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Safety assessment of PPS. After reference to the Japanese natienal guidelines
for safety studies on medicinal products {rodent and nonrodent toxicity testing),
continuous 2-month PPS infusions ranging from 110 to 460 pp/kg/day were
performed on each of four to seven adult mongrel dogs, Wistar rats, and Tg7
mice, using an Alzet osmotic pump and a brain infusion cannula. The blood celt
count, coagulation, and serum chemistry were analyzed before PPS infusion was
initiated and then each month thereafter. An electroencephalogram and 48-h
spontancous activity were recorded for the rats every 2 weeks from the time PPS
infusion was started. Animals were sacrificed under deep anesthesiz for histo-
logical evaluation of the brain when they reached an incurable condition or after
the infusion had finished. Animal handling and sacrifice were in accordance with
the national prescribed gunidelines, and ethical approval for the studies was
granted by the Animal Experiment Committee of Kyushu University.

Statistical analysis. Statistical significance was analyzed by repeated-measure
analysis of variance followed by Scheffé’s method for multiple comparisons.

RESULTS

Vehicle contrel. Inoculation-related accidental death oc-
curred within 1 week of postintracerebral inoculation and ab-
normal PrP deposition in the brain appeared at around day 35
postinoculation in Tg7 mice intracerebrally inoculated with 1%
263K homogenate. Accordingly, intraventricular infusion of a
chemical was initiated either at an early stage (day 10) or at a
late stage (day 35) of the infection in Tg7 mice. Continuous
4-week intraventricular infusion with vehicle alone from day 10
or 35 did not alter the mean incubation time (distilled water,
51.6 * 1.8 days [z = 5] from day 10 and 51.0 = 1.8 days [n =
5] from day 35; 25% dimethyl sulfoxide, 52.3 * 2.1 days [n =
5] from day 10 and 51.2 = 1.3 days [n = 5] from day 35;
untreated, 51.8 £ 2.2 days [» = 8]).

Antimalarial drugs, cysteine protease inhibitor, and ampho-
tericin B. Quinacrine (Fig. 1A}, chloroquine (data not shown},
and the E-64d cysteine protease inhibitor (data not shown)
gave no prolongation effects. Overdose of quinacrine at more
than 5 wmolkg/day from day 10, however, caused adverse
effects and shortened the incubation period. Amphotericin B
prolonged the incubation time at a dose of 9 or 90 pg/kg/day
from day 10 and gave about 26% prolongation of the mean
incubation time (from 51 to 64 days) (Fig. 1B). With infusion
from day 35, however, no significant prolongation was ob-
served.

PPS. PPS showed the greatest beneficial effects among all of
the chemicals examined in this study (Fig. 1C). Infusion at 460
pg/kg/day from day 10 gave 141% prolongation (from 51 to 123
days), and even from the late stage (day 35), it gave 71%
prolongation (from 51 days to 87 days).

The dose response of PPS was further examined at a later
stage of the infection, day 42 (Fig. 2A). The dose response was
in a bell-shaped distribution, and the maximal effect was ob-
served at a dose of 230 ng/kg/day, when the mean incubation
time was prolonged by 29% (from 49 to 63 days).

The influence of infusion laterality on the outcome was
examined by either ipsilateral or contralateral PPS administra-
tion to the inoculation site from day 10 or 35 postinoculation,
but no significant difference according to the side of the infu-
sion was observed (data not shown}.

The relationship between the infusion initiation time and the
outcome was analyzed (Fig. 2B). The effects of PPS were
inversely correlated with time after inoculation. High-dose PPS
infusion (460 pg/kg/day) at day 7 postinoculation prolonged
the mean incubation period by 160% (from 47 to 122 days),
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FIG. 4. PrPres in the brain with or without PPS treatment, Each
lane represents an aliquot corresponding to 2.0 mg of brain tissue
homogenate from an individual mouse sacrificed at a designated time.
The brain tissue homogenate examined was prepared from the whole
hemisphere contralateral to that of the inoculation site in either non-
treated mice (control) or PPS-treated mice (infusion from day 10 or
35). In PPS-treated mice, the brain hemisphere examined was the side
implanted with the intraventricular cannula. PPS was infused at 460
wg/kg/day from day 10 or 35 postinoculation. Nonspecific signals that
were observed without the primary antibody are shown by arrows.

while that at day 21 postinoculation prolonged it by 106%
(from 47 to 97 days). Low-dose PPS infusion (110 pg/kg/day)
showed a similar pattern but was less effective.

As a supplementary experiment to compare the efficacy of
intraventricular administration with that of peripheral admin-
istration, 4-week continuous PPS infusion at 0.2, 2 or 20 mg/
kg/day into a subcutaneous area of the back was performed
with an osmotic pump from day 10 or 35 postinoculation. None
of these treatments yielded any statistically significant effec-
tiveness in prolonging the incubation time (51.0 % 1.8 days [n
=4],521 =21 days [n = 4],52.3 = 1.6 days [r = 5], and 23.8
*+ 16.5 days [# = 5] in the mice receiving 0, 0.2, 2, and 20
mg/kg/day from day 10, respectively; 51.8 & 2.0 days [n = 4],
51.0 x 1.8 days [n = 4], 50.0 * 1.3 days [n = 5], and 40.4 £ 43
days [n = 5] in the mice receiving 0, 0.2, 2, and 20 mg/kg/day
from day 35, respectively). However, treatment with the high-
est dose showed adverse effects, such as hemorrhage in the
subcutaneous area surrounding the osmotic pump in 80% of
the mice examined.

PrP deposition and pathelogy. Modification of abnormal
PrP deposition and pathology in the brains of PPS-treated
mice were analyzed (Fig. 3A and B). In the PPS-treated mice
with an incubation period of 142 days, the brain hemisphere
implanted with the PPS infusion cannula showed very faint or
mild pathological changes, whereas the contralateral brain
hemisphere was microscopically atrophied and accompanied
by prominent spongiform degeneration and neuronal cel} loss,
especially in the cerebral cortex, hippocampus, and thalamus
{Fig. 3A). Similarly, abnormal PrP deposition was prominently
reduced within the brain hemisphere implanted with the infu-
sion cannula, while abnormal PrP deposition was much en-
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TABLE 1. Infectious titer and incubation time in the
263K-Tg7 model

Mean incubation Infectious titer® Correeted titer

Nao. of diseased

Dilution time® {days 7 log LD4o/20 pl log LD of
S micon (98 Daadul (g LD

10! 438 =25 99 6.3 8.0
10° 48.4 = 3.1 10710 5.3 7.0
10% 55653 9/9 43 6.0
il 65129 8/8 3.3 50
10° 760 %53 8/8 2.3 490
10° 93.9 + 17.0 1410 13 3.0
107 158, 177, 422, 443 478 0.3 20
108 338, 555 27

10° 019

“ A 20-pd aliquot of serially diluted homogenate samples of the whole brain
from a 263K-infected, terminally diseased Tg7 mouse was inoculated intracere-
brally into Tg7 mice, and the mice were observed for up to 730 days postinocu-
lation.

b The infectious titer was calculated by the Behrens-Kirber method.

hanced within the contralateral hemisphere, compared to the
control mice with an incubation period of 52 days (Fig. 3B).
GFAP immunoreactivity, indicating glial reaction, was similar
to the PrP deposition.

In a sequential analysis of the control mice, cerebral PrP
deposition had not appeared at day 10, first appeared in the
cerebral white matter adjacent to the hippocampus at around
day 35 in a coarse granular deposition pattern, and finally
appeared in the thalamus, hypothalamus, and brain stem at
terminus day 52 in a punctate pattern (Fig. 3C). Mice treated
with PPS from day 10 did not show any PrP deposition within
the hemisphere implanted with the cannula at day 52, and only
punctate PrP deposition was observed in the brain stem at
terminus day 142. Mice treated with PPS from day 35 demon-
strated coarse granular PrP deposits in the cerebral white mat-
ter at day 52 within the cannula-implanted hemisphere, but
there was no apparent PrP deposition in the thalamus at this
stage. This PrP deposition pattern was similar to that in the
control mice at day 35. Punctate PrP deposition was finally
clearly visible in both the thalamus and the brain stem at
terminus day 100

PrPres and infectivity. PrPres was analyzed within the brain
hemisphere implanted with the infusion cannula (Fig. 4).

INTRAVENTRICULAR DRUG DELIVERY FOR TSE 5003

PrPres signals in the control mice were very faint at day 35 but
ultimately were very strong at terminus day 52. In mice treated
with PPS from day 10, PrPres signals were not detected in the
brain at day 35 or 52 but were detected at terminus day 142.
However, the PrPres signals at day 142 did not reach the high
level seen in the control mice at day 52. Similarly, in mice
treated with PPS from day 35, the PrPres signals were very
weak at day 52 and then increased at terminus day 100, but
they still remained at a lower level than in the control mice.

Modification of the infectivity within the brain hemisphere
implanted with the infusion cannula was clearly correlated with
the level of PrPres (Tables 1 and 2). The infectious titer (log
50% lethal dose [LDgg]/g of tissue) within the cannula-im-
planted brain hemisphere from terminally diseased mice was
significantly decreased in the PPS-treated mice.

PPS effects in other strains. To investigate the effectiveness
of PPS on pathogen strains other than 263K scrapie agent,
Tga20 mice intracerebrally infected with 1% homogenates of
RML scrapie agent or Fukuoka-1 Gerstmann-Striussler-
Scheinker disease agent were treated with a dose of 230 pg/
kg/day for 4 weeks (Fig. 5). RML-infected mice treated with
vehicle alone had a mean incubation period of 65 days, while
those treated with PPS from day 14 or 49 postinoculation had
a mean incubation period of 141 days (117% prolongation) or
05 days (46%), respectively. Similarly, Fukuoka-1-infected
mice had a mean incubation period of 106 days, while those
treated with PPS from day 14 or 49 postinoculation had a mean
incubation period of 153 days (44% prolongation) or 133 days
(25%), respectively. These data imply that intraventricular PPS
infusion can be effective irrespective of the pathogen strain.

Safety assessment of intraventricular PPS. Thrombocytope-
nia and coagulation abnormality are known to occur occasion-
ally with PPS, and PPS has been utilized in humans enterally,
percutaneously, or intravenously but never intraventricularly,
Thus, the safety of continuous intraventricular infusion should
be evaluated before the possibility of application of this spe-
cific treatment to human patients is discussed. Continuous
intraventricular infusion at doses ranging from 110 to 460
pg'kg/day was examined for 2 months in rodents (mice and
rats) and nonrodents (dogs). Intraventricular infusion of up to

TABLE 2. Infectious titer in the brain with PPS treatment

Infectious
Jume M Mean incubation titer® (log Mean infectious titer
Inoculum ouse no. time? (days) = SD LD,/g of + §p¢
tissue)
Control 1 564 £0.5 3.9 8.87 = 0.06*
2 564 * 1.6 39
3 57219 3.8
PPS from:
Day 35 postinoculation 1 624 1.2 83 8.20 = 0.10*
2 63.4x0.8 32
3 64.2 £ 5.6 81
Day 10 postinoculation 1 698 = 1.6 7.6 7.50 £ 0.14*
2 M4 x15 74

“ A 20-k] aliquot of a 0.1% homogenate from the infusion cannula-implanted brain hemisphere of each terminally diseased mouse was used for intracerebral

inoculation into Tg7 mice.
& The data were collected from five inoculated mice in each group.

¢ The infectious titer was calculated from the incubation period based on the curve obtained from the data in Table 1 and corrected for the dilution power.

@* P < 0,01 versus the other groups.
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FIG. 5. Efficacy of PPS in mice infected with RML agent (A) or Fukuoka-1 agent (B). PPS at a dose of 230 pg/kg/day was intraventricularly
infused into intracerebrally infected Tga20 mice from day 14 or 49 postinoculation for 4 weeks. *1, P < (.01 versus the other groups; *2, P < 0.05

versus the control; *3, £ < (.01 versus the control.

230 pg/ke/day did not influence the data for the blood cell
count, coagulation (Fig. 6), or serum chemistry, nor did it
influence the electroencephalogram records, spontaneous ac-
tivity pattern, behavior, or histologica! findings for the brain,
However, higher doses showed adverse effects, but only in
dogs. Three of the six dogs receiving 345 pg/kg/day and all four
dogs receiving 460 pg/kg/day suffered partial or generalized
seizures, which began within 24 h after PPS infusion was ini-
tiated. After treatment with anticonvulsants, the seizures of
one dog from each group disappeared. The remaining five dogs
did not recover from the seizures. Histologically, three of the
five dogs had a large hematoma in the cerebral white matter
where the cannula had been placed. None of the other dogs
showed any notable pathological findings except for localized
tissue damage and gliosis around the cannula route (data not
shown).

DISCUSSION

Here, we report on the effectiveness of clinically applicable
chemicals by using a new drug evaluation system composcd of
gene-manipulated mice with substantially shorter disease incu-
bation times and a continuous intraventricular infusion device.
This system enabled us to evalvate the absolute therapeutic
potency of chemicals in vivo within relatively short periods,
regardless of their accessibility to the brain. Our obscrvations
indicate that two of the chemicals examined were effective in
prolonging the incubation periods for mtracerebrally infected
animals, This suggests that intraventricular drug infusion could
improve the prognosis of infected humans.

Among the chemicals examined here, PPS showed the most
beneficial effects, and despite a limited infusion period, mice
treated with PPS survived long after the infusion ended. Ef-
fectiveness was clearly observed even for the infusion at a late
stage of infection, when abnormal PrP deposition was already
visible in the affected brain, PPS is known to be effective in

inhibiting abnormal PrP formation in vitro (5) and/or in pro-
longing the disease incubation time in vive (9, 12, 13, 16).
However, its effectiveness in vivo has been restricted to admin-
istration either before or soon after peripheral infection. Thus,
treatment with PPS has been thought of as being preventive
only for those individuals with accidental inoculation in the
periphery (7). Our observations, however, indicate that intra-
ventricular PPS is in fact quite effective in prolonging the life
spans of infected animals, even after abnormal PrP has already
accumulated in the brain. The difference between previous
observations and ours can be explained by poor or even no
accessibility of peripherally administered PPS to the brain, and
this is supported by our observation of the ineffectiveness of
continuous subcutaneous PPS administration in intracerebrally
infected mice.

The present studies revealed that PPS prevented not only
new deposition of abnormal PrP but also the accumulation of
neurodegeneration and infectivity. These findings suggest that
prolongation of the life spans of infected animals by PPS could
be due to its direct action on abnormal PrP generation. PPS
interferes with the conversion of normal PrP molecules to
abnormal ones by competitively binding to the PrP molecules
(4, 5) and/or by altering the cellular localization of normal PrP
molecules (20). PPS is also known to play a stimulatory role in
the conversion of PrP molecules into protease-resistant oncs in
vitro (22). However, neither stimulatory effects on abnormal
PrP accumulation nor acceleration of the disease course was
observed in the present in vivo study.

From the histopathological studies, the effectiveness of PPS
was clearly observed within the brain hemisphere where the
intraventricular cannula was fitted, but not within the other
hemisphere, in treated mice that survived long after the infu-
sion had ended. This suggests that the infused PPS persisted
around the infusion site and did not diffuse throughout the
ventricular system, especially into the contralateral side of the
brain. To obtain a much better outcome following PPS admin-
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FIG. 6. Representative data from PPS safety assessment. Platelet counts in dogs and rats (A and D, respectively) and coagulation data for dogs
(B and C) are shown. Each circle, triangle, square, inverted triangle, or diamond represents an individual animal. The data for two of the six dogs
receiving 345 pg/kg/day and for three of the four dogs receiving 460 pg/kg/day werc not obtained because they suffered seizures shortly after PPS
infusion had been started and were sacrificed or died. However, the data for two dogs, one receiving 345 nglkg/day and the other receiving 460

ng/kg/day, both of which suffered seizures but recovered, are included.

istration, it may be important to facilitate the diffuse distribu-
tion of PPS into every vulnerable area of the brain.

These studies also demonstrated that both the cerebral cor-
tex and the hippocampus were apparently involved in the
pathological conditions at the latest stage of the disease in the
Tg7-263K model. Coarse granular PrP deposits in the cercbral
white matter were the earliest abnormal finding in the affected
brain, and these were followed by punctate PrP depaosits in the
brain stem, hypothalamus, and thalamus, but not in the cere-
bral cortex and hippocampus, in the nontreated mice. How-
ever, mice surviving long after intraventricular PPS infusion
had devastating pathological changes in the cerebral cortex
and hippocampus of the hemisphere opposite to that of the
PPS infusion.

The PPS effects were quite dependent upon the timing of the
infusion, and at a later disease stage or a terminal disease stage

the effects on prolongation of the life span were substantially
limited. We have no precise knowledge as to when the mice
used began to exhibit the very initial signs or symptoms of the
diseasc, although we do know that abnormal PrP deposition in
the brain began to be visible at around 5 weeks postinoculation
and that the mice started to show definite signs about 2 days
before death. Thus, our data do not guarantee similar effec-
tiveness in human patierts who already have signs and symp-
toms of the disease. On the other hand, the effectiveness of
intraventricular PPS infusion was demonstrated not only for
infection with the 263K strain but also for infection with two
other distinct strains, These findings suggest that this treatment
may have universal validity for TSE diseases.

PPS is utilized as a clinical medicine for interstitial cystitis,
thrombophlebitis, and thrombosis, and its safety by enteral,
percutaneous or intravenous administration has been clearly
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cstablished. Here, the safety of intraventricular PPS infusion at
up to a dose yiclding the maximal effectiveness in mice was
demonstrated in experimental animals. However, at higher
doses than this, there was a gap between small rodents and
dogs, with the dogs showing adverse effects, such as scizures
that were mostly caused by hematoma formation around the
intraventricular cannula, although such adverse effects ap-
peared only very early in the treatment. It is well known that
smaller animals metabolize drugs much more quickly, and
therefore intraventricular PPS at the same dosage was not
toxic in mice and rats but was toxic in dogs. For application of
this treatment to humans, it will be important to take account
of the drug metabolism differences between mice and humans.

Amphotericin B and one of its derivatives are known to
prolong the life spans of infected animals even with adminis-
tration late in the disease course (8). In our experiments,
however, amphotericin B did not cause any significant prolon-
gation at a late-stage administration. Differences in the admin-
istration route, dose, and duration, as well as the experimental
models, might account for this difference, but it remains to be
elucidated.

Antimalarial chemicals, including quinacrine, had no effects
in the present studies. These chemicals were previously found
to be effective in inhibiting abnormal PrP formation in a
scrapie-infected cell line (10, 15), and quinacrine has been
used in clinical trials for TSE patients. However, together with
the recent findings of two other research groups (1, 6), our data
suggest that quinacrine may not improve the prognosis of the
patients.

Finally, the placement of an intraventricular cannula in TSE
patients may create public health issues due to fears of con-
tamination of the operating room or safety issues with respect
to the personnel involved with this procedure. For these rea-
sons, other drug delivery systems which do not need a surgical
procedure should be developed, and PPS derivatives that can
be delivered into the brain after peripheral administration also
need to be developed. As an immediately applicable remedy,
however, continuous intraventricular PPS administration with
an infusion device may be a candidate for a clinicat trial, with
a view to preventing the disease in those people categorized as
being at extremely high risk or to improving the prognosis of
diseased people with TSEs.
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Diagnostic imaging probes have been developed to monitor cersbral amyloid lesions in patients
with neurodegenerative disorders. A thioflavin derivative, 2-{4’-(methylamino}phenyl] benzothiazole
{BTA-1) and a Congo red derivative, (trans, trans),-1 -bromo-2,5-bis-(3-hydroxycarbonyi-4-
hydroxy)styrylbenzene (BSB) are representative chemicals of these probes. In this report, the two
chemicals were studied in transmissible spongiform encephalopathies (TSE). Both BTA-1 and
BSB selectively bound to compact plaques of prion protein (PrP}, not only in the brain specimens of
certain types of human TSE, but also in the brains of TSE-infected mice when the probes were
injected intravenously. The chemicals bound to plaques in the brains wete stable and could be
detecied for more than 42 h post-injection. In addition, the chemicals inhibited abnormal PrP
formation in a cellular model of TSE with ICgq values of 4 nM for BTA-1 and 14 uM for BSB. Inan
experimental mouse model, the intravenous injection of 1 mg BSB prolonged the incubation
period by 14 %, This efficacy was only observed against the RML strain and not the other strams
examined. These observations suggest that these chemicals bind directly to PrP aggregates
and inhibit new formation of abnormal PrP in a strain-dependent manner. Both BTA-1 and BSB can
be expected to be lead chemicals not only for imaging probes but also for therapeutic drugs for
TSEs caused by certain strains.

~Accepted 2 March 2004

INTRODUCTION

The transmissible spongiform encephalopathies (TSEs or
prion diseases) form a group of fatal neurodegenerative
diseases including bovine spongiform encephalopathy,
Creutzfeldt-Jakob disease (CJD} and Gerstmann—Striussler—
Scheinker syndrome {GSS}. These diseases are characterized
by the accumulation in the brain of abnormal protease-
resistant isoforms of prion protein (PrP), termed PrP*
{Prusiner, 1991). The diseases are rare, but outbreaks of
acquired forms of CJD, such as variant CJD (Will et al,
1996) and iatrogenic CJD with cadaveric growth hormone
or dura grafts (Hamad er al, 2001), have prompted the
development of therapeutic interventions and new diag-
nostic methods.

There are several drug candidates currently under clinical
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trial for TSE patients, but unfortunately their potential
usefulness remains limited. The problem is that these agents
can only be given after the onset of the disease, often in the
advanced stage, because there is no reliable means of
detecting presymptomatic infection by either neuroimaging
or laboratory examination. Some studies have reported that
imaging assessments such as positron emission tomography
(PET) with ['*FJFDG and diffusion-weighted magnetic
resonance imaging are useful for some types of human TSE
(Demaerel et al, 1997; Murata et al, 2002), but are not
always conclusive. At present, TSEs can be diagnosed with
certainty only through pathological examination or immuno-
blotting of the diseased brain. Recently, PET and single
photon emission CT (SPECT) using radiolabelled imaging
probes, which provide information on neuropathological
changes as well as brain metabolism, have been reported to
be helpful for the early diagnosis of neurodegenerative dis-
orders. A variety of chemicals have been evaluated for
imaging f-amyloid (Af) aggregation, which is the major
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hallmark of Alzheimer’s disease, Candidate probes have
primarily been derived from amyloid dyes such as thioflavin
and Congo red (Bacskai et al, 2002).

Here, we focused on two candidate probes: a thioflavin
derivative, 2-[4'-(methylamino)phenyl] benzothiazole
(BTA-1} and a Congo red derivative, (trans, trans),-1-bromo-
2,5-bis-(3-hydroxycarbonyl-4-hydroxy)styrylbenzene (BSB)
(Fig. 1). Both chemicals have been reported to detect
amyloid or amyloid-like plaques in either post-mortem
human brains or living mouse brains (Mathis et al, 2002;
Skovronsky et al, 2000), Since PrP% tends to exist as
amyloid-like fibrils, we used either BTA-1 or BSB to label
PrP deposition in TSE brains. We also examined these
chemicals for their application as therapeutics for TSE, since
some amyloid-binding chemicals have the potential to
inhibit PrP* propagation in in vitroand/or in vivo models of
TSE (Supattapone et al., 2002).

METHODS

Chemicals and expefimental models. BTA-1 was synthesized
at Tanabe R & D (Saitama, Japan}, and BSB was kindly provided
by Dojindo Laboratories (Kumamote, Japan). The chemicals were
dissolved in 100% dimethylsulfoxide (DMSQO) and stored at 4°C
unti! use,

Three kinds of TSE-infected mouse neuroblastoma (N2a} cell lines
were used in this study: N2a cells infected with the RML strain (ScN2a,
Race et al,, 1988), N2a#58 cells infected with the 22L strain (L-1,
Nishida et al, 2000} and N2a#58 cells infected with the Fukuoka-1
strain (F-3), N2a#58 cells are known to express five times more normal
PP than N2a cells. All cell lines were individually cultured in Opti-
MEM (Invitrogen; supplemented with 10 % fetal calf serum).

Por in vivo studies, transgenic mice models Tg7, over-expressing
hamster PrP (Race et al, 1995; Priola et al, 2000), and Tga20,
expressing five- to eightfold higher levels of murine PrP (Fischer et al.,
1996}, were used. These models showed substantially shorter incuba-
tion periods following intracranial infection with 20 ul of 1% (w/v)
263K scrapie strain homogenate and RML strain, respectively. By
& weeks post-inoculation, the Tg7 mouse model consistently showed
plaque-type PrP deposition in the cerebral white matter between the
cortex and hippocampus, and at the disease terminal stage showed
synaptic-type deposition in the thalamus, hypothalamus and pons.
Similarly, the Tga20 mouse model showed plaque-type deposition in
the same brain areas, but not as consistently. Permission for the animal
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Fig. 1. Structures of the chemicals used in this study.

study was obtained from the Animal Experiment Committee of
Kyushu University. Each mouse weighed approximately 30 g, and
was maintained under deep ether anaesthesia during all surgical
procedures.

PiP Imaging in pathological sections, Brain samples of autopsy-
diagnosed sporadic CJD cases (n=3), GSS cases (n=2) and non-TSE
control cases with amyloid lesions (Alzheimer’s disease, n=2) or
without thern (cerebral infarction, n=1; pancreatic cancer, n=1)
were obtained from the Department of Neuropathology, Kyushu
University. Tissue samples of TSE material were immersed in 98 %
formic acid for 1h to reduce infectivity. Each tissue sample was
embedded in paraffin, and then cut into 7 um thick sections, Sections
of variant CJD brain were kindly provided by James W. Ironside of
the CJD Surveillance Unit, Edinburgh, UK. For neuropathological
staining, sections were deparaffinized in xylene and hydrated in
ethanol. They wete then incubated for 30 min in a solution of 1 pM
BTA-1 in 50% ethanol, rinsed and examined under a fluorescent
microscope (DMRXA, Leica Instruments) with a UV filter set. The
sections were washed overnight in 50 % cthanol. After verifying clear-
ance of the BTA-1 signal, they were incubated for 30 min in a solu-
tion of 1 yM BSB and re-examined under the fluorescent microscope.
For comparison, each section was subsequently immunostained as
described previously (Doh-ura et al, 2000). Briefly, sections were
incubated in 0-3% H,0, in absclute methanol for 30 min and then
treated by a hydrolytic autoclave procedure (1 mM HC}, 121°C,
10 min). After rinsing with 50 mM Tris/HCl, pH 76, the sections
were incubated at 4°C overnight with a rabbit primary antibody
¢-PrP, which was raised against a mouse PrP fragment, amino acids
214-228 (1:200; Immuno-Biological Laboratories, Gunma, Japan)
(Yokoyama et al, 2001), followed by incubation with a horseradish-
peroxidase-conjugated secondary antibody (1:200; Vector Laborato-
ries) at room temperature for 1 h. The coloured reaction product was
developed with 3,3’-diaminobenzidine tetrahydrochloride solution. In
addition, formalin-fixed brains of diseased Tg7 mice were investigated
using the same procedure. To ensure specificity of the anti-PrP anti-
bady, brain sections with other amyloid lesions such as senile plaques
were also immunostained. No positive reactions were obtained.

PrP imaging In presymptomatic mice. BTA-1 or BSB 10-30 mg
{kg body weight) ™ in 10% DMSO/saline, or vehicle alone, was admini-
stered intravenously into Tg7 mice intracerebrally infected with the
263K strain at 6 weeks post-infection, or into Tga20 mice intra-
cerebrally infected with the RML strain at 8 weeks post-infection,
At this point the mice showed no apparent clinical signs of disease.
As another control, either chemical was similarly injected into unin-
fected transgenic mice. The animals were sacrificed at different time-
points, and the brains were removed, frozen in powdered dry ice
and cut coronally into 10 pm thick sections using a cryostat. The
sections were examined under a fluorescent microscope, and then
analysed immunchistochemically for PrP as described above,

PrP*° inhibltion In scraple-infected cells. PrP* inhibition
assays using a cellular model of TSE were performed as described
previously (Caughey & Raymond, 1993). Either BTA-1 or BSB in
100 % DMSO was added at the designated concentrations to each of
the cell lines in 6-well plates when they reached 5% confluency. The
final concentration of DMSO in the medium was kept to less than
0-2 %, Two controls, one for untreated cells and the other for cells
treated with vehicle alone {0:2% DMSQ), were prepared. The cul-
tures were allowed to grow to confluence, and then harvested and
analysed for PrP% content by immunoblotting. Briefly, the cells were
lysed with lysis buffer (0-5% sodium deoxycholate, 0-5% Nonidet
P-40, PBS) and digested with 20 pg proteinase K ml™" for 30 min at
37°C. The digestion was terminated with 0-5 mM phenylmethyl-
sulfonyl flucride, and the samples were centrifuged at 100000 g for
30 min at 4°C, Pellets were resuspended in 30 pl of sample loading
buffer and boiled for 5 min. The samples were separated on a 15 %
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polyacrylamide Tris/glycine SDS gel and transferred to a PVYDF filter
(Millipore). PrP% was detected using a rabbit polyclonal antibody
PrP-28, which was raised against a mouse/hamster PrP fragment,
amino acids 89-103 (1:5000) (Murakami-Kubo et al, 2004), fol-
lowed by an alkaline phosphatase-conjugated goat anti-rabbit anti-
body (1:20000; Promega). Immunoreactive signals were visualized
using the CDP-Star detection reagent (Amersham) and analysed
densitometrically using image analysis software. More than two
independent assays were performed for each experiment,

Therapeutic freatment in model animats, BSB dissolved in 10%
DMSO/saline at 1 mg per injection was given intravenously to
infected Tg? mice (n=5 in each group) or infected Tga20 mice
{n=7 in each group). The treatment was performed for Tg7 mice at
35 days post-infection (p.i.) and 50 days p.i., and for Tga20 mice at
45 days p.i. and 60 days p.i. Two control groups were prepared for
both experimental models: untreated mice and mice treated with
vehicle alone. The animals were monitored 5 days a week until the
obvious clinical stage was reached, which was the day before or the
day of death in Tg7 mice and 4-5 days before death in Tga20 mice,
The statistical significance was analysed by one-way ANGVA followed
by Scheffé’s method for multiple comparisons.

RESULTS

Imaging of PrP deposition in vitro and in vivo

Imaging of PrP deposition in the brain by BTA-1 or BSB was
first examined using histopathological specimens from
human TSE cases. Both chemicals fluorescently labelled
most of the compact PrP plaques in the cerebellar cortices of
GSS cases (Fig. 2a and c). No residual fluorescence of BTA-1
was seen after thorough washing (Fig. 2b). The labelling
intensity was stronger in the sections labelled with BSB
compared with those labelled with BTA-1, but the size of
each plaque detected by BTA-1 was on average larger than
that detected by BSB. The plaques were counterstained with
an antibody against the C terminus of PP (Fig. 2d). In the
sections from a variant CJD case, dense PrP plaques were
detectable by both chemicals, whereas most of the immuno-
positive PrP deposits, such as fine granular deposits and
perivacuolar deposits, were not labelled (Fig. 2e-h). In the

Fig. 2. Imaging of PrP aggregates in brains with TSE. PrP plaques were labelled with BTA-1 (a, e and i); no residual signal
was seen after washing to remove BTA-1 (b, f and j). The plaques were then labelled with BSB (e, g and k), and subsequently
immunostained for PrP (d, h and 1). The first row shows a cerebellar section from a GSS case (a—d), the second shows a
cerebral cortical section from a variant CJD case (e—h) and the third shows cerebral white matter section from a terminal Tg?7
mouse (i-I}. Only dense plagues are identified in the variant CJD section; the arrowheads point to the same PrP plaque. In the
Tg7 section, PrP plagues in the cerebral white matter between the cortex and hippocampus were labelled. Bars, 100 (a~d}

and 50 (e—I) pm.
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sections from sporadic CJD cases, neither of the chemicals
labelled synaptic-type PrP deposition (data not shown).
Non-specific labelling was barely observed after rinsing off
the excess chemicals. As reported in previous studies (Mathis
et al., 2002; Skovronsky et al., 2000), both chemicals stained
senile plaques in Alzheimer’s brain, and neither displayed
signals in control brain sections without amyloid (data not
shown). Similar results to those observed in the human TSE
brain sections were obtained from post-mortem brains of
Tg7 mice infected with the 263K strain; both chemicals
stained the plaque-type PrP deposition in the cerebral white
matter between the cortex and hippocampus (Fig. 2i-1).
There was no PrP immunchistochemical signal or fluor-
escent signal in the brains of uninfected Tg7 mice (data not
shown).

Since both BTA-1 and BSB have been reported to cross the
blood-brain barrier, we performed in vivo experiments
using Tg7 mice in a later stage of 263K scrapie infection. A
bolus injection of BTA-1 labelled PrP plaques in the white
matter between the cortex and hippocampus of the affected
brains (Fig. 3a and b). Faint cerebrovascular labelling was
occasionally observed at 4 h after the injection, but not at
18 h or later. PrP imaging of BSB in the brain in vivo was
almost as effective as that of BTA-1 (Fig. 3c), but non-
specific cerebrovascular labelling was more evident. Images
of PrP deposition labelled by BSB were not clearly dis-
tinguishable in the cerebrovascular images until 24 h post-
administration, but background staining was not seen
thereafter. The stability of the signals of P1P deposition was
examined at various time-points, and both chemicals
remained stably visible at 42 h post-injection. In particular,
the BSB labelling signals were relatively stable and visible
even at 54 h post-injection. There was no significant

labelling after an injection of either chemical to uninfected
transgenic mice upon examination after sacrifice 24 h later,
or after an injection of vehicle alone to infected mice (data
not shown). Similar results were obtained for Tga20 mice
infected with the RML strain, although labelled PrP plaques
were less frequently observed (data not shown).

Anti-prion activities in vitro and in vivo

The anti-prion activities of these chemicals were examined
using three cell lines infected with different strains. Both
BTA-1 and BSB inhibited PrP* formation in ScN2a cells ina
dose-dependent manner (Fig. 4a). The concentrations giving
50 % inhibition of PrP*° formation in ScN2a cells relative to
the untreated control {ICsq} were 4 nM for BTA-1 and
1-4 pM for BSB. However, neither chemical was effective in
the other cell lines (Fig. 4b and c¢). Treatment with vehicle
{DMSQ) alone showed no significant effects when com- -
pared with the untreated control. No apparent cell toxicity
of the chemicals was observed up to 10 uM for BTA-1 and
100 pM for BSB. To examine the possibility of interference
by the chemicals with immunodetection, BTA-1 or BSBata
concentration 10-fold higher than the ICsqs were added to
lysatés of untreated ScN2a cells for 1 h prior to proteinase K
digestion. After these treatments, the PrP signals were not
affected (data not shown).

Since BSB was potent without significant toxicity at a high
concentration of 100 uM in the cell cultures and remained
stably bound to PrP aggregates in the affected brains for
more than 2 days in vive, we examined whether BSB could
be an effective treatment for TSE in two different experi-
mental animal models. As shown in Fig. 5, treatment with
BSB at 1 mg prolonged the incubation period of Tga20 mice

Fig. 3. In vivo imaging of PiP deposition in
the brains of presymptomatic TSE-infected
mice. An intravenous bolus injection of BTA-
1 was given to Tg7 mice at 6 weeks post-
infection, and they were sacrificed 24 h
later. PrP plaques in the cerebral white
matter between the cortex and hippocampus
were detected under a fluorescent micro-
scope (a), and then the brain section was
immunostained for PrP (b). Similar results
were cbserved with BSB (¢, 24 h post-
injection) and immunostaining for PrP (data
not shown). Low magnification demonsirates
PrP plaques in the cerebral white matter
between the cortex and hippocampus were
labelled with high specificity. All images are
from coronal sections sited around one-third
of the distance from the interaural line to the
bregma line. Bars, 25 {a, b} and 100 {c) pm.
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Flg. 4. Inhibition of PrP® formation in TSE-infected cells by
BTA-1 or BSB. Various concentrations of each chemical were
added to freshly passaged ScN2a cells in (a), L-1 cells in (b)
and F-3 cells in (c), and the PrP® levels were analysed by
Western blotting. Lanes: N, untreated cells; 0, cells treated
with vehicle (DMSOQ) alone. Bars on the left indicate molecular
mass markers at 35 and 21 kDa.
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Flg. 5. Effects of BSB treatment on TSE-infected mice. BSB
was administered to Tg7 mice infected with the 263K strain (a)
and Tga20 mice infected with the RML strain (b). The treat-
ment protocol is described in the text, Each closed circle
represents an individual animal. Bars represent the mean and
standard deviation of the incubation periods of each group.
*P<0-0001 versus the other groups.

infected with the RML strain by 136 % (77-6 +3+6 days in
the BSB-treated group versus 68-3 119 days in the vehicle
control), whereas no significant prolongation was observed
in the same treatment for Tg7 mice infected with the 263K
strain (57-4+1-9 days in the BSB-treated group versus
55-811+3 days in the vehicle control). The dosage of BSB
examined here corresponds to the concentration sufficient
to detect PrP plaques in vivo as described above, and there
were no apparent adverse effects of BSB. No significant
differences in incubation times were observed between the
untreated controls and the controls treated with vehicle
(DMSO) alone (68-11+2-1 days in the untreated control
versus 68-311-9 days in the vehicle control in Tga20 mice;
57-0+2-4 days in the untreated control versus 55-8+
1-3 days in the vehicle control in Tg7 mice).

DISCUSSION

Both BTA-1 and BSB have been reported to be candidates
for PET/SPECT tracers for the evaluation of Alzheimer’s
disease, and the results of this study have shown that they
might also be useful for the evaluation of TSE with certain
strains. However, the discrepancy in imaging between the
plaque-type and the synaptic-type PrP deposition remains.
A previous study demonstrated successful labelling of
intracellular AB(1-42) accumulation in living cells by BSB
(Skovronsky et al,, 2000), but the same chemical showed no
labelling of PrP>" deposits in ScN2a cells (data not shown).
These observations suggest that differences in the structures
and/or the microenvironments of these PrP aggregates
might account for the discrepancy. Further studies using
more sensitive detection methods, such as the use of
radiolabelling, might be helpful for evaluation.

Together with previous studies (Mathis et al, 2002;
Skovronsky et al, 2000), the current study suggests that
both BTA-1 and BSB label various amyloids including Af
aggregates and PrP aggregates, and are not disease specific.
However, these chemicals can be still useful to evaluate
amyloid aggregates because anatomical distributions of
pathological deposition are quite different between different
diseases. For example, Af plaques are not, or seldom,
observed in the cerebellum, while PrP amyloid plaques are
predominantly observed there.

We also demonstrated therapeutic efficacies of these two
chemicals. Congo red is well known to inhibit new for-
mation of PrP5¢ in ScN2a cells and prolongs the incubation
period of infected animals when administered prophylacti-
cally (Caughey et al., 1993; Ingrosso et al., 1995). However,
Congo red cannot be used as a therapeutic drug because of its
inability to cross the blood-brain barrier and its carcino-
genicity due to its benzidine structure. BSB, a Congo red
analogue, can enter the brain and lacks the benzidine
structure. Here BSB showed a low toxicity and was as
potent as Congo red in a cellular model, and furthermore,
BSB-treatment prolonged the incubation period of the
Tga20-RML infected mouse model despite being introduced
at a late stage of TSE infection.
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There was a discrepancy in the efficacy of BSB between Tg7
mice infected with the 263K strain and Tga20 mice infected
with the RML strain. This discrepancy in vive is consistent
with that found in vitro, since BSB was only effective in
ScN2a cells, which are infected with the RML strain. There is
a possibility that the differences in susceptibility to these
chemicals among the three cell lines might be caused by the
differences in the expression levels of normal PrP, because
the expression levels of normal PrP in L-1 cells or F-3 cells
are five times higher than that of ScN2a cells. However, the
data showed that the two chemicals had no effect in either
L-1 cells or F-3 cells, even at doses five times greater than
the ICsp in ScN2a cells. The findings suggest that the
therapeutic efficacies of these chemicals are dependent on
the TSE strain. In this study, we observed that the chemicals
bound tightly to some kinds of PrP aggregates in the patho-
logical sections of TSE, implying that a direct interaction
with abnormal PrP molecules may play a role in the
inhibition of PrP% formation. However, the mechanism of
the strain-specific efficacies of these chemicals remains to
be elucidated.

Together with previous reports (Caughey et al, 1993;
Ingrosso et al, 1995; Supattapone et al,, 2002), the current
study demonstrated that chemicals with a high affinity for
amyloid could be candidates for inhibiting PrP** formation
and increasing the life-span of TSE-infected animals. We
tested this further by examining another chemical, 6-OH-
BTA-1, which has recently been reported to facilitate PET
studies of Alzheimer’s disease (Engler et al, 2002). We
observed that this chemical inhibited PrP* formation in
ScN2a cells with an [Csp in the nanomolar order (data not
shown), but in vivo studies remain to be performed,

In conclusion, BTA-1 and BSB, known as amyloid imaging
probes, detected PtP deposition in the TSE brains both
in vitro and in vivo and had anti-prion activities both
in vitro and in vivo, although the efficacy depended upon
the strain of TSE. These observations suggest that both
could be lead chemicals not only for imaging probes, but
also for therapeutic drugs for TSEs caused by certain strains.
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We previously reported that quinacrine inhibited the formation of an abnormal prion protein (PrPres), a key
molecule in the pathogenesis of transmissible spongiform encephalopathy, or prion disease, in scrapie-infected
neuroblastoma cells, To elucidate the structural aspects of its inhibiting action, various chemicals with a
quinoline ring were screened in the present study. Assays of the scrapie-infected nenroblastoma cells revealed
that chemicals with a side chain containing a quinuclidine ring at the 4 position of a quinoline ring (repre-
sented by quinine} inhibited the PrPres formation at a 50% inhibitory dose ranging from 10~ to 10! pM. On
the other hand, chemicals with a side chain at the 2 position of a quinoline ring (represented by 2,2'-
biquinoline) more effectively inhibited the PrPres formation at a 50% inhibitory dose ranging from 10~ to
107! pM. A metabolic labeling study revealed that the action of quinine or biquinoline was not due to any
alteration in the biosynthesis or turnover of normal prion protein, whereas surface plasmon resonance analysis
showed a strong binding affinity of biquinoline with a recombinant prion protein. In vivo studies revealed that
4-week intraventricular infusion of quinine or biquinoline was effective in prolonging the incubation period in
experimental mouse models of intracerebral infection. The findings suggest that quinoline derivatives with a
nitrogen-containing side chain have the potential of both inhibiting PrPres formation in vitro and prolonging
the incubation period of infected animals. These chemicals are new candidates for therapeutic drugs for use

in the treatment of transmissible spongiform encephalopathies.

Transmissible spongiform encephalopathies (TSEs), or
prion diseases, are a group of fatal nevrodegenerative disor-
ders that include Creutzfeldt-Jakob disease and Gerstmann-
Straussler-Scheinker disease (GSS) in humans and scrapie,
bovine spongiform encephalopathy, and chronic wasting dis-
ease in animals. These disorders are characterized by the ac-
cumulation of an abnormal isoform of prion protein (PrPres),
which is high in beta-sheet content and resistant to digestion
with proteases (15). Recent outbreaks in younger people of
acquired forms of human TSEs, such as variant Creutzfeldt-
Jakob disease (19) and iatrogenic Creutzfeldt-Jakob disease
with cadaveric growth hormone or dura graft (4), are prompt-
ing the development of therapeutic interventions as well as
early diagnostics.

One possible therapeutic strategy is to inhibit PrPres forma-
tion in the infected host. Doh-ura et al. first reported that
cysteine protease inhibitors and lysomotropic agents inhibited
PrPres formation in scrapie-infected neuroblastoma (ScNB)
cells and that among them, quinacrine was one of the most
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potent inhibitors (8). Another research group has also re-
ported that quinacrine and its related tricyclic compounds are
effective in inhibiting PrPres formation (11). Quinacrine is a
synthesized chemical which has a quincline ring in its structure.
It is used as a substitute for quinine in the treatment of ma-
laria. Accordingly, in this study we chose to focus on the quin-
oline derivatives to examine the structure-activity relationship
involved in inhibiting PrPres formation as well as in prolonging
the incubation time of infected animals.

MATERIALS AND METHODS

Chemicals and ScNB cells. Chemicals were purchased from Sigma, Maybridge
{Comwall, United Kingdom), Peakdale (Derbyshire, United Kingdom), Specs
(Rijswijk, The Netherlands), and Bionet (Cormwall, United Kingdom) and were
dissolved in 100% dimethyl sulfoxide (DMSQ) or 96% ethanol just before use.
ScNB cells (16) were grown in six-well culture plates in Opti-MEM (Invitrogen)
supplemented with 10% fetal bovine serum. Chemicals at various concentrations
were added to the medium when 1/20 of the confluent cells were passed. The
final concentration of cither DMSO or ethanol in the medium was less than
0.2%. The cultures were allowed to grow to confluence for 4 days.

Western blot analysis, PrPres was analyzed as described previously (5) with
slight modification, Briefly, the cells in confluency were rinsed with phesphate-
buffered saline (PBS) and lysed with lysis buffer (0.5% sodium deoxycholate,
0.5% Nonidet P40, PBS). After low-speed centrifugation, the supernatant was
treated with 10 pg of proteinase K/mt for 30 min at 37°C. Digestion was stopped
with 0.5 mM phenylmethylsulfonyl flucride, and the supernatant was centrifuged
at 100,000 X g for 30 min at 4°C, Pellets were resuspended in 30 pd of the sample
buffer by sonication, After being boiled, the sample was separated by electro-
phoresis on a Tris-glycine-sodium dodecyl sulfate-15% polyacrylamide gel elec-
trophoresis (SDS-PAGE) and then electroblotted onto a polyvinylidene difluo-
ride membrane (Millipore). The membrane was incubated with PrP-2B, an
anti-PrP polyclonal antibody, against a mouse-hamster PrP fragment (amino
acids 89 to 103) and then with an alkaline phosphatase-conjugated goat anti-
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rabbit antibody (Promega). Signals were visualized with CDP-Star detection
reagent {Amersham) and were densitometrically analyzed, Either the concen-
tration of a chemical giving 50% inhibition of PrPres formation relative to the
control 50% inhibitory concentration (ICsg) or the maximal concentration of a
chemical that does not affect the rate of cell growth to confluence (TC) was
estimated from more than three independent experiments.

Metabolic labeling study. Metabolic labeling of prion protein was performed
as described previously (5). Briefly, subconfluent ScNB cells in 25-cm® flasks
were rinsed three times with PBS and preincubated at 37°C in 1.5 ml of methi-
onine-free minimal essential medium with 1% dialyzed fetal bovine serurn and 1
uM quinine or 2,2'-biquinoline, After 60 min of preincubation, 125 pCi of
333.labeled methionine (Amersham}) was added to cach flask and incubated for
60 min. Then 10 ml of chase medium with 1 pM quinine or biguinoline was
added, and the incubation was continued for 18 min, 2 h, or 8 h. Cells were rinsed
three times with PBS and lysed with lysis buffer. After low-speed centrifugation,
an aliquot of the supernatant was electrophoresed for total protein analysis; the
remainder was used for immunoprecipitation of total prion protein, For the
detection of cell surface phosphatidylinositol-anchored prion protein, cells were
incubated for 30 min in the chase medium with 1 uM quinine or biguinoline after
pulse labeling, rinsed three times with PBS, and then incubated with 1.33 U of
phosphatidylinosito!-specific phospholipase C (PIPLC)/ml in PBS at 37°C for 60
min, The soup was used for immunoprecipitation of cell-surface prioa protein.
Immunoprecipitation was performed with a PrP-2B antibody after whole pro-
teins in the soup were precipitated with methanol and resuspended in detergent-
lipid-protein complex solution.

Surface plasmon resonance sensorgram study. Interaction between prion pro-
tein and a chemical was apalyzed using a BlAcore X systems. A recombinant
murine prion protein fragment (amino acids 121 to 231) (PrP121-231) was
immobilized on a sensor chip (CM5) according to the manufacturer’s instrue-
tions. Each chemical was injected at a 100 pM concentration in running buffer
{2.5% DMSO in PBS) for 1 min at a flow rate of 20 ul/min; then running buffer
without a chemical was injected for 1 min at the same flow rate. Data were
corrected by using a blank sensor chip as a control,

In vive study. In vivo evaluation of the effectiveness of a chemical at prolong-
ing the incubation times in infected animals was performed by using a mouse
madel of Tg7 (14, 17) or Tg20 (10), both of which have substantially shorter
incubation periods than wild mice. Briefly, a 20-pl aliquot of 1% 263K pathogen
homogenate for Tg7 mice, or the same amount of aliquot of 1% Rocky Mountain
Laboratory (RML) pathogen homogenate or Fukuoka-1 pathogen homogenate
for Tg20 mice, was inoculated into the right parietal portion of the brain. A
4-week continuous intraventricular infusion of vehicle alone (25% DMSO) or of
a chemical dissolved in 25% DMSO was initiated at day 10 or 35 in Tg7 mice or
at day 14 or 49 in Tg20 mice by using an Alzet osmotic pump equipped with a
brain infusion kit (Durect, Cupertino, Calif.). An intraventricular infusion can-
nula from the brain infusion kit was fitted into the left frontal portion of the
brain.

The infusion initiation date was selected at an carly stage of the infection {day
10 or 14), or at a late stage (day 35 or 49), when abnormal PrP deposition in the
brain definitely appeared in the 263K-infected Tg7 or RML-infected Tg20 mice.
However, day 49 postinoculation in the Fukuoka-1-infected Tg20 mice was not
exactly at a late stage of the infection, and no information on when aboormal PrP
deposition appeared in this model was available.

In some experiments, intraperiioneal administration of a chemical was pro-
vided by a single injection once a day for § days per week from day 10 or day 35
postintracerebral inoculation until death. The incubation period during which
the animals were observed every day lasted from the time of intracerebral
infection until the time of death. Five male mice (each weighing about 30 g) per
group were used in the experiments. Animal handling and killing were in accor-
dance with national prescribed guidelines, with ethical approval for the study
granted by the Animal Experiment Committee of Kyushu University.

Mice which died within a few days due to operational procedures were ex-
cepted from the statistical analysis after pathological confirmation. Doses of less
than 8 nmol of quinine/day were examined, because toxicity shortened life span
at doses beyond 8 nmol/day, Biquinoline was examined at doses of less than 16
nmol/day, which provided no toxicity yet solubility in 25% DMSO.

Immunohistockemistry. An indirect immunoperoxidase method was applied
as described previously (9) with slight modification, Bricfly, brains were obtained
postmortern and fixed in 10% buffered formalin for several weeks. The tissue was
immersed in 98% formic acid for 1 h to reduce infectivity and then embedded in
paraffin, The samples were cut into 5-um-thick sections, and then the sections
were deparaffinized in xylene and hydrated using an ethanol gradient. The
endogenous peroxidase activity was blocked with 0.3% H,0, in absolute meth-
anol for 30 min at room temperature. After being rinsed with tap water, the
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sections were treated with a hydrolytic autoclave (1 mM or 1.5 mM HC], 121°C,
10 min) and washed in 50 mM Tris-HCI, pH 7.6, before being incubated with
PrP-C polyclonal antibody (Immuno-Biological Laboratories, Gunma, Japan)
(1:200) at 4°C overnight. The sections were then incubated with a horseradish
peroxidase-conjugated secondary antibody (Vector Laboratories, Burlingame,
Calif.) (1:200). The color reaction product was developed with 3,3"-diaminoben-
zidine tetrahydrochloride solution, and the sections were then counterstained
with hematoxylin.

RESULTS

Screening of chemicals in vitro. Clinically available drugs
with a quinoline ring and their related chemicals were first
screened for the inhibition of PrPres formation in ScNB cells.
The antimalarial drug quinine and its related chemicals (such
as quinidine, hydroquinine, cinchonine, cinchonidine, and hy-
droquinidine 4-methyl-2-guinolyl ether) were found to be ef-
fective (Table 1, left column). The ICs, doses of these chem-
icals ranged from 3 to 18 pM, and the effective dose range
between the IC;, and the TC was relatively narrow. Hydro-
quinidine 4-methyl-2-quinolyl ether, which has two quinoline
rings, was slightly more effective than the chemicals with only
one quinoline ring. Quinine-related chemicals with a carbonyl
base located between a quinoline ring and a quinuclidine ring,
such as MQAC (cinchonan-9-ol, 6'-methoxy-ethylcarbonate),
MQAA {cinchonan-9-ol, 6'-methoxy-acetate), and MAM [(6-
ethynyl-1-azabicyclo[2.2.2.]oct-2yl)  (6-methoxy-4-quinolinyl)
methanone), were more effective, and their ICsy dose ranges
were 0.45 t0 0.9 pM (Table 1, middle column). Chemicals with
either the motif of quinine or that of quinidine on each lateral
side of anthraquinone, (DHQ),AQN (hydroquinine anthra-
quinone-1,4-diyl diether) and {DHQD),AQN (hydroquinidine
anthraquinone-1,4-diyl diether), were much more effective
than those with only one motif, and their IC;, doses were 0.04
and 0.01 pM, respectively. A chemical with a 4-dimethylamin-
ostyryl moiety was also very effective; and its IC;, was 0.012
pM. Except for this chemical, all of the effective chemicals
shared a common structure composed of a quincline ring plus
a relative large side chain containing a quinuclidine ring at the
4 position of the quinoline ring. The chemicals listed in the
right column of Table 1 also had this common strcture, but
they showed toxicity at a lower dose and were not effective
within a nontoxic dose range.

Other quinoline chemicals unrelated to quinine were also
screened. Chemicals with a side chain at the 2 position of a
quinoline ring, such as 2,2'-biquinoline, inhibited PrPres for-
mation at 0.003 pM, the minimum IC,, dose (Fig. 1A), and
this effectiveness was reduced by the replacement of the quin-
oline ring by a pyridine ring or a naphthyridine ring (Table 2,
left column). The addition of a carboxyl moiety to both the 4
position and the 4’ position of the quincline ring abolished the
inhibiting activity of biquinoline (Table 2, right column, top).
QCQH (8-hydroxy-8-quinolinylhydrazone-2-quinolinecarbox-
aldehyde) and PCQH (2-quinolinylhydrazone-2-pyridinecar-
bozxaldehyde) were also very effective in inhibiting PrPres for-
mation at an ICs, dose of 0.0075 and 0.004 pM, respectively.
They shared a common structure with biquinoline respecting
the arrangement of nitrogen atoms. DMEDAPQ (NN-di-
methyl-N’-{2- {4-pyridinyl}-4-quinoliny}]-1,2-ethanediamine) a
chemical with a nitrogen-containing side chain at both the 2
position and the 4 position of a quinoline ring (thereby resem-
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TABLE 1. Structure-activity relationship of quinine analogucs on PrPres inhibition

Effective Ineffective
Chemical Swucture  IC, (kM) TC (pM)? Chemical  Structure IC, (BM)? TC{uM)®  Chemical Structure  1C,, (WM TC (M)
Quinine L' MOAC Hydroquinine 4-
6 50 chiorol
“ :::g 045 25 . 5
Quinidine MQAA
. Hydroquinidine 4-
chlorobenzoate
3 =% 65 >50
L]
- >5
MAM
Hydroquinine
125 50 0% >50 Hydroquinidine
y (DHQHAQN ) ”s
Cinchenine "
0.04 3
% 6 3 Hydrocinchonine
H
Cinchanidine (DHQDYLAQN - 25
H
18 50 001 5
H
H,
Hydroquinidine
4-methyl-2- 4,(4-Dimethylaminostyryl)
quinoly! ether 15 5 quinoling
(IS\OKJ\ 0012 10

@ ICsq, approximate concentration of a chemical giving 509 inhibition of PrPres formation relative to the control.
bTC, approximate maximal concentration of a chemical that does not affect the rate of cell growth to confiuence,

bling quinine rather than biquinoline in terms of the arrange-
ment of nitrogen atoms), was less effective than biquinoline,
and its IC;, dose was 0.5 pM.

Chemicals containing a quinoline ring without a large side
chain were also examined. They included quinoline hydrochlo-
ride, 8-hydroxyquinoline, 2,8-quinolinediol, 8-acetoxyquine-
line, and CHIQ (5-chloro-7-iodo-8-quinolinol). All of them,
with the exception of 2,8-quinolinediol, were ineffective at in-
hibiting PrPres within a nontoxic dose range (Table 2, right
column). Quinolinediol showed an ICs, dose of 8 pM, which
was much higher than those of other chemicals with a side
chain at the 2 position of a quinoline ring (Table 2, left column,
bottom).

Mechanism of inhibition of PrPres formation. Because qui-
nine and biquineline represented the effective chemicals found
here, we focused on these chemicals and studied the mecha-
nism behind their action. After ScNB cells had been treated
with different concentrations of quinine or biquinoline for 4
days and then left without treatment for an additional 10 or 17
days, PrPres signals did not reappear even 17 days after dis-
continuation of the chemical treatment (Fig. 1B [for biquino-
line] and data not shown [for quinine]). Thus, treatment with
the chemicals permanently cured the cells of the accumulation
of PrPres.

Because phospholipase-sensitive cell surface PrP (PrPsen) is

Follow up10Q days
after discontinuation after discontinustion
r 1 I 1 I

Treatment 4 days Follow up 17 days

1
g 16 100 1000 nM

10 10§ 1000 10 100 1000

a7

FIG. 1. Inhibition of PrPres accumulation in ScNB cells grown with
2,2'-biquinoline (A} and lack of restoration of PrPres formation in
ScNB cells treated once with biquinoline (B). (A) Biquinoline was
added at designated concentrations to the medium when the cells were
passed, and the culture was allowed to grow to confluence. Then,
PrPres in the cells was analyzed by immunoblotting. (B) ScNB cells
were treated with 10, 100, or 1,000 nM biquinoline for 4 days. The
medium was replaced by fresh medium, and the cells were left without
treatment for an additional 10 or 17 days. Then PrPres levels were
assayed. Molecular size matkers (in kilodaltons) are indicated.
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TABLE 2. Structure-activity relationship of biguinoline analogues on PrPres inhibition

Effective

IneTective

Chemical Structure

IC, (pMyP  TC My

Chemical Structure 1IC, (uM¥  TC (uM)? -

2.2Biquinoline
m 0.003 >10

2.4 2-Pyridinyl)quinoline
[A] 50

2,2-Bi(1,8-naphthyridine)

L)

2-2-Pyridinyl}
1,%-naphthyridine

(I)_Q 12 200
TS
OO o

DMEDAPQ
: E ? i . 05 50

2,8-Quinofinediol

QCQH

0.0075 25

—-0K GO
BQDA . 100

inoli
Quinoline (Ij . 25
N

hydrochloride

8-Hydroxyquinoline
$-Acetoxyquincline

o
0

CHIQ

# ]Csq, approximate concentration of a chemical giving 50% inhibition of PrPres formation relative to the control.
3 T¢:, approximate maximal concentration of a chemical that does not affect the rate of cell growth to confluence.

the precursor of PrPres, it is possible that the inhibition of
PrPres accumulation by these chemicals was due to an indirect
effect on PrPsen metabolism or turnover. However, biquino-
line showed no effects on the metabolic labeling of cellular
proteins or on the biosynthesis and turnover of PrPsen (Fig.
2A, B, and C).

Surface plasmon resonance analysis showed that the inter-
action of biquinoline with recombinant PrP121-231 occurred
very slowly and failed to reach saturation even after 1 min,
During the dissociation phase, furthermore, complete dissoci-
ation did not occur (Fig. 2D). On the other hand, the interac-
tion of quinine or quinacrine occurred very quickly, reaching
saturation within several seconds, and dissociation was com-
pletely over within seconds.

From observations of the structure of the effective chemi-
cals, it was predicted that they might exert their inhibiting
action through some mechanism which involved chelating met-
als. Thus, quinine and biquinoline were preincubated (before
being added to the ScNB culture medium) with an equivalent
dose of, a 10-times-higher dose of, or a 100-times-higher dose
of various metal ions, including copper, zinc, manganese, tron,
cobalt, and aluminum ions. The results showed no change in
the inhibiting activities of the chemicals (data not shown).

In vivo study. To examine whether these chemicals could be
effective in improving the prognosis in vivo, quinine or biquino-
line was continuously administered intraventricularly in animal

models which had been intracerebrally infected with three
different TSE pathogen strains, comprising 263K scrapie agent,
RML scrapie agent, and Fukuoka-1 GSS agent. Quinine ad-
ministration from an early stage of infection prolonged the
incubation period by 13.6% (days 47 to 53.4) at 0.64 nmol/day
in 263K-infected mice (Fig. 3A), by 10.8% (days 68.6 to 76) at
1.6 nmol/day in RML-infected mice (Fig. 3B), and by 12.8%
(days 104.2 to 117.5) at 0.64 nmol/day in Fukuoka-1-infected
mice (Fig. 3C). The effect of quinine administration from a late
stage of infection was clearly demonstrated in 263K-infected
mice, resulting in 36% (days 47 to 63) prolongation of the
incubation period at 1.6 nmol/day (Fig. 3A), with some of the
RML-infected mice displaying a tendency to survive much
longer than the control at 0.64 nmol/day (Fig. 3B). On the
other hand, the effect of biquinoline administration was exam-
ined only in 263K-infected mice; it demonstrated 10.8% (days
49 to 54.3) prolongation of the incubation pericd in the group
receiving 1.6 nmol/day at an early stage of infection, but no
significant effects were observed in the groups which received
it at a late stage (Fig. 3D). Intraperitoneal administration of
biquinoline was also petformed in 263K-infected mice, and this
resulted in 7.7% (days 49 to 52.8) prolongation of the incuba-
tion period in the group receiving 0.39 mmol/day from an early
stage of infection.

Postmortem histopathological examination of the brains
treated with quinine or biquinoline was performed to see
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FIG. 2. Lack of effect of the presence of biquinoline on the metabolic labeling of total protein (A), total PrPsen (B), and PIPLC-sensitive, cell
surface PrPsen (C). (D) Direct interaction of biquinoline with recombinant PrP121-231 analyzed using a surface plasmon resonance sensorgram.
(A) Control ScNB cells (lanes C) and biguinoline-treated cells (lanes BQ) were pulse labeled and then incubated in chase medium for the indicated
chase time. The total lysate proteins were methanol precipitated from the detergent lysates of the cells and analyzed by SDS-PAGE, Equal flask
equivalents were loaded onto all lanes in each panel. Molecular size markers (in kilodaltons) are indicated. (B) PrPsen was isolated from the total
lysate proteins by immunoprecipitation and analyzed by SDS-PAGE. (C) PrPsen was immunoprecipitated from the cell soup treated with PIPLC,
Biguinoline at 1 pM was included in all media, starting with the preincubation, except in the case of the control cells, (D) Interaction between a
PrP121-231 fragment and a chemical was analyzed using a BIAcore system. A recombinant murine PrP121-231 fragment was immobilized on a
CMS5 sensor chip; biquinaline, quinine, or quinacrine (at 100 uM in buffer solution) was injected for 1 min at a flow rate of 20 wl/min for the
association, and then the buffer solution without a chemical was injected at the same flow rate for the dissociation.

whether there was any modification in abnormal PrP deposi-
tion patterns following treatment. Those mice with prolonged
incubation periods had a tendency to show less PrP deposition
in the white matter between the cerebral cortex and the hip-
pocampus of the brain hemisphere implanted with an intra-
ventricular cannula, although they showed no apparent alter-
ation in PrP deposition patterns in the bilateral thalamus or
hypothalamus (Fig. 4).

DISCUSSION

In the studies reported here, we were able to identify quin-
oline derivatives that inhibited PrPres accumulation in ScNB
cells. The commonly shared structure in these chemicals was a
quinoline ring bound at its 2 or 4 position with a side chain
containing a nitrogen atom, which was located at a particular
distance from a nitrogen atom in the ring. Chemicals with a

side chain at the 2 position of a quinoline ring were more
effective than those with a side chain at the 4 position. Re-
placement of a quinoline ring with a pyridine ring or a naph-
thyridine ring resulted in a weaker inhibiting activity, while
modification of biquinoline by a moiety that caused less flexi-
bility in the hinge portion between the quinoline rings com-
pletely suppressed the inhibiting activity. These findings sug-
gest that a certain proper alignment of two nitrogens, one in a
quinoline ring and the other in a side chain, might be impor-
tant with regard to inhibiting activity.

As for the inhibiting mechanism of these chemicals, the
representative chemicals, quinine and biquinoline, demon-
strated no alteration either in the protein biosynthesis in gen-
eral or in the metabolic labeling and turnover of PrPsen in
particular. However, biquinoline showed a very strong binding
affinity with recombinant PrP12i-231 in the Biacore study.
Thus, some of the chemicals, including biquinoline, may inhibit
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FIG. 3. Prolongation of incubation times in intracerebrally TSE-infected mice treated with quinine or biquinoline. (A) Tg7 mice infected with
263K agent strain and intraventricularly treated with quinine; (B) Tg20 mice infected with RML agent strain and intraventricularly treated with
quinine; (C) Tg2(} mice infected with Fukuoka-1 agent strain and intraventricularly treated with quinine; (D) Tg7 mice infected with 263K agent
strain and intraperitoneally or intraventricularly treated with biquinoline. A 4-week continuous intraventricular infusion of a chemical was initiated
by using an osmotic pump at day 10 (1.5W) or day 35 (W) post-intracerebral inoculation in Tg7 mice or at day 14 (2W) or day 49 (TW) in Tg20
mice. For intraperitoneal treatment, injection of a chemical in Tg7 mice was performed intraperitoneally once a day for 5 days per week from day
10 (1.5W) or day 35 (5W) until the death of the mouse. Each closed circle represents the incubation time of an individual mouse. Each solid line
and bar represent the average and standard deviation of the incubation times of each group. The star indicates groups with results with P < 0.05
compared to the results seen with the vehicle control. Each of the experiments was performed independently using different lots of the pathogen
homogenate; thus, there was some variation in the data shown in panels A and D even for the same vehicle control.

the conversion of PrPsen to PrPres through direct interaction
with PrPsen molecules. Since biquinoline (ICs, dose, 0.003
M) was much more effective than quinine (3 M) or quina-
crine (at a concentration of 0.4 pM [8) or 0.3 pM [11]) in ScNB
cells, the binding affinity of the PrP fragment (which was much
stronger with biquinoline than with quinine or quinacrine)}
would appear to be clearly correlated with the inhibiting ac-
tivity of PrPres formation in vitro. The potential binding site(s)
of these chemicals in PrPsen molecules remains to be deter-
mined.

On the other hand, the involvement of chelating metal(s) in
their inhibiting activity (as determined on the basis of the
structure of the chemicals which were found to be effective in
this study) was predicted. PrPsen is known to bind copper at its
N-terminal octameric repeat region (3, 13, 18), and it is sug-
gested that interaction between PrPres and copper stabilizes
PrPres conformation (12). Manganese also binds PrP mole-
cules instead of copper and increases proteinase K resistance
and beta-sheet content (2). However, our obscrvation suggests

that the chelating mechanism seems unlikely to be involved in
the inhibiting action of the chemicals found here.

Among the chemicals tested here, CHIQ is an antibiotic
{called clioquinol) and a Cu/Zn-selective chelator known to be
effective in decreasing beta-amyloid deposits in Alzheimer's
disease (6). However, in this study, CHIQ and its related com-
pounds, quinoline hydrochloride, 8-hydroxyquinoline, and
8-acetoxyquinoline, did not inhibit PrPres formation in ScNB
cells. These findings also suggest that chelating drugs which are
effective in inhibiting beta-amyloid formation are not neces-
sarily effective at inhibiting PrPres formation.

The in vivo study revealed that the chemicals with a quino-
line ring were effective not only in inhibiting PrPres formation
in vitro but also in prolonging incubation times of intracere-
brally infected animals. The greatest effectiveness was obtained
by intraventricular administration of quinine at 1.6 nmol/day,
which prolonged the incubation time by 36% in 263K-infected
mice (compared to the results seen with the control) when
initiated at a late stage of infection. Quinine was also effective
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FIG. 4. Effects of intraventricular treatment with quinine or biquinoline on abnormal PrP deposition in the brain of intracerebrally 263K-
infected Tg7 mice. The results for brain treated from day 10 postinfection for 4 weeks with vehicle (25% DMSO) alone (A), 0.64 nmol of
quinine/day (B), or 1.6 nmol of biquinoline/day (C) are shown. Immunohistochemistry for abnormal PrP deposition was performed in the brains
obtained postmortem from the longest-surviving members in each group, and representative examples of the brain hemisphere at the chemical

injection side are shown.

in prolonging incubation times of the mice inoculated with
different pathogen sirains such as RML scrapie agent and
Fukuoka-1 GSS agent. These findings indicate that application
of quinine, an antimalarial drug, to humans infected with other
TSE agents could be judicious.

Recently two research groups have reported that quinacrine
is not effective in prolonging incubation times of intracere-
brally infected TSE animals (1, 7). Our findings regarding
quinine, which is a quinacrine-related chemical, appear to be
inconsistent with their findings about quinacrine, However,
differences in the structures of the chemicals and in the ad-
ministration routes, doses, and durations as well as experimen-
tal models might have caused this gap but it remains to be
elicidated.

Biquinoline was 1,000 times more effective than quinine in
inhibiting PrPres formation in vitro with respect to the IC,,
value, but when initiated from an early stage with intraventric-
ular injections of 1.6 nmol/day or intraperitoneal injections of
0.39 mmol/day, its effectiveness in prolonging incubation times
in vivo was clear, albeit marginal, The stability of chemicals
and accessibility to targets in vivo might be different between
these chemicals, and the reason for the gap between inhibiting
activity in vitro and therapeutic activity in vivo remains to be
found.

In investigations of the immunohistochemistry of the post-
mortem materials, abnormal PrP deposition in the white mat-
ter adjacent to the ventricle (where a chemical was injected
continucusly) was less evident in the mice treated with quinine
or biquinoline from 2 early stage than in the control, although
abnormal PrP deposition in the thalamus and hypothalamus
was demonstrated in a fashion similar to that seen in the
control. This would seem fo imply that following treatment
with a chemical, prolongation of incubation times in mice
treated with the chemical might be associated with a reduction
in abnormal PrP deposition in the brain.

In conclusion, we have demonstrated that quinoline deriva-
tives with a relatively large side chain with a nitrogen are able
to inhibit PrPres accumulation in ScNB cells and can prolong

the incubation periods of infected mice. The inhibition was not
caused by interference in the biosynthesis or turnover of
PrPsen or by the chelation of metals. Some of the chemicals,
including quinine, are already in clinical use and are known to
pass the blood-brain barrier. Thus, these drugs might be im-
mediately available for clinical trials in investigations of the
treatment of human TSEs.
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Clinical features of Creutzfeldt—Jakob
disease with V180l mutation
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H. Konno, MD, PhD; K. Doh-ura, MD, PhD; T. Kitamoto, MD, PhD; and Y. Itoyama, MD, PhD

Abstract—The authors describe the clinical features of Creutzfeldt—~Jakob disease (CJD) with the causative point muta-
tion at codon 180. The symptoms never started with visual or cerebellar involvement. The patients showed slower
progression of the disease compared with sporadic CJD. They never showed periodic sharp and wave complexes in EEG.
MRI demonstrated remarkable high-intensity areas with swelling in the cerebral cortex except for the medial occipital and

cerebellar cortices. These characteristic MRI findings are an important clue for an accurate premortem diagnosis.
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Approximately 10 to 15% of all Creutzfeldt—Jakob
disease (CJD) cases are estimated to be familial!
Some of them are sporadic cases with no relevant
family history because of incomplete genetic pen-
etrance and the misdiagnosis of other affected family
members. The clinical features depend on the genetic
mutations. However, most patients demonstrate pe-
riodic sharp and wave complexes (PSWC) in EEG, an
accepted diagnostic marker for CJD.

CJD with a causative point mutation of valine to
isoleucine at codon 180 (V180I)** is a type of familial
CJD with no relevant family history. In case reports,
the clinical features of CJD with V1801 (CJD180)
were different from those of gporadic CJD (sCJD).
Therefore, the premortem clinical diagnosis was dif-
ficult, and the cases had been misdiagnosed as neu-
rodegenerative disorders with dementia. We herein
report the clinical features and characteristic MRI
findings of five original cases of CJD180 together
with a review of four reported cases.

Patients and methods, Patients. Nine patients including our
five original patients and four other previously reported patholog-
ically verified patients®® were studied retrospectively, The clinical
features of these patients are shown in table 1. The previously
reported case with a double mutation at codon 180 and codon 232
of the PRNP was excluded from this study because the codon 232
mutation might influence the clinical course.® All nine had neither
family history of dementia nor obvious iatrogenic exposure. Their
PRNP analyses at codon 129 revealed that four had methionine
homozygosity (MM129) and five had methioninefvaline heterozy-
gosity (MV129), in which the V180I mutation and valine at codon
129 were on different alleles. :

The common histopathologic findings in the five pathologically
verified patients were evident spongiform changes in all layers of
the cerebral cortex with less prominent neuronal loss and gliosis
without Kuru plaque. Immunochistochemical analysis showed

weak prion protein staining of the synaptic type in three of three
patients examined 24

Methods. We compared the clinical features, laboratory find-
ings, and MRI findings of the 9 patients with those of 123 patients
(25 were pathologically verified) with genetically verified sCJD,
which were reported to the Japanese CJD Surveillance Commit-
tee.” The PRNP analysis revealed that 116 of the 123 had MM129,
6 had MV129, and 2 had valine homozygosity at codon 129, We
then compared the features between CJD180 and sCJD by divid-
% them into two groups: patients with MM129 and patients with

129,

CSF was examined within 6 months from the onset for the
differential diagnosis, The neuron-specific enolase (NSE) value in
CSF was measured commercially using an ELISA method (SRL
Laboratory, Tokyo, Japan), and a value of >35 ng/mL was consid-
ered positive.' The 14-3-3 protein immunoassay was performed by
western blot using polyclonal antibody SC-629 (Santa Cruz Bio-
technology, Santa Cruz, CA). EEG using the International 10-20
method was examined repeatedly during the disease course.

In the MRI study, T1-weighted (T1I), T2-weighted (T2I), fluid-
attenuated inversion recovery (FLAIR), and diffusion-weighted
(DWI) imaging was performed for Patients 1, 3, 4, and 5. T1I and
T2I were performed for Patients 2, B, and D.*

The Mann-Whitney U test was used for a comparison of the
clinical findings and NSE values between CJD180 and sCJD. The
Fisher exact probability test was used for a comparison of the
positive rates of clinical symptoms, NSE, 14-3-3 protein, and
PSWC.

Results. The results of the comparison between CJD180
and sCJD in each group, the MM129 group and MV129
group, are listed in table 2. The two groups had similar
results, even though some were not statistically signifi-
cant. CJD180 had an older onset age, longer duration from
the onset to the appearance of myoclonic jerk that was less
prominent compared with that of sCJD, longer duration
from the onset to becoming akinetic and mute, lower value
of NSE in CSF, and lower positive rate of NSE and 14-3-3
protein in CSF compared with those of sCJD. As cardinal
symptoms, higher cortical dysfunctions such as aphasia
and apraxia, which were not frequent symptoms in sCJD,
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