in patients with CJD were proved
(21). Simvastatin is a cholesterol-lowering drug known to prevent
abnormal PrP formation in prion-infected cells, presumably by
redistribution of normal PrP away from cholesterol-rich lipid
rafts (13, 31). It prolongs survival times in prion-infected ani-
mals (16, 17).

Recently, long-term cerebroventricular administration of
pentosan polysulfate (PPS), a clinical approach based on our
preclinical study in rodent models of prion diseases (9), has
been carried out in 26 patients with various types of diseases
(27). Although its therapeutic efficacy remains to be confirmed.
preliminary clinical experience indicates prolonged survival in
some patients receiving long-term PPS (22, 27). Further pro-
spective investigation of PPS administration is necessary to
obtain high-quality evidence for its clinical benefits. However,
this treatment has some weaknesses. One is the requirement
for surgical implantation of a continuous infusion pump and an
intraventricular catheter, which could become an obstacle to
extension of clinical trials because of the potential risks of
prion contamination in operating rooms and of operation in-
struments, although most developed countries now possess
clearly defined and well established guidelines for safe surgical
and anesthetic management of patients with prion diseases.
Compared to such treatments, the treatments using orally
available antiprion compounds are absolutely preferable and
practical.

The compounds tested in the study were originally designed
as therapeutic lead chemicals for the treatment of Alzheimer’s
disease. In fact, cpd-B and related chemicals are very effective
in vitro in either inhibiting beta-amyloid formation or protect-
ing neuronal cells from beta-amyloid toxicity; in addition,
¢pd-B has therapeutic efficacy in an Alzheimer's discase mouse
model (unpublished data). Therefore, cpd-B is a therapeutic
candidate not only for prion diseases but also for Alzheimer’s
disease. The search for and development of drugs for prion
diseases reportedly do not interest pharmaceutical companies
because of the limited number of patients, but the possible use
of amyloidophilic chemicals as drug candidates for both prion
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diseases and Alzheimer’s disease might attract and accelerate
the development of therapeutic drugs for prion diseases.

In conclusion, our findings related to the newly synthesized
amyloidophilic chemical cpd-B are encouraging, but further
improvement of its safety profiles and pharmacokinetic prop-
erties is necessary before clinical application can be consid-
ered. Moreover, additional problems exist with its prion strain-
dependent effectiveness and with its reduced effectiveness if
administered at later disease stages. '
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ABSTRACT. The tonsils of cattle, including palatine tonsils, pharyngeal tonsils, tubal tonsils and lingual tonsils, are designated as specified
risk materials (SRM). However, the detailed distribution of lingual tonsils in cattle is unknown. We therefore histologically examined
their distribution in 198 tongue specimens from cattle. The examinations confirmed that the presence of lingual tonsils was limited to
the tissue of the lamina propria on the dorsal and lateral aspects of the tongue, not reaching the muscular layer below. More than 90%
of the lingual tonsils were located between the distribution center of the vallate papillae and the radix linguae (root of the tongue). How-
ever, they were also found in the area extending from the lingual torus to the rostral-most vallate papilla in an individual, suggesting
that the complete removal of the lingual tonsils requires elimination of the lamina propria extending from the lingual torus to the radix

linguae.

KEy worps: BSE, cattle, lingual tonsils, specified risk materials (SRM), tongue.

Bovine spongiform encephalopathy (BSE), a type of
transmissible spongiform encephalopathy (TSE), was
reported first in the U.K. in 1987 [10]. By the end of 2006,
more than 180,000 cases had been reported in United King-
dom. Then, the first case of a variant Creutzfeldt-Jakob
diease (vCJD) caused by BSE was reported in 1996 [1, 12].
In response to the identification in 2001 of BSE in native-
born cattle, active surveillance on all slaughtered cattle
started in October of that year in Japan. Up to June 30,
2007, 33 BSE-confirmed cases including the first BSE case
were found in Japan.

Eliminating SRM from cattle carcasses is an important
measure for protecting human and livestock health from the
risk of BSE. In the European Union, the tonsils have been
designated as SRM and removed from beef carcasses since
2000 [2]. Also in Japan, the head region with the tonsils
have been eliminated in accordance with the Law on Special
Measures Against BSE since 2002 [6].

In 2002, the British Food Standards Agency (FSA), using
an assay several hundred times more sensitive than the stan-
dard assay, found a low level of BSE infectivity in cattle
tonsils [7]. As a result, in November of that year, the Min-
istry of Health, Labour and Welfare of Japan issued a warn-
ing not to touch the tonsils while removing the tongue from
the head region. Although additional notice to eliminate the
lingual tonsils adequately was issued in 2005, this did not
involve the descriptions of the concrete existence position in
the lingual tonsils.

There are four types of tonsils—palatine tonsils, pharyn-
geal tonsils, lingual tonsils and tubal tonsils [4]. The
palatine and pharyngeal tonsils are visible to the unaided

* CORRESPONDENCE  TO: SawaDaA, Y., Shibaura Meat Sanitary
Inspection Station, Bureau of Social Welfare and Public Health,
Tokyo Metropolitan Government, 2 7 19, Kounan, Minato-ku,
Tokyo 108 0075, Japan.
e-mail: Yasushi_Sawada@member.metro.tokyo.jp

J. Vet. Med. Sci. 70(3): 251 254, 2008

eye. The pharyngea!l and tubal tonsils are distributed in the
tissue of the rhinopharynx and are therefore removed as a
part of the head region. However, the lingual tonsils, which
exist in the tongue as histologically independent lymph nod-
ules, cannot be identified macroscopically [8]. Slaughter
practices in the U.S. follow the guideline that there are no
lingual tonsils rostral to the vallate papilla closest to the
radix linguae. Accordingly, during slaughter the tongue is
severed at the most caudal vallate papilla and the rostral part
is deemed safe for consumption [9]. However, it has been
reported that lingual tonsilar material has been found rostral
to the most caudal vallate papilla [5]. So far, a detailed
description of lingual tonsillar distribution has only been
given by Wells et al.

Here, we report on our histological examination of the
distribution of lingual tonsils in cattle and discuss their
removal methods.

MATERIALS AND METHODS

The specimens examined were tongues from 198 cattle
removed after slaughter inspection that included a BSE test.
The breakdown of samples by age, breed and sex is shown
in Table 1. The specimens were divided by age into the fol-
lowing four categories: (1) x < 12 months old, (2) 12 months
< x <20 months, (3) 20 months < x < 30 months and (4) 30
months < x. In addition, 15 tongues that had already had the
surface mucosa removed for marketing (so-called “peeled
tongues™) were checked for the persistence of lingual ton-
sils.

Tongues were refrigerated for 18 hr after slaughter. The
tissue examined consisted of the area extending from the tip
of the lingual torus to the radix linguae on the left or right
lateral aspect, as divided by the dorsal midline. Tongues
were cut into 5-mm-wide strips from the center of the most
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Table 1.  Breakdown of specimens examined
Age in Japanese beef cattle Crossbred cattle Dairy cattle
months Bull Steer Cow Bull Steer Cow Bull  Steer Cow Total
<12 1 1 1 6 17 26
<20 28 29
<30 9 13 12 34 3 82
230 11 15 1 34 61
Japanese .Crossbred Dairy
Breed Total  beefcattle 50 cattle 25 cattle 123 198
Sex Total Bull 6 Steer 113 Cow 79
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Fig. 1. Areas examined for the distribution of lingual tonsils.

caudal vallate papilla toward the apex linguae (rostrally) or
toward the radix linguae (caudally), fotlowed by fixation in
20% formalin. Then, paraffin sections prepared according
to a standard method were stained with hematoxylin-eosin
(HE) before microscopic observation of the lamina propria
and the muscular layer. To account for individual differ-
ences in the specimens, the examination area was divided
into three parts: area A (closest to the apex linguae) was
defined as the area from the tip of the lingual torus to the
most rostral vallate papilla (20 specimens), area B was
defined as the area from the most rostral vallate papilla to
the most caudal vallate papilla (135 specimens), and area C
was defined as the area from the most caudal vallate papilla
to the radix linguae (63 specimens) (Fig. 1). The body of the
tongue was divided into dorsal and lateral aspects.

The presence of lingual tonsils was recognized according
to histological criteria, specifically, by finding tissues con-
taining crypts and secondary follicles compartmentalized
from their surroundings (Fig. 2), and tissues without crypts
but with secondary follicles compartmentalized from the
surroundings (Fig. 3) [8].

RESULTS

Detection of lingual tonsils in each area is summarized in
Table 2. In all specimens, the distribution of lingual tonsils
was limited to the lamina propria and did not extend into the
muscular layer. Specimens that had the muscular layer
exposed afier the removal of the surface mucosa for market-
ing showed no evidence of lingual tonsillar tissue.
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Fig. 2.
cles.

Lingual tonsils with crypts and secondary folli-

Fig. 3.
ary follicles.

Lingual tonsils without crypts but with second-

The 20 specimens from area A showed no lingual tonsils
on the dorsal aspect, but one specimen (5.0%) contained lin-
gual tonsillar tissue on the lateral aspect. The lingual tonsil-
lar tissue was located midway between the tip of the lingual
torus and the most rostral vallate papilla.

In area B, more than 90% of the lingual tonsils were

located between the radix linguae and the distribution center
of the vallate papillac. However, one specimen contained
lingual tonsils at the level of the most rostral vallate papilla.
In addition, the presence of lingual tonsils was inversely
related to the age of specimen. Of the 135 specimens from
area B, 39 (28.9%) contained lingual tonsils on the dorsal
aspect and 78 (57.8%) contained them on the lateral aspect.

In area C, most of the lingual tonsils were distributed
between the most caudal vallate papilla and the radix lin-
guae; specimens from individuals aged less than 30 months
always contained tonsils on either the dorsal or lateral
aspect, as well as inconsistently in other locations. Of the 63
specimens from area C, 48 (76.2%) contained lingual tonsils
on the dorsal aspect and 60 (95.2%) contained them on the
lateral aspect.

DISCUSSION

There are no published reports on the accumulation of
prion proteins (PrP) in the lingual tonsils of BSE-infected
cattle. However, the tonsils of sheep have shown infectivity
or prion accumulation in the case of natural scrapie [3]. For
this reason, EC Regulation 999/2001 specifies that the
tongue be cut at the lingual torus of the basihyoid bone to
avoid food contamination by lingual tonsils. Wells et al.
[11] reported that intracerebral inoculation of palatine ton-
sils of cattle experimentally infected orally with BSE ten
months earlier caused BSE infection in other cattle. They
also pointed out the possibility that tonsils in general are
infective. Furthermore, they examined the distribution of
lingual tonsils in 100 British cattle tongues marketed for
consumption and reported that lingual tonsils were still his-
tologically observed in the tongues after removal of the
radix linguae. Similarly, Kiihne et al. [5] histologically
examined the tongues of two cattle aged more than 18
months and reported that lingual tonsils were observed in
areas distant from the most caudal vallate papilla.

Our study found that 93.5% of the lingual tonsils were
distributed between the most caudal vallate papilla and the

Table2. Detection of lingual tonsils in each area
Age in months

Area <12 <20 <30 >30 Total
n 5 5 5 5 20

A®  Dorsal aspect 0 0 0 0 0
Lateral aspect 0 0 1 (20.0) 0 I (50)
n 26 25 52 32 135

BY Dorsal aspect 7 (26.9) 5 (20.0) 23 (442) 4 (12.5) 39 (28.9)
Lateral aspect 23 (88.5) 18 (72.0) 28 (53.8) 9 (28.1) 78 (57.8)
n 0 4 30 29 63

(o Dorsal aspect _ - 2 (50.0) 25 (83.3) 21 (724) 48 (76.2)
Lateral aspect - 4 (100.0) 29 (96.7) 27 (93.1) 60 (95.2)

a) from the tip of the lingual torus to the most rostral vallate papilla.
b) from the most rostral vallate papilla to the most caudal vallate papiila.

¢) from the most caudal vallate papilla to the radix linguae.
The numbers in parentheses indicate detection percentages.
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intermediate position between this vallate papilla and the
most rostral vallate papilla. However, in rare cases, lingual
tonsils were located near the most rostral vallate papilla or
even toward the tip of the lingual torus. Thus, our results
reconfirmed past reports.

Moreover examination of lingual tonsils located on the
dorsal and lateral aspects of the tongue showed that the ton-
sils were more commonly found on the lateral aspects of the
tongue than on the dorsal aspect, but that their distribution
was limited to the lamina propria and did not extend into the
muscular layer. This finding was confirmed by the fact that
no lingual tonsils were found in the specimens with pre-
exposed muscular layers. Based on our findings that speci-
mens from individuals more than 30 months old had a low
prevalence of detection of lingual tonsils, we suggest that
lingual tonsils may regress as animals’ age.

Based on the above results, we conclude that the removal
of the lingual tonsils designated as SRM would be complete
if tongues are processed by completely removing the lamina
propria layer extending from the tip of the lingual torus to
the radix linguae on the dorsal and lateral aspects. The mus-
cular layer can be safely consumed due to its lack of lingual
tonsillar tissue.

The study was carried out with the cooperation of 18 meat
inspection centers nationwide. The representatives of the
centers are as follows: Kazunori Nakanishi (Asahikawa City
Meat Hygiene Inspection Center), Hiroya Oyamada (Tow-
ada Meat Inspection Center, Aomori Prefecture), Kesayo
Saito (Kenpoku Meat Inspection Office, Tochigi Prefec-
ture), Naomi Onuki (Kensei Meat Inspection Office, Ibaraki
Prefecture), Susumu Mabara (Kennan Meat I[nspection
Office, Ibaraki Prefecture), Masakazu Katayama/Kenji Ono

(Toso Meat Inspection Station, Chiba Prefecture), Miyuki -

Hara (Yokohama City Meat Inspection Center), Aki Shi-
mazaki (Nagoya City Meat Inspection Center), Takayoshi
Oba (Toyama Prefectural Meat Inspection Center), Yoshi-
nori Kaji (Kanazawa City Meat Inspection Center), Keiko
Fujita (Gifu Prefectural Meat Inspection Office), Shoichi
Yamanaka (Matsusaka Meat Inspection Office, Mie Prefec-
ture), Tomoyuki Nakayama (Shiga Prefectural Meat Inspec-
tion Office), Hanjiro Kitada (Osaka City Meat Inspection
Office), Kazuyuki Okahata (Nishiharima Meat Inspection
Office, Hyogo Prefecture), Daisuke Nozaki (Kobayashi
Meat Inspection Center, Miyazaki Prefecture), Koichi
Yamada/ Junko Hamada (Sueyoshi Meat Inspection Center,
Kagoshima Prefecture), and Tomoyuki Nanba (Shibaura
Meat Sanitary Inspection Station, Tokyo Metropolitan Gov-
ernment).
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