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Toxicity of Quinacrine Can Be Reduced By
Co-Administration of P-Glycoprotein Inhibitor
in Sporadic Creutzfeldt-Jakob Disease
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SUMMARY

1. Recent publication has suggested that quinacrine may be a candidate for treatment
of Creutzfeldt-Jakob disease (CID). But serious toxicity of quinacrine to liver and hemato-
logical system has been reported.

2. We disclosed the permeability of quinacrine can be enhanced by presence of
p-glycoprotein inhibitor at blood-brain barrier in vitro. Therefore, we tried the protoco! of
combination of quinacrine and p-glycoprotein inhibitor, verapamil for patients with CJID.

3. When compared clinical effects by quinacrine and the combination therapy, im-
provement of clinical findings was observed at the same level without any adverse effects.
Low-dose quinacrine with verapamil can be used as safe treatment of CJD.

KEY WORDS: quinacrine; sporadic Creutzfeldt-Jakob disease; p-glycoprotein inhibitor.

INTRODUCTION

Although there are number of promising agents to control prion protein in
vitro or in vivo, no sufficiently safe agent has yet been discovered for patients with
Creutzfeldt-Jakob disease (CID) (Doh-ura et al., 2000).

Quinacrine, originally used as an anti-malaria agent, was reported as a pos-
sible agent useful for treatment of CJD (Korth et al., 2001). Recent report found

that quinacine might present serious toxicity to the liver and hematological system
(Scoazec et al., 2003).
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Quinacrine inhibited the accumulation of PrP* in cultured infected cells, but
did not have an apparent effect on PrP¢ biosynthesis or turnover.

To develop some method of suppression of the adverse effects of quinacrine, we
investigated the mechanism of quinacrine transport across the blood-brain barrier
(BBB), and found that the permeability of quinacrine could be enhanced at the
BBB by the presence of a p-glycoprotein inhibitor such as verapamil or cyclosporine
(Dohgu et al., 2003).

Therefore, we administrated a therapy regimen of combination of 200 mg/day
of quinacrine and 120 mg/day of oral verapamil and compared it to one of 300-
600 mg/day of quinacrine only.

We administrated quinacrine without verapamil for one patient, 64-year-old fe-
male who developed dementia and gait disturbance within two months. She was given
300 mg/day for the first two weeks, then the quantity was increased to 600 mg/day
without p-glycoprotein inhibitor. Frequency of myoclonus, gaze, and smile were
markedly improved. We stopped quinacrine administration due to liver dysfunc-
tion after four weeks. Two other sporadic CID cases were treated by combination of
quinacrine (200 mg/day) and verapamil (120 mg/day). The first case treated with
combination therapy was a 71-year-old male, who had developed unstable gait,
disorientation, and myoclonus. After two weeks administration of quinacrine and ve-
rapamil, frequency of myoclonus was dramatically decreased. Before starting medi-
cation, his eyes had rolled aimlessly. He began to gaze at his family and his doctor after
the combination of quinacrine and verapamil. However, his symptoms returned to the
non-medicated state after eight weeks, although he has been receiving medication.

The second case treated with combination therapy was a 65-year-old male. He
was bedridden as a result of cerebellar ataxia and progressive dementia. Action
myoclonus was observed. We started combination treatment of quinacrine and ve-
rapamil on him. After two weeks, his eye movement and myoclonus had improved
markedly though the improvement was temporal. These three patients were diag-
nosed as possible CJD by based on clinical criteria of World Health Organization,
diffusion-weighted MRI, and 14-3-3 protein in cerebrospinal fluid (CSF).

To determine whether quinacrine could be sufficiently transported to the brain,
we measured the concentration of quinacrine in CSF at 4 weeks after administration
of case in 2 and case 3 (Table I). Concentrations of quinacrine in CSF were mea-
sured by high-performance liquid chromatography method as described previously
(Bjorkman and Elisson, 1987). The concentration of quinacrine in CSF, supposed to

Table I. Effects and Adverse Effects of Quinacrine in Patients with CJD

Clinical effects
Conceratation Frequency Improvement
of quinacrine AST Hematological Skin color of of gaze
Case Co-adminisration in CSF level® dysfunction  change myoclonus and smile
1 None ND 158 — + Decreased +
2 Verapamil 392 1M 24 -— + Decreased +
3 Verapamil 226 nM 53 — + Decreased +

Note. Plus symbol shows that each patient has the indicated findings.
“ALT; peak data under quinacrine administration.
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be approximately equal to the concentration of quinacrine in experimental treatment
in vitro approx. 200-400 nM (Korth ez al., 2001).

When the clinical effects on the first patient were compared with the other two
patients (combination of 200 mg/day of quinacrine and 120 mg/day of verapamil),
improvement of the clinical findings in patients receiving a combination of low dose
quinacrine and verapamil was observed to be approximately equal to the level im-
provement seen in the patient receiving quinacrine only. In two patients treated
with the combination of low-dose quinacrine and verapamil, no liver dysfunction
and hematological toxicity was observed. Although French National Surveillance
Network of Prion Diseases recommended to use quinacrine 1000 mg the first day,
then 300 mg each day, we conclude that low-dose quinacrine can be used as a safe
and effective treatment of CJD when given in combination with a p-glycoprotein
inhibitor such as verapamil.
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ABSTRACT

Cellular prion protein, PrP%, undergoes pathogenic structural conversion into the proteinase K
(PK)-resistant isoform, PrP®, to constitute a nucleic acid-free infectious agent, so called a
pron. To determine whether a recently identifted PrP-like protein, named PrPLP/Dpl, could
also be transformed to a prion-like protein, we intracerebrally inoculated a mouse-adapted
Fukuoka-1 prion into Ngsk and Zrch I mice cither homozygously (Prrp™) or heterozy gously
(Prnp®*) devoid of PrP°. Only the former cxpressed PrPLP/Dpl ectopically in the brains,
particularly in neurons. Ngsk Prnp”” and Zrch 1 Prap™* mice similarly developed the disease.
The diseased Ngsk Prnp®* mice transmitted the disease to the mice expressing PrPC but not to
the mice expressing PrPLP/Dpl, showing abundant accumulation of PrP™ but not PK-resistant
PrPLP/Dpl in the brains. Moreover, the inoculated Ngsk Prap™®® mice neither developed the
disease nor produced any infectivity transmissible to PrPLP/Dpl-expressing mice. These
results indicate that PrPLP/Dpl have no potential to undergo pathogenic conversion to form a
prion-like infectious particle.

Key words: Prion protein, prion protein-like protein, prion, knockout mice

INTRODUCTION of prion protein, PrP*, in the central nervous

system (Prusiner, 1998). PrP* is a highly

Transmissible spongiform encephalopathies, fibrinogenic protein  generated by the
or prion diseases including Creutzfeldt-Jakob  structural  conversion of the normal
discase in humans and scrapic in animals, are  PK-sensitive PP (PP, a
infectious  ncurodegenerative  disorders  glycosylphosphatidylinositol (GPI)-anchored
characterized by deposition of an abnormally membrane glycoprotein abundantly
folded, proteinase K (PK)-resistant isoform  expressed by neurons (Prusiner, 1998). Mice



devoid of PrP* (Pmp“o) were resistant to the
diseases without accumulation of PrP* or
propagation of infectious agents, or prions, in
the brain (Bueler et al., 1993, Prusiner et al.,
1993, Sakaguchi et al, 1995), strongly
arguing for the “protein-only” hypothesis
(Prusiner, 1998). This hypothesis postulates
that a prion is mainly composed of Pr>* and
propagates via the pathogenic conversion of
PP into PP (Prusiner,  1998).
Intermolecular interaction of these two
molecules is thought to be essential in the
conversion {Prusiner, 1998).

The gene designated Prad cncoding a
PrP-like protein, PrPLP/Doppel (Dpl), was
recently identified 16 kb downstream of the
murine PrP gene, Prap (Li et al, 2000,
Moore et al., 1999). PrPLP/Dpl is also a
GPl-anchored glycoprotein of the raft
membrane and shares 23% identical amino
acids with PrP (Li et al., 2000, Moore et al.,
1999). Its protein structure is also extremely
simifar to that of the C-terminal two-third of
PrPC, comprising three o-helices and two
short P-strands (Mo ct al., 2001). These
topological and structural similarities of the
two proteing raised the question ol whether
PrPLP/Dpl could modify the pathogenesis of
prion by interfering with the
interaction between Prb® and Pr™. Moore et
al. and Tuzi et al. rccently showed that
PrPLP/Dpl had no potential to affect
pathogenesis by demonstrating that mice
expressing PrPLP/Dpl ectopically in the
brains developed the disease with incubation
periods and pathologies indistinguishable
from those in control mice (Moore et al,,
2001, Tuzi et al., 2002). However, another
intriguing question remains to be addressed,
that is, whether PrPLP/Dpl itself can undergo
pathogenic conversion and become an

diseases
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infectious isoform that can propagate like a
prion.

In the present study, we inoculated a
mouse-adapted Fukuoka-1 prion into Ngsk
Prnp” and Ngsk Prap® mice, both
ectopically expressing PrPLP/Dpl in the
brain due to an unusual intergenic RNA
splicing conducted on the Ngsk targeted
allele (1.i et al,, 2000), and then examined
whether PrPLP/Dpl-associated infectivity
could be generated in these mice by
inoculating the brain homogenates of these
mice into Ngsk Prnp® mice expressing
PrPLP/Dp! only.

MATERIALS AND METHODS

Mice

C57BL./6 mice were purchased from Japan
SLC. Ngsk Prap™ and Zrch 1 Prap™ mice
were generated as previously described
(Bueler et al., 1992, Sakaguchi et al., 1995).
To produce Ngsk Prap®* and Zrch 1 Prop™*
mice, Ngsk Prnp™ and Zrch 1 Prap™ mice
intercrossed with C57BLJ/6  mice,
respectively. The mice were handled in
accordance with the Guidelines of Animal

were

Experimentation of Nagasaki University.

Prion Inoculation

10% (wiv) brain homogenates of mice
suffering from terminal discase after
inoculation of a4 Fukuoka-1 prion (kindly
provided by Dr Tateishi) were prepared in
phosphate-buffered saline (PBS), and an
aliquot (20 ul} of the homogenates was
intracerebrally inoculated into cach mousc
under anesthctization by the inhalation of
diethyl ether (Wako Pure Chemical Industries,
I4d., Osaka, Japan).



Western Blotting

Total proteins extracted from mouse brains in
a buffer (50 mM Tris-HCI, pH 7.5, 150 mM
NaCl, 0.5% Nonidet 40, 0.5% sodium
deoxycholate, 1 mM EDTA) were treated
with or without 20 pg/ml PK (Wako Pure
Chemical Industries) at 37°C for 30 min, and
then boiled in the presence of Laemmli’s
buffer for 10 min to halt the PK digestion.
The proteins were separated on 12%
SDS-polyacrylamide gel and electrically
transferred onto a nitrocellulose membrane
(Millipore Corporation, Bedford, MA). After
I hr blocking at room temperature (RT) in
TBST (10 mM Tns-HCI, pH 8.0, 150 mM
NaCl, 0.1% Tween-20) containing 5% dry
skim milk, the membrane was incubated with
an indicated first antibody in TBST
containing 1% dry skim milk for 2 hr at RT.
Anti-PrP  and  anti-PrPLP/Dpl sera were
raised against recombinant mouse PrP23-231
in Ngsk Prnp™ mice and recombinant mouse
PrPLP/Dpl24-154 in rabbit, respectively. The
immunocomplexes were detected by using
horseradish peroxidase-conjugated antibodies
(Amersham Pharmacia Biotech,
Buckinghamshire, UK) and an ECL system
(Amersham Pharmacia Biotech).

Immunohistochemistry

Deparaffinized sections were digested with 1
mg/ml trypsin for 15 min at 37°C, and then
placed in 3% 11,0, in methanol for 30) min at
room lemperature (0 eliminate endogenous
peroxidase activity. After treatment with
normal rabbit serum for 30 min, the tissue
sections were incubated overmight at 4°C
with anti-GFAP (1:50 [Dako, Kyoto, Japan]).
To detect the glial fibrillary acidic protein
(GFAP) immunoreaciivity, we used the
Polymer-Immuno Complex method in

accordance  with  the  manufacturer's
recommendations {Dako). The
antibody-bound peroxidase was revealed
with 0.04 % diamino-benzidine (Sigma
Chemical Co., St. Louis, MO).

RESULTS

A mouse-adapted Fukuoka-1 prion was
inoculated intracercbrally into Ngsk Prap®?,
Ngsk Prap™*, and Zrch I Prup™* mice. The
former two mouse lines expressed PrPLP/Dpl
in the brains, particularly in neurons, but the
latter did not (i et al, 2000). In keeping
with our previous report (Sakaguchi ct al,
1995), none of the Ngsk Prap® mice
exhibited the discase-specific neurological
symptoms for up to 600 days
post-inoculation (p.i.) (Table 1). By contrast,
all of the Ngsk Prnp”* and Zrch 1 Prap®*
mice developed the disease with similar
incubation times of 28234225 and
286.4+27.0 days p.i., respectively (Table 1),
and with similar clinical symptoms such as
body weight loss, greasy yellowish hair,
kyphosis, and flaccid paralysis of legs.
Comparable levels of PrP* with the same
patterns of glycosylation were detected in the
brains of these discased mice on Western
blotting (Fgure 1). Histological findings in
the affected brain tissues were also
indistinguishable between the two lines of
mice: the brains were markedly atrophic
(data not shown) and many vacuoles were
detectable mainly in the cerebral cortex and
hippocampus (Figure 2, wupper panels).
Moreover, hypertrophic astrocytes with
strong immunoreactivitics of GFAP were
similarly infiltrated in the same brain regions
of these mice on immunohistochemical
examinations (Figure 2, lower panels).



PrPLF/Dpl

PrP

GAPDH

Figure 1: Western blotting of the brains of Ngsk Pmp®* and Zrch | Prnp™* mice with
neurological symptoms and of Ngsk Pmp?° mice 360 days after inoculation with the
Fukuoka-1 prion. The brain homogenates treated with (+) or without (-) proteinase K
(PK) were probed by rabbit antiserum against recombinant mouse PrPLP/Dpl, mouse
antiserum against recombinant mouse PrP, and mouse monoclonal antibody against

rabbit
Finland).

PrP“ undergoes conformational conversion
into a PK-resistant PrP, PrPs°, and mediates
the prion transmission. It has been suggested
that PrP¢ also converted into a
PK-sensitive but infectious intermediate form
of PrP, termed PrP*, and that it supports the
prion propagation (Aguzzi and Weissmann,

1s

glyceraldehyde-3-phosphate  dehydrogenase
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(GAPDH; HyTest, Turku,

1997). To determine whether PrPLP/Dpl
could be similarly transformed into a
PK-resistant or a PK-sensitive but infectious
intermediate isoform, we first subjected the
brains of both the diseased Ngsk Prap®™ and
the Ngsk Prip™ mice sacrificed at 360 days
p.i. to Western blotting. On Western blotting,



anti-PrP  antibodies detected PK-resistant
PP abundantly accumulated in the brains
of Ngsk Prnp®* mice (Figure 1), but not in
the Ngsk Prnp™ mice (data not shown). By
contrast, the PrPLP/Dpl detectable in the

brains of these mice by anti-PYPLP/Dpl
antibodies raised against recombinant mouse
PrPLP/Dpl in rabbit was digested to an
undetectable level by the PK treatment
(Figure 1).

Zrch | Prnp%+*

Figure 2: Hematoxylin-eosin staining (upper panel) and GFAP immunohistochemical
staining (lower panel) of the brains of Ngsk Prnp® and Zrch | Prmp®* mice with
neurological symptoms after inoculation with the Fukuoka-1 prion. (Magnification,

x12.5; Inset magnification, x50).

We next inoculated the brain homogenate of
the diseased Ngsk  Prop”*  mice
intracerebrally into wild-type, Ngsk Prnp¥*
and Ngsk Prnp® mice to determine whether
PrPLP/Dpl could be converted into a
prion-like infectious protein. All of the
wild-type and Ngsk Prnp™ mice developed
the disease at 161+11 and 26927 days p.i.,
respectively (Table 1). The clinical symptoms
in these mice were indistinguishable from
those of the corresponding mice inoculated
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by the brain homogenates of infected
wild-type mice (data not shown). By contrast,
none of the Ngsk Prup® mice exhibited
disease-specific symptoms for up to 600 days
p.i. (Table 1). Additionally, we inoculated the
brain homogenate from the Ngsk Prnp™
mice sacrificed at 112 weeks p.i. into
" mice. However, no
neurological
could be detected in the indicator mice for up
10 600 days p.i. (Table 1).

indicator Ngsk Prnp

disease-specific symptoms



Table 1. No PrPLP/Dpl-associated infectivity in Ngsk Prnp®* and Ngsk Prmp™ mice

donhor mouse recipient mouse

incubation time
{meanzSE; days)

dissased mice
finoculated mice

Ngsk Prmp2® 0/5 >B00
wild-type Ngsk Prnp® 5/5 282.3422.5
(diseased)
Zrch § Prnpo 5/5 286.4+£27.0
wild-type 77 161.4210.9
Ngsk Prnp®* .
(diseased) Ngsk Pmp® 8/8 296.3x12.1
Ngsk Prmpo° 0/5 >600
Nesk Prnpa? Ngsk Prnpoo o5 >5600
(112-wk p.i.)
DISCUSSION spontancously develop neurological

In the present study, we first showed that
Ngsk Prap®* mice expressing PrPLP/Dpl
ectopically in neurons succumbed to the
disease after the infection of a lukuoka-|
prion with incubation periods identical to that
of Zrch I Prnp” micc cxpressing no
PrPLP/Dpl. PrP™ was similarly accumulated
in the brains of both lines of Prnpw* mice,
and pathological changes such as vacuolation
and astrocyte infiltration pattemns were
indistinguishable between them. These
findings are consistent with the results
reported previously by Moore et al. (Moore
et al., 2001) and Tuzi et al. (Tuzi et al., 2002),
indicating that PrPLP/Dpl has no potential to
affect the pathogenesis of prion discasc. By
contrast, Ngsk Prap®” mice were free of the
disease for up to 600 days pi. with no
accumulation of PrP% in the brains after
inoculation of the prion, confirming that PrP©
1s crucial for the pathogenesis of the discases
via its conversion into PrP**.

The pathogenesis of prion diseases is yet to
be clucidated. Prup™® mice were shown to
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abnormalities similar to those often observed
in prion diseases, including impairment of
memory and learning, alteration of circadian
thythms, and demyelination in the spinal
cord and peripheral nerves (Collinge et al.,
1994, Nishida ct al., 1999, Tobler ct al,
1996), strongly suggcesting that the functional
loss of PrP° is involved in the pathogenesis
of the diseases at least in part. Unlike the
accumulation of PrP*, the constitutive
conversion of PrP® into PrP™ is thought to
causc the reduction of PrP“ in the affccted
brain, which in turn might lead to the
functional impairment of PrPS. It was
recently shown that PrPLP/Dpl ectopically
expressed in neurons impairs the function of
PrP©, death,
particularly in Purkinjc cells, granule cells,
and hippocampal pyramidal cells (Anderson
et al., 2004, Moore ¢t al., 2001, Yamaguchi et
al., 2004). In the present study, no
cxacerbation of prion pathogencsis was
demonstrated  in Ngsk  Prap™*
PrPLP/Dpl  in
compared with Zrch 1

causing ncuronal cell

mice
expressing neurons  as

Prnp®*  mice



expressing no PrPLP/Dpl. This result seems
to refute the idea that some aspects of the
prion pathogenesis are attributable to the
functional loss of PrP®. We cannot, however,
rule out the possibility that PrP“ s
functionally inactivated in prion discascs in a
way different from that of PrPLP/Dpl.

We next showed that, in contrast to PrP®
abundantly accumulated in the brains of the
diseased Ngsk Prnp”™* mice, no PK-resistant
PrPLP/Dpl could be detected in the brains of
these mice nor in the Ngsk Prap® mice
sacrificed at 360 days p.i. These results were
consistent with thosc of Tuzi ct al. (Tuzi ct al.,
2002). We further showed that intracercbral
inoculation of the brain homogenates of the
diseased Ngsk Prnp%* mice resulted in the
disease only in mice expressing PrP®, such as
wild-type and Ngsk Prnp™* mice, but not in
Ngsk Prp™ mice which express PrPLP/Dpl
but are devoid of PrP“. Similarly, no
disease-specific symptoms were detected in
indicator Ngsk Prap®° mice, which were
intracerebrally inoculated with the brain
homogenates of the Ngsk Prap™ mice
sacrificed at 112 wecks pi. The
homologous combination of PrP” and PrP*™
ts important for the efficient transmission of
prions. Thus, taken together with the finding
that PK-resistant PrPL.P/Dpl were undetected
in the diseased Ngsk Prap®* mice and the
Negsk Prnp® mice sacrificed at 360 days p.i.,
this unsuccess(ul transmission of the disease
from these mice into Ngsk Prnp®’ mice
strongly indicates that PrPLP/Dpl does not
undergo pathogenic conversion to  a
prion-like infectious protein. On the contrary,
the disease transmission is dependent on the
expression of PrP® in the recipient mice and
the presence of PrP* inocula,
reaffirming the central role of PrP in prion

in the
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diseases.

showed that
PrPLP/Dpl 1s not indispensable to either the
pathogenesis or the PrP*™ generation by
demonstrating that scrapie prions induced
typical [eatures of prion pathology including

Behrens et al.  previously

PriP® accumulation in neuronal grafts derived
from embryonic stem cells homozygous for a
disrupted Prnd (Bcehrens et al, 2001).
PiPLP/Dpl is the first identified. host protein
exhibiting high similarities in amino acid
composition and protein conformation to PrP.
No other PrP-like proteins have been
reported to date. Together with these results,
our findings strongly indicate that prion
discases are disorders specifically associated
with the pathogenic conformation of PrP
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Fatal familial insomnia with an unusual prion protein deposition pattern: an autopsy report with an

experimental transmission study

We recently performed a post-mortem examination on a
Japanese patient who had a prion protein gene mutation
responsible for fatal familial insomnia (FFI). The patient
initially developed cerebellar ataxia, but finally demon-
strated insomnia, hyperkinetic delirium, autonomic signs
and myoclonus In the late stage of the fllness, Histological
examination revealed marked neuronal loss in the thala-
mus and inferior olivary nucleus; however, prion protein
(PrP) deposition was not proved in these lestons by immu-
nohistochemistry. Instead, PrP deposition and spongi-
form change were both conspicuous within the cerebral
cortex, whereas particular PrP deposition was also
observed within the cerebellar cortex. The abnormal pro-
tease-resistant PrP (PrP™) molecules in the cerebral cor-

tex of this case revealed PrP™ type 2 pattern and were
compatible with those of FFI cases, but the transmission
study demonstrated that a pathogen in this case was dif-
ferent from that in a case with classical FFI. By inocula-
tion with homogenate made from the cerebral cortex, the
disease was transmitted to mice, and neuropathological
features that were distinguishable from those previously
reported were noted, These findings indicate the possibil-
ity that a discrete pathogen was involved in the disease in
this case. We suggest that not only the genotype of the
PrP gene and some other as yet unknown genetic factors,
but also the variation in pathogen strains might be
responsible for the varying clinical and pathological fea-
tures of this disease.

Keywords: Creutzfeldt-Jakob disease, NZW mouse, prion disease, thalamic form, transmissible spongiform encephalopathy

Introduction

Patal familial insomnia (FFI) is one of the disease entities of
prion disease or transmissible spongiform encephalopathy
(TSE} and it is linked to a mutation at codon 178 of the
prion protein gene (PRNF), aspartic acld to asparagine
substitution (D1 78N), in confunction with methionine at
the polymorphic position 129 of the mutant allele [1]. The

Correspondence: Kensuke Sasaki, Department of Neuropathology,
Neurologteal Instifute, Graduate School of Medical Sciences, Kyushu
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neuropathological hallmark of PFI is the predominance of
lesions within the thalamus [2]. Clinically this disorder is
characterized by progressive insomnia, dysautonomia
and motor signs [3]. The D178N mutation is also associ-
ated with familial Creutzfeldt-Jakob disease (CJD). The
disease phenotypes have been considered to depend on
the polymorphism at codon 129 of the mutant allele,
methionine (129Met) in FFI and valine (129Val) in CJD
[4]. However, the FFI genotype reveals diverse clinical
expression including cerebellar ataxia, dementia and
autonomic abnormalities with or without insomnia [5.6].
In Japan, one FFI case [7] and some cases of the ‘sporadic’
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thalamic form of CJD [8,9] have been reported, and these
have indicated a discrepancy between PRNP genotype and
the disease phenotype.

We recently performed a post-mortem examination on a
Japanese patient with a 27-month history of familial prion
disease with PRNP D178N-129Met mutation. The clinical
data on this patient and his family have been published in
part [10]. Here we report additional clinical data and post-
mortem neuropathological findings, as well as findings in
mice infected with the patient’s material.

Case report

The pedigree is presented in Figure 1, In October 1997, a
50-year-old Japanese man (Patient II-5) developed an
unsteady gait, followed within a month by difficulty in
speech. Although these symptoms worsened rapidly, he
did not immediately develop either dementia or insomnia.
He was admitted to a hospital for neurclogical evaluation
in Pebruary 1998, and PRNP D178N-129Met mutation
(heterozygous for 129Met/Val} was revealed as previously
reported [10]. From October 1998, either insomnia or
delirium was clearly apparent. Hyperthermia without any
signs indicative of infection or inflammation, thus sug-
gesting an autonomic sign, was also observed. He often
showed reality disturbance and restlessness. He became
progressively demented, developed trismus, myoclonus
and horizontal nystagmus, and demonstrated increased
muscle tone. Finally he became bedridden with flexion
contracture. Brain computed tomography revealed mild
atrophy of the cerebellum and brainstem. Electroenceph-
alograms showed a background of 9 Hz diffuse ¢ activi-
fies, but periodic synchronous discharges were not

d.55y
I-1
(g (B d.SSy* J) d.52y [.l:1
-1 -2 ./ 1-3 -4 15 1€
mi-1 V-2 V-3

Figure 1. Family tree of the present pedigree. Patients who
developed rapidly progressive cerebellar ataxda are depicted by closed
symbols, along with their age at death (years old). One of thechildren
of the present case has fatal familial insomnia genotype D178N-
129Met/Met (grey symbol).
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detected during the clinical course. Sleep activities with
rapid eye movements were not recorded in sleep electroen-
cephalograms. In January 2000, he died of pneumonia at
the age of 52 years, about 27 months after the onset of
disease,

Patient Ii-3, one of the brothers of Patient II-5, also
showed rapidly progressive cerebellar ataxia. He devel-
oped an ataxic gait, forgetfulness and dysarthria at the
age of 55 years. Brain computed tomography demon-
strated moderate cerebellar atrophy, and electroenceph-
alograms showed diffuse intermittent slow activities
without periodic synchronous discharges. He devel-
oped myoclonic jerks, akinetic mutism with a decorti-
cate posture, and died 7 months after the onset. Patient
I-1, the father of Patients II-5 and II-3, had also devel-
oped an ataxic gait and dementia at the age of
55 years. He died of unknown causes after a clinical
course of 12 months, Neither autopsy nor PRNP analy-
sis was carried out in either Patient I-1 or Patient II-3,
One of the children of Patlent II-5 was revealed to have
PRNP D178N-129Met mutation (homozygous for
129Met).

Materials and methods

Autopsy was performed 6 h post-mortem. A frontal tip of
the right cerebral hemisphere and a cerebellar tip were
sampled and frozen for Western blot analysis. The
remaining brain was immersion-fixed in 10% formalin for
2 weeks. Tissue blocks were immersed in 98% formic acid
for 1h and paraffin-embedded. Hematoxylin and eosin
(HE} stain, Kliiver-Barrera stain and Bodian's method
were performed on 7-pm-thick sections, Immunchis-
tochemical analyses were performed by a standard indi-
rect method for glial Bbrillary acidic proteln (GFAP)
(polyclonal, Dake, Denmark, or monoclonal, clone G-A-5,
Roche, Switzerland), ferritin (polyclonal, Dako), B-
amyloid precursor protein (APP) (monoclonal, clone
LN27, Zymed, USA), SNAP-25 (monoclonal, clone
MAB331, Chemicon, USA) and prion protein (PrP) {mon-
oclonal, clone 3P4, Senetek, USA). For anti-PrP immuno--
histochemistry, sections were pretreated with hydrolytic
autoclaving as previously reported [11]. Western blot
analysis for protease-resistant PrP (PrP™) was performed
using frontal cortical and cerebellar tissue tips from this
case, applying phosphotungstic acid precipitation of PrP™
as described previously [12] with 50 pg/ml proteinase X
(PK) digestion, along with a control case with sporadic
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C]D (77-year-old man, duration of illness was 9 months,
129Met/Met). Transmission study was performed as
described previously [13). Briefly, frontal cortical tissue
tips were aseptically homogenized with nine volumes of
saline, and after removal of debris by low-speed centrifu-
gation the supernatant was used as 10% homogenate.
Twenty microliters of 10% homogenate were injected
intracerebrally into female NZW mice or female Tg7 mice
expressing hamster PrP but not endogenous murine PrP.
Sections of infected mice were analysed by HE stain and
also by immunohistochemistry for PrP (polyclonal, PrP-C,
IBL, Japan) and GFAP (clone G-A-5, Roche). Permission
for the animal experiments was obtained from the Animal
Experiment Committee of Kyushu University.

Figure 2. Coronal sectlon at the thalamic level. The medial part of
the thalamus ts atrophtc and the third ventricle is dilated.

3

2
1
4]

Results

The brain weighed 1350 g before fixation. The cerebellum
showed slight atrophy, whereas the volume of the fore-
brain was preserved. Coronal sections showed atrophy of
the medial part of the thalamus and symmetrical dilata-
tion of the third ventricle (Figure 2).

The summary of histological examination is shown in
Figure 3. Marked neuronal loss and moderate astrogliosis
in the thalamus were observed, most prominently in its
centromedial nucleus and dorsomedial nucleus, However,
spongiform change was imperceptible (Figure 4A,B). Neu-
ronal loss and gliosis in the medial portion of the inferior
olivary nucleus were also apparent (Figure 4C,D). In the
cerebellum there was mild loss of granular cells, and the
molecular layer was slightly atrophic. There were localized
lesions of spongiosis in the cercbellar molecular layer.
Purkinje's cells appeared not to be decreased in number,
but they often demonstrated shrunken features. The cere-
bellar white matter showed diffuse myelin pallor. The cere-
bral cortex showed uneven distribution of spongiform
change and neuronal loss (Figure 4E). There was no
apparent difference in the intensities of the cortical lesions
among the lobes of the cerebrum except that the lesions
are more prominent in the entorhinal cortex and less in
the occipital lobe. Moderate astrogliosis was associated
with the spongiform lesions (Figure 4F),

Immunohistochemistry for PrP revealed that there was
no punctate or plaque-type immunoreactivity in the thal-

B Gliosis, Neuronal loss

FC TC PC OC HI EC ST TH PG SN LC PO IO CB

Spongiosis, PrP deposition -
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Figure 3. Leslon profiles of the present case. A: schematic drawing of the distribution of prion protein (PrP) deposition (dtamonds), sponglosis
(clrcles) and neurcnal loss {triangles) In this case, which can be compared to that of fatal familial insomnia (BFI) and 178C]D shown in ref,
[19]. B: leslon profiles in respect to gliosis/neuronal loss and spongiosis/PrP deposition. Braln regions studied were: frontal cortex (FC), temporal
cortex (TC), parietal cortex (PC), occlpital lobe (OC), hippocampus (HI), entorhinal cortex (£C), striatum (ST), thalamus (TH), substantia nigra
(SN}, periaqueductal grey (PG), pons (PO), locus ceruleus (LC), medulla oblongata (ME), cerebellum (CB). The vertical axis is the degree of
lesion graded as follows. 0: not detectable; 1: mild; 2: moderate; 3: severe.
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Figure 4. Neuronal loss and gliosis revealed by hasmatoxylin and eosin staln (A, E), Bodian's stain (C) or immunohistochemistry for glial
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o)

fibrillary acidic protein (GFAP) (B, D, E). A, B: centromedial nucleus of the thalamus, C, D: inferlor olivary nucleus. Neuronal loss s more
evident in the medial part (left side of panel C, which represents the rectangular area depicted in panel D). E, F: cerebral cortex (frontal lobe).
Both sponglform change and gliosls are remarkable, Bars: 50 pm (A, B, B, B}, 200 pm {C), 1 mm (D).

amus or tnferior olivary nucleus (Figure 5C,D). In the cer-
ebellar molecular layer, punctate deposits of PrP were
focally observed (Figure 5A), and the regions with these
deposits were coincident with the extent of spongiform
change. Likewise, fine granular deposition of PrP was also
detected together with spongiform degeneration in the
cerebral cortex (Figure 5B). The distribution of PrP depos-
its appeared to be more broad and noticeable in the cere-

bral cortex than in the cerebellum. As a unique finding,
the anti-PrP antibody revealed swollen and/or frizzled
axons in the deeper parts of the cerebral white matter, in
the corpus callosum, or at the borders of the thalamus and
caudate nucleus (Figure 5E). Axonal transported sub-
stances, APP (Figure SE, inset) and SNAP-25 (data not
shown) were also detected immunohistochemically in
those axons.

© 2004 Blackwell Publishing Ltd, Neuropathology and Applied Neurobiology, 31, 8087
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Figure 5. Immunohistochemistry for prion protein (PrP) deposltion. A: cerebellum. B: frontal cortex. C: centromedial nucleus of the thalamus,

e

D: inferior ollvary nucleus. PrP depositlon can not be detected in the thalamus or the Inferior olivary nucleus, but coarse or fine granular PrP
deposttion is visible within the cerebral cortex and the cerebellar molecular layer. E: axons with swollen and/or frizled features can be detected
in the white matter at the border of the thalamus. These axons are also iImmunostained with anti-APP (amyloid precursor protein) anttbody

{tnset). Bars: 50 pm (A, B, E), 100 pm (C, D).

Although the conventional method of Western blot
analysts for PrP™ failed to detect any particular signal
(data not shown), by application of phosphotungstic acid
precipitation that preferably concentrates PrP™ but not
cellular PrP [12], Western blot analysis of the extract from
the frontal cortex of this case revealed a detectable
amount of PrP™ (Figure 6). The molecular weight of non-
glycosylated form of PrP was about 19 kDa (PrP™ type 2
pattern) and also the PrP™ glycoform ratio was compati-
ble with that of FFI, which has been previously reported
[14). The extract from the cerebellum showed no signifi-
cant signal in Western blot analysis even with phospho-
tungstic acid precipitation (data not shown).

The disease of this case was successfully transmitted to
some of the mice inoculated with tissue homogenate from
the frontal cortex. The incubation time was 571.6 £61.1

days (5/7 of the tnoculated mice developed TSE) in the
NZW mice and 736 £ 64.4 (5/8) in the Tg7 mice, respec-
tively. Although not all the mice developed TSE, diseased
mice demonstrated lethargy in the terminal stage rather
than excitability. In the TSE-developed mice pathological
examination of the brain showed that spongiform change
and gliosis were prominent in the cerebral cortex in addi-
tion to the thalamus (Figure 7). Immunohistochemistry
for PrP revealed that diffuse granular PrP deposition was
present within the deep layer of the cerebral cortex as well
as in the lateral portion of the thalamus (Figure 7B,E).

Discussion

It is established that there is an overlapping spectrum
between classical FFI and CJD in assoclation with PRNP

© 2004 Blackwell Publishing Ltd, Neuropathology and Applied Neurobiology, 31, 80-87
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Figure 6. Western blot analys!s for protease-resistant prion proteln
(PrP™). Brain homogenate of the frontal cortex of this case is treated
with or without proteinase K (PK), and then PK-digested sample is
followed by the 40-times concentration with phosphotungstic acid
precipitation for PrP™, The abnormal PrP molecules in the frontal
cortex of this case migrate as PrP™ type 2. PrP molecules in the lane
sporadic Creutzfeldt-Jakob disease (sCJD) are also shown asa
standard type 1 PrP (MM1). Molecular sizes (kDa) are indicated on
the left.

D178N [6); however, this case adds to our knowledge
about this disease. Although the present case had FFI gen-
otype, the clinical features were Initially characterized by
prominent cerebellar ataxia, and the neuropathological
findings were also atypical in the following respects. First,
PrP deposition and spongiform change in the cerebral
cortex were more conspicuous than in the thalamus or
inferior olivary nucleus, both of which are extremely vul-
nerable sites for FFL. It has been previously reported that
heterozygotes Met/Val at codon 129 resultin alonger clin-
fcal course than homozygotes [4], and it is therefore pos-
sible that the lesions seen in the cerebral cortex were more
prominent simply because of the longer course of illnessin
this patient. However, a further noteworthy point about
this case is rather that there was no PrP deposition either
in the thalamus or in the inferior olivary nucleus.
Second, Immunchistochemical examination detected a
peculiar deposition of PrP within the melecular layer of
the cerebellum. The localized lesions of granular deposits
of PrP and spongiform change in the cerebellar molecular
layer seemed to be similar to those reported in a patient
from an Austrian FFI family [15]. The cerebellar ataxia of
this case could have attributed to the loss of granular nen-
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rones and degeneration of Purkinje’s cells, in addition to
the lesions of the inferior olivary nucleus, although the
pathology related to PrP deposition could have also been
responsible,

A third atypical feature is that the neuronal loss in the
thalamus was most noticeable in the centromedial
nucleus. A previous study revealed that severe atrophy of
the anterior ventral and dorsomedial thalamic nuclet was
consistently observed, whereas that of other thalamic
nuclel was less severe and they were inconsistently
affected [2]. In this case, the medial portion of the thala-
mus was indeed damaged cructally, but the principal
lesion was different from the typical pathology of FFIL

In addition, an interruption of axonal transport was
suggested, Some of the axons were swollen and associated
with PrP accumulation, and both APP and SNAP-25 were
also accumulated in those axons. APP and SNAP-25 are
presynaptic protein and APP is considered as the most
effective marker for axonal injury [16]. Aberration in
recruitment of PrP might be involved in the pathogenesis
of TSE, as described previously [17,18].

This case showed a small amount of specific PrP™ In the
cerebral cortex but not in the cerebellum as detected by
Western blotting. The ratio of PrP™ quantity in those
regions was visually correlated with that of immunohis-
tochemical reactivity for PrP. Although fresh frozen sam-
ples from the thalamus or the Inferior olivary nucleus
were not obtained for Western blot analyses, we suspect
that PrP™ in such regions would be too sparse to be
detected by Western blotting even in combination with
phosphotungstic acid precipitation. The type 2 migration
pattern and the glycoform ratio of PrP™ in this case were
compatible with those in the typical FFI [14]; however, it
remains to be elucidated whether these abnormal proteins
that can be classified in the same PrP™ type may have dif-
ferent influences on the neurodegeneration processes.

Finally, the transmission study revealed that a pathogen
in the frontal cortex of this case might be different from
that of an FFI case previously reported by Dr Tateishl and
his colleagues [13]. NZW mice infected with a thalamic
tissue sample of a typical FFI case exhibited excitability as
the principal clinical sign and demonstrated PrP deposi-
tion predominantly localized within the thalamus. On the
other hand, NZW mice infected with a frontal cortical tis-
sue sample from the present case showed lethargy as a
clinical sign, and demonstrated diffuse PrP deposition
within the deep layer of the cerebral cortex, as well as in
the lateral portion of the thalamus. The PrP deposition

© 2004 Blackwell Publishing Ltd, Neuropathology and Applied Neuroblology, 31, 80-87



