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Fic. 2. LC/MS analysis of the PK-resistant protein in the urine, Peptides from tryptic digestion of the PK-resistant protein in the urine
of 5CJD-3 were separated using MAGIC 2002 liquid chromatography and the elute were analyzed by MS. A, base peak mass chromatogram of the
37-kDa protein, each peak is labeled with the retention time. B, molecular mass and amino acid sequence of each peak originating from the 37-kDa
protein, Al the determined amino acid sequences were identical to that of OMP of E. coli (OmpC precursor) based on the results of the data base
search. R. Time, retention time; Mr{expt), molecular weight in the experiment; Mr{calc), molecular weight in calculation. €, amino acid sequence
of OmpC of E. coli was shown. Bold style letters indicate sequences covered by the results of the LC/MS analysis, The sequence identified by
N-terminal sequencing analysis is shown with an underline.
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TasLe III
Results of the N-terminal sequence of PK-resistant signal in patients’ urine

Amino acid sequences were queried against entries for all species in the SwissProt database using the FASTA search programs offered by
GenomeNet, PK-resistant protein bands with molecular mass about 37 kDa were subjected to the analysis.

Patient ID N-terminal sequence Protein identification and species

Sporadic CJD

sCJD-1% AEIYNEDGNK OmpC, K. pneumoniae

sCJD-2% AEVYNKDGNK OmpC, E. coli

&CJD-3° AEVYNKDGNEK OmpC, E. coli

sCJD-4 AEVYNKJDGNELDLYGKVDGL OmpC, E. colt

sCJID-5 AETYNKDGNEKLDLYG OmpC, K. pneumoniae, or OmpF, S. typhimurium

sCJD-6* AEVYNKDGNXLDLYG OmpC, E. coli

sCJD-7 AEVLNKDONK OmpC, E. coli

sCJD-8* AEVYNKDGNKL OmpC, E. coli

sCJD-9* AEVYDKDGKNLDL Omp Sodalis glossinidius

sCJD-10% AEVYNKDGNEL OmpC, E. coli

gCJD-11% AEVYNEDGNKLDLYG OmpC, E. coli
Dural graft-associated CJD

1 AEVYNKDGNKLDLYG OmpC, E. coli

27 AFETYNEDGNKLDLYG OmpC K pneumonice, or OmpF, S. typhimurium

# Urine samples were re-suspended in STE buffer containing 2% Sarkosyl as deseribed by Shaked et al. (7) or otherwise in PES containing 0.5%

Nonidet P-40 and 0.5% deoxyehdate.

Oomp: OMP

VAU k. pneumonize  S.typhi

sCJUD-1

OMP
K. phgumoniae

OMP

sCJD-1 S.yphi

KDa
50
37 -
37 KDa
PK - 4 - + - + +
PK + - + - +
C OMP K. pneumoniae
0.5% NP-40,DOC 2% sarkosyl
in PBS inSTE
37kDz -

PK  —

+ — +

F16. 3. PK sensitivity and immunoreactivity of OMPs of K. pneumoniae and S, typhimurium. A, OMPs isolated from K. pneumoniae and
8. typhimurium, and protein isolated from 15 ml of urine of sCJD-1 patient were digested with PK. Proteins were re-suspended in PBS (plI 7.4)
containing 0.5% Nonidet P-40 and 0.5% deoxycholate (DOC). An OMP homogenate containing 30 pg of protein was applied in each lane. Fifteen
micrograms of ovalbumin was used as a control. After the electrophoretic separation, the polyacrylamide gel was stained with Coomassie Brilliant
Blue. B, after separation by SDS-PAGE, the gel was blotted onto a polyvinylidene difluoride membrane. Rabbit-derived F(ab'), fragment of
anti-mouse Ig( was used as a probe. C, OMPs isolated from K. preumoniae were re-suspended in PBES (pH 7.4) containing 0.6% Nonidet P-40 and
0.5% deoxycholate or in STE buffer containing 2% Sarkosyl and digested with PK. The blot was incubated with the rabbit-derived F(ab'), fragment

of anti-mouse IgG.

OMPs are heat modifiable and resistant te trypsin (12), In this
study, we have confirmed that OMPs of K pneumoniae and 8.
typhimurium were also resistant to FK and the resulting mol-
ecules migrated around 37 kDa on SD3-PAGE.

OMPs act as a determinant of the permeability of antimicro-
bial agents and affect the interaction between bacteria and host
defense mechanisms (13). Whereas it is kmown that the OMPs
of K. pneumoniae bind to Clq (14), there are no previous re-

ports that indicate the binding between OMPs and IgG. We
found that OMPs bound non-specifically to IgG (several kinds
of antibodies) during the procedure of Western blot analysis.
Because protein A, a cell wall component of S. aureus, has been
known to bind to the Fe region of IgG (15), we hypothesized
that OMP= might also bind to IgG in the same manner. Con-
trary to our expectations, OMPs still reacted with the F(ab’),
fragment of anti-mouse IgG, indicating that they bound to 1gG
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in a manner that is different from that of protein A with
immunoglobulins. It might be suggested that accidentally ac-
quired antibodies against bacterial OMPs in the serum of im-
munized animals might react with OMPs, resulting in pro-
tease-resistant signals. However, Western blot analysis using
anti-mouse IgG produced by a phage-display method, for ex-
ample, would be required to exclude this hypothesis.

Our findings were not consistent with those of a previous
report by Shaked ef al. (7). They showed that PK-resistant
proteins in the urine of patients and animals affected with
prion diseases were prion protein and termed them UPrP®.
The signal of UPrP® showed a downward shift after PK diges-
tion resulting in a 32-kDa fragment, whereas the majority of
PK-resistant signals that we detected did not show a signifi-
cant downward shift. Apart from the 37-kDa PK-resistant sig-
nal, a faint 22-kDa signal was observed in some patients and a
28-kDa signal was cbserved in both patients and controls.
N-terminal sequencing revealed that these signals were frag-
ments of OMPs and PK molecules, respectively. In this study,
we did not observe any PK-resistant signals migrating around
32 kDa, which was detected by Shaked et al. (7) in the urine of
patients. Therefore, the possibility that the PK-resistant mol-
ecule in this study might be a different molecule from UPrPSe,
as demonstrated by Shaked et al. (7), was not excluded.

However, the high incidence of OMPs (37-kDa PK-resistant
signals, non-specifically bind to immunoglobulins} in the urine
of patients affected with prion diseases, irrespective of the
assay conditions, indicated that bacterial contamination would
always have to be considered in the application of a “UPrP%
agsay” in the diagnosis of human prion diseases. Our findings
suggest that PrP® and PrP® may not always exist or could
exist at a very Jow level in urine, and bacterial contamination
may often cause false detection of a PK-resistant isoform of
prion protein in urine and a misinterpretation of results,

We have also analyzed the urine protein of mice experimen-
tally infected with a prion agent. The PK-resistant signals of 25
kDa were found in the urine of affected mice, but these signals
were also detectable using a secondary antibody alone, omit-
ting the labeling by a primary antibody (data not shown).
Furthermore, N-terminal sequencing analysis revealed that
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these PK-resistant signals in mice urine were OMPs of Pseudo-
monas eeruginosa.

In conclusion, the detection of UPrPS° is not useful or reliable
for ante-mortem, definite diagnosis of human prion diseases in
the present situation. Further improvement in sensitivity and
specificity of this assay may make it a powerful diagnostic tool
for prion diseases in the future.
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Abstract

Mice devoid of prien protein (PrP) exhibiting ataxia and Purkinje cell degeneration, such as Ngsk Prnp~/~ mice, ectopically
express PrP-lixe protein, Dpl, in neurons including Purkinje cells. In this study, two types of transgenic (tg) mice expressing Dpl in
neurens, tg(N-Dpl), or Purkinje cells only, tg(P-Dpl), were generated on the background of non-ataxic Zrch I Prup~/~ mice. In
contrast to the tg mice with the Prrp*/* background, both tg mice with the Prap~/~ alieles developed Purkinje cell degeneration
after incubation periods inversely correlated to the levels of Dpl. Some tg mice hemizygous for Prap allele also developed disease but
much later than those carrying the Prup~/~ alleles. This indicates that Dpl expressed by Purkinje cells itself is toxic to the cells, and

that the neurotoxicity is stoichiometrically antagonized by PrP.
© 2004 Elsevier Inc. All rights reserved.

Keynmrd&: Prion protein; Doppel; Neurodegeneration; Purkinje cell; Knockout mice

The normal prion protein (PrP%) is a glycosylphos-
phatidylinositol (GPI)-anchored protein expressed
abundantly in the central nervous system, in particular
by neurons [1,2]. Five independent lines of mice devoid
of PrP®, designated Prnp~/~ mice, have been so far
generated using different targeting strategies. The first
two lines of Prup~/~ mice, Zrch I and Npu, developed
and grew normally [3,4]. In contrast, other lines of mice,
Ngsk, Rem0, and Zrch 11, exhibited ataxia and Purkinje
cell degeneration [5-7]. We confirmed that the pheno-
types in Ngsk Prap~/~ mice could be rescued by PrP¢
[8], suggesting that loss of PrPC is necessary but not
sufficient for inducing the neurodegeneration.

We and others independently identified a gene, Prud,
16-kb downstream of the murine PrP gene, Prup [6,9].
Prud encodes a GPI-anchored PrP-like protein, named
Doppel (Dpl), which shares 23% of amino acids with PrP
[6,9] and exhibits similarity in conformation to the

" Corresponding author. Fax: +81-95-849-7060,
E-mail address: suchiros-ngs@umin.ac.jp (S. Sakaguchi).

0006-291X/S - sce front matter © 2004 Elsevier In¢, All rights reserved.
doi:10.1016f.bbrc.2004.05.115

C-terminal globular domain of PrP® [10]. Expression of
Prnd is barely detectable in the brains of wild-type mice
f11]. In contrast, in the ataxic Prnp~/~ mice, Prnd was
constitutively transcribed as chimeric mRNAs due to
abnormal intergenic splicing {6,9]. These mRNAs con-
tained the Prnp non-coding exons 1/2 at the 5’ terminus
followed by the coding exon of Prnd with or without in-
sertion of the intergenic exons [6,9]. As a consequence,
Dpl was ectopically expressed in the brains of ataxic
Prap~/~ mice under the control of the Prinp promoter
[6,9}. In contrast, such chimeric mRNAs were undetect-
able in non-ataxic Prup~/~ mice [6,9]. Moore et al. [12]
recently demonstrated that Zrch I Prap™~ mice express-
ing transgenic Dpl under the control of the PrP promoter
developed similar ataxia and degeneration, indicating a
neurotoxic role of Dpl. The PrP promoter is very active in
Purkinje cells, other neurens, and glial cells [13-135].

In this study, to further elucidate the mechanism of
the neurodegeneration, we introduced Dpl transgenes
(tg) under the control of a neuron- or Purkinje cell-
specific promoter into mice with Zrch 1T Prap~/-,
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Prnp*/~, or Prap*/* background. We show here that the
expression of Dpl in neurons or only in Purkinje cells
themselves was sufficient for the degeneration, and that
the neurotoxicity of Dpl was stoichiometrically antag-
onized by PrPc,

Materials and methods

Mice. Ngsk and Zrch I Prap/~ mice were gencrated as described
previously [3,5]. Animals were cared for in accordance with Guidelines
for Animal Experimentation of Nagasaki University.

Generation of transgenic mice. DNA consisting of part of intergenic
exon 2 and the open reading frame (ORF) of murine Dpl was amplified
by reverse transcriptase-polymerase chain reaction using total RNA
extracted from the brains of Ngsk Prap™/~ mice with primer pairs of
intex2-sense {5-CCCGTCGACAAGCTTATGATGGAGTGGAGG
TCGCTT-¥; underlined sequence represents the ffindIll and Sall
recognition sites) and Dpl-antisense (5-CCCGTCGACAAGCTT
TTATTACTTCACAATGAACCAAAC-¥). The amplified DNA was
digested with HirdIII and inserted into a pNSE-EX 4 plasmid down-
stream of the ~4-kb genomic DNA of a rat neuron-specific enolase
(NSE) gene {16], yiclding the transgene NSE-Dpl. Additionally, only
the Dpi ORF was amplified using primer pairs of Dpl-sense
(5-CCCGTCGACAAGCTTATGAAGAACCGGCTGGGTACA-3)
and -antisense, digested by Sa/l, and cloned into a plasmid containing
the genomic DNA derived from the Purkinje cell protein (PCP)-2 gene
[17] to generate the transgene PCP2-Dipl, After removing the plasmid-
derived sequence, the transgenes were injected into the zygotes of
C57BL/6 mice to generate tg mice.

Western blotting. 10% (w/v) brain-homogenates were prepared in a
buffer (150mM NaCl, 50 mM Tris-HC], pH 7.5, 0.5% Triton X-100,
0.5% sodium deoxycholate, and 1mM EDTA). Ten micrograms of
total proteins was electrophioresed on 12% SDS-polyacrylamide gel
and electrically transferred te an Immebilon-P PYDF membrane
(Millipore, MA, USA). The membrane was incubated with G-20, anti-
Dpl polyclonal antibodies (Santa Cruz Biotechnology, CA, USA), and
horseradish peroxidase-conjugated secondary antibody {Santa Cruz
Biotechnology). Signals were visualized using the ECL system
(Amersham Biosciences, NJ, USA).

In situ hybridization, In situ hybridization was performed as de-
scribed elsewhere {9]. Briefly, brains were fixed in paraformaldchyde,

embedded in paraffin, and sliced at 5pm thickness. After deparaffini-
zation, the sections were subjected to hybridization with cRNA probes
labelled with digoxigenin (DIG)-UTP (Roche Diagnostics, Mannheim,
Germany) in a hybridization buffer. Signals were detected by enzyme-
linked immunosorbent assay using alkaline phosphatase-conjugated
anti-DIG Fab fragments (1:500, Roche Diagnostics) and nitro blue
tetrazoliuny/5-bromo-4-chloro-3-indolyl phosphate. The probes used
for Dpl and inositol 1,4,5,-triphosphate receptor 1 (IP3R1) were de-
rived from the ~1.1-kb Dpl ORF and the 664 bp PCR product cor-
responding to nucleotide 2823-3487 (Accession No. X15373s),
respectively. '

Results

Generation of tg mice expressing Dpl in neurons or
Purkinje cells

The two constructs, termed NSE-Dpl and PCP2-Dpl,
were designed to be expressed in all neurons or specifi-
cally in Purkinje cells, respectively (Figs. LA and B), and
injected into the zygotes of C57BL/6 mice, yielding three
tg lines, tg(N-Dpl)25, 31, and 32 with NSE-Dpl and four
tg lines, tg(P-Dpl)18, 26, 27, and 48 with PCP2-Dpl.

On Western blotting, all tg(N-Dpl) lines showed
substantial Dpl in the cerebrum and cerebellum
(Fig. 2A). In comparison with Ngsk Prap~/~ mice, the
levels in tg(N-Dpl)25 mice were less than a quarter.
The tg(IN-Dpl)31 mice expressed about 2-3 times more in
the cerebrum but the level in the cerebellum was about
half. The highest expression was observed in tg(N-
Dph)32 mice at about 2-3 and 1-2 times more in the
cerebrum and cerebellum, respectively. In situ hybrid-
ization of these mice gave the Dpl mRNA signals ex-
clusively in neurons throughout the cerebrum and in
Purkinje cells in the cerebellum (Fig. 2B). We failed to
detect the Dpl mRNA in granule cells in the cerebellum,
presumably due to the limited sensitivity of the assay.

A NSE-Dpl
NSE genome
5” flank exonl exon2 SV 40 polyA signal
l—# FAORE ] [

Sal I Hind 111 Hind 111 Sal I
B PCP2-Dpl

PCP-2 promoter PCP-2 polyA signal

o
Not 1 Sal 1 Sal 1 Not I

1kb

Fig. 1. Configurations of the NSE-Dpl and PCP2-Dpl transgenes. (A) In the NSE-Dpl transgene, the murine Dpl open reading frame (ORF) fused to
the intergenic exon 2 at the ¥ terminus is transeribed from a neuron-specific enolase (NSE) promoter and terminates at the polyA signal of simian
virus (SV) 40. (B) The PCP2-Dpl transgene consists of the Dpl ORF flanked by the scquences of the promoter and polyA signal derived from the
Purkinje cell protein (PCP)-2 gene, a gene specifically expressed by Purkinje cells, at the 5 and 3' termini, respectively.
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Fig. 2. (A) Western blotting of the cerebra and cerebella of different lines of tg{N-Dpl) mice together with wild-type, Zrch I Prnp~/~, Ngsk Prup~/-,
and Ngsk Prup*/~ mice with G-20, anti-Dpl polyclonal antibodies. In situ hybridization confirming the Dpl mRNA expression (represented by
purple colors) in the cerebra and cerebella of tg(N-Dpl)25, 31, and 32 mice (B) and in the cerebella of tg(P-Dpl)18, 26, 27, and 48 mice (C). Original
magnifications, 10x for the cerebrum and 50x for the cersbellum. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this paper.)

These signals were not co-localized with the immunore-
activity for glial fibrillary acidic protein, a specific mar-
ker for astrocytes (data not shown), strongly supporting
the neuron-specific expression of Dpl in these tg mice.

Western blotting failed to detect Dpl in the cerebrum
and cerebellum from all tg(P-Dpl} lines (data not
shown}). However, in situ hybridization of these mice
visualized signals for Dpl mRNA in the Purkinje cells
(Fig. 2C). The heavily stained Purkinje cells were evenly
aligned throughout the cercbellar cortex of tg(P-Dpl)18
and 27 mice. Tg(P-Dpl)26 and 48 mice exhibited weak
signals in most Purkinje cells but a few cells stained
strongly. No signals were detectable in other cell types.
The failed detection of Dpl by Western blotting was
likely to be due to the highly limited expression of Dpl
to the Purkinje cells of tg(P-Dpl) mice.

Dpl expressed by Purkinje cells causes ataxia and
Purkinje cell death in Prap~/~ mice

Tg(N-DpD25 and 32 mice and tg(P-Dpl)26 and 27
mice were backcrossed with Zrch I Prup™/~ mice to
generate each tg line of mice carrying the Prap~/~ alleles.
No offspring with the Prap*/* background, or lounder
mice, developed ataxia for up to at least 600 days after

birth (Table 1). In contrast, all of the tg{N-Dpl)25 and
32 mice carrying the Prnp~/~ genotype exhibited ataxia
at 359 & 52 and 58 & 15 days, respectively (Table 1). The
tg(P-Dpl)26 and 27 mice with the Prap~/~ background
also developed ataxia at 268 £28 and 16713 days,
respectively (Table 1}. The times to the onset of ataxia in
both types of tg mice were inversely correlated to the
expression levels of Dpl in their brains, roughly esti-
mated from the results of either Western blotting or in
situ hybridization (Table 1).

We next examined the pathology of Purkinje cells of
the ataxic tg mice by in situ hybridization with IP3R1,
a marker for Purkinje cells. In the tg mice with the
Prap*/* alleles (data not shown) and the non-tg Zrch I
Prap~/~ mice, Purkinje cells remained unaffected even
at 694 days of age (Fig. 3g). In contrast, numbers of
Purkinje cells were markedly decreased in aged Ngsk
Prap~/= mice (Fig. 3d). Ataxic tg(N-Dpl) and tg(P-
Dpl) mice with the Zrch [ Prup~/~ genotype exhibited
similar loss of Purkinje cells (Figs. 3¢, f, i, and k). No
pathological changes were detectable in other cells,
including granule cells. These results indicate that, in
the absence of PrP®, ectopic Dpl expressed by neurons
or in Purkinje cells only causes degeneration of the
cells.
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Table 1

Summary of Dpl expression and onset of ataxia in tg(Dpl) mice
tg lines Levels of Dpl* Onset of ataxia [means & SD days (ataxic/total mice)]

Cerebrum Cerebellum Zrch 1 Prap=i- Zrch I Prap*/- Zrch 1 Praptit

tg{N-Dpl)25 <1/4x <1/4x 359+£52 (12/12) 495 + 86 (6/20) >600 (0/1)
tg(N-Dpl)31 2-3x ~1/2% ND ND ND
1g(N-Dpl)32 2-3x 1-2x 58 15 (10/10) 259 £48 (5/5) >600 (0/10)
tg(P-Dph)I8 —_ +4 ND ND ND
tg(P-Dpl)26 — + 268 +28 (8/8) 463 + 81 (5/10) >600 (0/4)
tg(P-Dpl)27 — ik 167 £13 (4/4) 391 £ 108 (3/10) >600 (0/1)
tg(P-Dpl)48 - + ND ND ND

3D, standard deviation; ND, not determined,
" The levels of Dpl expression are roughly determined by Western blotting in tg{N-Dpl) mice and by in situ hybridization in tg(P-Dpl) mice. —, not
detectable; +, weakly expressed; ++, moderately expressed; and +++, strongly expressed.

PrP¢ stoichiometrically antagonizes the neurotoxicity of (Table 1). 5/10 tg(P-Dpl)26 mice and 3/10 tg(P-Dpl)27

Dpl mice also became ataxic at 463 + 81 and 391 £ 108 days,
respectively, on the Prnp*/~ background (Table 1).

We examined the tg offspring hemizygous for Zrch I However, the onset of the ataxia in each line of tg mice
Prnp allele, Prap*/=. All tg(N-Dpl)32 mice with the with the Prp*/~ background was much prolonged,
Prnp*/~ background developed ataxia at 259 +48 days compared with that of the same line of mice with the
after birth, and 6/20 tg(N-Dpl)25 mice showed similar Prap~/~ background (Table 1), indicating that, in con-
symptoms at 495 + 86 days on the Prup*/~ background trast to Dpl, the time to ataxia onset is correlated to the
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Fig. 3. Purkinje ccll degeneration revealed by in situ hybridization with IP3R1 in the cerebella of ataxic tg(N-Dpl) and tg(P-Dpl) mice with the genetic
background of Zrch I Prup*/~, and Zrch 1 Prup~/~. d, days. Magnifications, 10x. Inset magnification, 50x,



N. Yamaguchi et al. { Biochemical and Biophysical Research Communications 319 (2004) 1247-1252 1251

expression levels of PrP“ in the brains. Pathological
examinations of Purkinje cells with in situ hybridization
revealed that all ataxic tg mice with the Prnp™/~ geno-
type showed massive degeneration of Purkinje cells
(Figs. 3b, e, h, and j). These results indicate that PrP®
antagonizes the neurotoxicity of Dpl in a stoichiometric
manner,

Discussion

In this study, we generated two types of Dpl-ex-
pressing tg mice, tg(N-Dpl) and tg(P-Dpl) mice. The
former mice expressed Dpl specifically in neurons in-
cluding Purkinje cells, and the latter expressed Dpl only
in Purkinje cells. We showed here that both tg(N-Dpl)
and tg(P-Dpl) mice developed ataxia with marked de-
generation of Purkinje cells on the Zrch I Prap~/-
background, indicating that Dpl ectopically expressed
by Purkinje cells themselves is toxic to the cells, More-
over, the neurodegeneration did not occur in both types
of tg mice carrying the Prup*/* alleles, reinforcing the
idea that the functional antagonism of PrP¢ against Dpl
is crucially involved in the protection of the degenera-
tion [18].

Neurodegeneration was obscrved only in Purkinje
cells even in the brains of tg(IN-Dpl) mice, in which Dpl
was expressed by other neurons as well. Moore et al. [12]
reported that in tg mice expressing Dpl, not only Pur-
kinje cells but also hippocampal pyramidal cells and
cerebellar granule cells were degenerative. These results
suggest that although Purkinje cells are the most vul-
nerable to the toxicity of Dpl, Dpl could also exert
deleterious effects on other neurons to a lesser extent by
a commeon mechanism.

Consistent with the previous reports [7,12], the levels
of ectopic Dpl in the brains of both tg(N-Dpl) and tg(P-
Dpl) mice were inversely correlated to the time at onsets
of ataxia, indicating the dose-dependent toxic effect of
Dpl on Purkinje cells. In contrast to the complete pro-
tection by the Prup*/* alleles, a single Prap allele could
partially rescue tg(N-Dpl) and tg(P-Dpl) mice from the
Purkinje cell degeneration. Some tg mice with the Zrch [
Prup*/= background developed ataxia and Purkinje cell
degeneration but much later than the corresponding line
of mice with the Zrch I Prnp~/~ background, indicating
that PrP% antagonizes the neurotoxicity of Dpl in a
dose-dependent way. It is thus likely that the ratio of
expression levels between PrP® and ectopic Dpl in
Purkinje cells is a determinant of the neurodegeneration.

It was recently reported that the targeted expression
of PrPA32-134, lacking the N-terminal residues 32-134,
to Purkinje cells of Zrch I Prup~/~ mice caused ataxia
due to Purkinje cell degeneration [19,20]. PrPA32-134
lacks the octapeptide repeat and central hydrophobic
region, but preserves the C-terminal residues with ho-

mology to Dpl. It is therefore very likely that Dpl and
the truncated PrP could utilize the same or at least a
similar molecular mechanism to execute their neuro-
toxicity on Purkinje cells. Interestingly, in contrast to
PrPA32-134, PrPA23-88 has never shown neurotoxicity
in Zrch 1 Prrnp~/~ mice, indicating that the residues be-
tween 88 and 134 are important to inhibit the neurotoxic
potential of PrP® [21]. This region, overlapping with the
hydrophobic region, forms part of the binding sites for
the heat shock protein, stress-inducible protein 1 {22],
and the extracellular matrix constituent, glycosamino-
glycans [23]. It would be of interest to examine the in-
volvement of these associating molecules in the Purkinje
cell degeneration in the ataxic Prnp~/~ mice.
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SUMMARY

1. A clinical trial of quinacrine in patients with Creutzfeldt-Jakob disease is now in
progress. The permeability of drugs through the blood-brain barrier (BBB)is a determinant
of their therapeuticefficacy for prion diseases. The mechanism of quinacrine transport across
the BBB was investigated using mouse brain endothelial cells (MBEC4).

2. The permeability of quinacrine through MBEC4 cells was lower than that of sodium
fluorescein, a BBB-impermeable marker. The basolateral-to-apical transport of quinacrine
was greater than its apical-to-basolateral transport. In the presence of P-glycoprotein (P-gp)
inhibitor, cyclosporine or verapamil, the apical-to-basolateral transport of quinacrine in-
creased, The uptake of quinacrine by MBEC4 cells was enhanced in the presence of cy-
closporine or verapamil.

3. Quinacrine uptake was highly concentrative, this event being carried out by a sat-
urable and carrier-mediated system with an apparent Kp, of 52.1 M. Quinacrine uptake
was insensitive to Nat-depletion and changes in the membrane potential and sensitive to
changes in pH. This uptake was decreased by tetraethylammonium and cimetidine, a sub-
strate and an inhibitor of organic cation transporters, respectively.

4. These findings suggest that quinacrine transport at the BBB is mediated by the efflux
system (P-gp) and the influx system (organic cation transporter-like machinery).

KEY WORDS: quinacrine; blood-brain barrier; mouse brain endothelial cells; P-glyco-
protein; organic cation transporter; Creutzfeldt~Jakob disease.

INTRODUCTION

Prion diseases including Creutzfeldt—Jakob disease (CID) are progressive, fatal neu-
rodegenerative diseases induced by conformational changes in prion protein (PrP) in
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the centrai nervoussysiem. It has been reported that quinacrine, an antimalarial drug,
could rapidly eradicate production of the disease-associated and protease-resistant
isoform of the prion protein (PrP3¢) in vitro (Korth et al., 2001). A clinical trial of
quinacrine hasstarted at the Department of Neurology, Faculty of Medicine, Fukuoka
University and the Department of Neurology, Faculty of Medicine, Nagasaki
University. A transient improvement was observed in CJD patients (Follette, 2003).

The members of organic cation transporter (OCT) family include OCT1
{Grundemann et al., 1994), OCT2 (Okuda et al., 1996), OCT3 (Kekuda et al., 1998),
novel organic cation transporter (OCTN)1 (Tamai et al., 1997), OCTN2 (Wu et al.,
1998), and OCTN3 (Tamai et al., 2000). The tissue distribution patterns of the OCT
family are dependent on the animal species. In the human and rat brain, OCT2
mRNA (Koepsell, 1998), OCTN1 mRNA (Tamai et al., 1997; Wu et al., 2000), and
OCTN2 mRNA (Wu et al.,, 1998, 1999) have been detected. OCTN1 and OCTN?2
are expressed in the mouse brain (Tamai et al., 2000). Immortalized rat brain en-
dothelial cells (RBE4) express OCTN2 (Friedrich et al., 2003). OCTN1 and OCTN2
are structurally much more closely related to each other than to OCT1, OCT2, and
OCT3 (Wu et al., 2000). Quinacrine is an organic cation and an organic base. The
entry of organic cations such as choline into the brain occurs via transport systems
present in the blood brain barrier (BBB) (Friedrich et al., 2001; Sawada et al., 1999).
The transport of L-carnitine was mediated by OCTN2 in RBE4 cells (Friedrich ez al.,
2003). Quinacrine inhibited tetracthylammonium (TEA) transport in MDCK cells
expressing rat OCT2 (Sweet and Pritchard, 1999).

The BBB permeability of quinacrine is a determinant of its therapeutic efficacy
for CJD. Quinacrine is known to pass through the BBB (Korth et al., 2001}, although
the extent of quinacrine penetration into the brain and the mechanism involved in
quinacrine transport across the BBB remain obscure. In this study, we investigated
the properties of quinacrine transport into the brain using mouse brain capillary
endothelial cells (MBEC4).

\

MATERIALS AND METHODS

Materials

Quinacrine dihydrochloride and sodium azide (NaN3) were purchased from
Tokyo Kasei Kogyo (Tokyo, Japan) and Kishida Kagaku (Osaka, Japan), respec-
tively. N-Methylglucamine, 2,4-dinitrophenol (DNP), carbonyl cyanide p-(trifluoro-
methoxy) phenylhydrazone (FCCP), valinomycin, amiloride, tetracthylammonium
(TEA), cimetidine, and verapamil were purchased from Sigma (St. Louis, MQ). Cy-
closporine was kindly supplied by Novartis (Basel, Switzerland). All other chemicals
were commercial products of reagent grade.

Cell Culture

MBECH4 cells isolated {rom BALB/c mice brain cortices and immortalized by
SV40-transformation (Tatsuta et al., 1992) were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) (GIBCO BRL, Life Technologies, Grand Island, NY)
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supplemented with 10% fetal bovine serum, 100 units/mL penicillin, and 100 pg/mL
streptomycin in a humidified atmosphere of 5% C0,/95% air at 37°C. For the trans-
port experiments, MBEC4 cells (42,000 cells/cm?) were plated into the collagen-
coated polycarbonate membrane (1.0 em?, 3.0-um pore size) of the Transwell™
insert (12-well type) (Costar, MA). For the cellular uptake experiments, cells were
seeded at a density of 21,000 cells/cm? on 4- or 24-well multi dishes (Nunc, Roskilde,
Denmark). MBEC4 cells were cultured for 3 days and then used for the following
experiments. MBEC4 cells show both general brain endothelial and specific BBB
characteristics including the expression of P-glycoprotein (P-gp) (Tatsuta et al., 1992,
1994).

Transcellular Transport of Quinacrine Across MBEC4 Cells

To initiate the transport experiments, the medium was removed and cells were
washed three times with Krebs-Ringer buffer (118 mM NaCl, 4.7 mM KCl, 1.3 mM
CaCl,, 1.2 mM MgSQO,, 1.0 mM NaH,PO,, 25 mM NaHCO;, 11 mM bp-glucose,
pH 7.4). Krebs-Ringer buffer was applied on the outside of the insert in the well
(abluminal side) (1.5 mL} and the luminal side of the insert (0.5 mL). Krebs-Ringer
buffer containing 50-200 M quinacrine (MW 473) or 100 uM sodium fluorescein
(Na-F) (MW 376), a paracellular transport marker, was loaded on the luminal or
abluminal side of the insert. Samples (0.5 mL) were removed from the luminal or
abluminal chamber at 10, 20, 30, and 60 min and immediately replaced with fresh
Krebs-Ringer buffer. The quinacrine concentration in the samples was determined
using a multiwell fluorometer (Ex(X) 450 nm; Em(}) 530 nm) (CytoFluor Series
4000, PerSeptive Biosystems, Framingham, MA). Aliquots (5 1L) from the samples
were mixed with 200 uL of Krebs-Ringer buffer and then the concentration of Na-F
was measured (Ex(i) 485 nm; Em(2) 530 nm). Permeability coefficient and clear-
ance were calculated according to the method described by Dehouck ez al. (1992).
Clearance was expressed as pL of tracer diffusing from the luminal to the abluminal
chambers and was calculated from the initial concentration of tracer in the luminal
chamber and the final concentration of tracer in the abluminal chamber: Clearance
(uL)=[C]a x V4/[C]L where [C]y is the initial luminal tracer concentration, [C]a is
the abluminal tracer concentration, and Vj is the volume of the abluminal chamber.
During the 60-min period of the experiment, the clearance volume increased linearly
with time. The average volume cleared was plotted versus time, and the slope was
estimated by linear regression analysis. The slope of clearance curves for the MBEC4
monolayer was denoted PS,p;, where PS is the permeability x surface area product
(in #L per min). The slope of the clearance curve with the control membrane was
denoted PSpmembrane. The real PS value for the MBEC4 monolayer (PSqaqs) was cal-
culated from 1/PS,pp = 1/PSiembrane + 1/PSirans. The PSyrans values were divided by
the surface area of the Transwell™ inserts to generate the permeability coefficient
( Pitans, In cm per min).

Cellular Uptake of Quinacrine by MBEC4 Cells

For the uptake experiments, MBEC4 cells were washed three times with uptake
buffer (143 mM NaCl, 4.7 mM KCl, 1.3 mM CaCl,, 1.2 mM MgSO,, 11 mM p-glucose,
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10 mM HEPES, pH 7.4) and incubated with 0.5 mL of the uptake buffer containing
quinacrine (1-200 uM) at 37°C for 1-120 min. After incubation, the buffer was
removed and cells were washed three times with ice-cold phosphate-buffered saline.
The cells were solubilized with 250 ¢ of 1 N NaOH. Aliquots of the cell solution
were removed for protein assay according to the method of Bradford using a Bio-Rad
protein assay kit (Bio-Rad Laboratories, Hercules, CA) (Bradford, 1976). Aliquots
(200 p.L) of the cell solution were neutralized with 200 uL of 1 N HCl and then sample
fluorescence was measured (Ex() 450 nm; Em(2) 530 nm). Quinacrine uptake is
expressed as the cell-to-medium ratio (quinacrine amounts in the cells/quinacrine
concentration in the medium).

Estimation of Kinetic Parameters

The kinetic parameters for quinacrine uptake by MBECA4 cells were calculated
by fitting the uptake rate (V) to the following equation:V = (Vinax x SY(Km + S) +
Fair x S where Vi, is the maximum uptake rate of quinacrine (nmol/15 min/mg pro-
tein), S is the quinacrine concentration in the medium (uM), Ky, is the Michaelis—
Menten constant (uM), Py is the first-order constant for the nonsaturable compo-
nent (¢L/15 min/mg protein). Curve fitting was performed by the nonlinear least-
squares regression program, MULTI (Yamaoka et al., 1981).

Detection of OCTN1 mRNA

Total RNA from MBECH4 cells was extracted using TRIZOL™ reagent (Invit-
rogen, Carlsbad, CA). The primer pair used in the reverse transcription-polymerase
chain reaction (RT-PCR) was designed based on the nucleotide sequence of the
mouse OCTNI1 transporter. The upper primer was 5-CCTGTTCTGTGTTCCCC-
TGT-3' and the lower primer was 5'-GGTTATGGTGGCAATGTTCC-3. The ex-
pected size of the RT-PCR product, predicted from the positions of the primers, was
232 bp. A SuperScript One-Step RT-PCR system (Invitrogen) was used for reverse
transcription of RNA, and OCTN1 ¢cDNA were amplified by PCR. Amplification
was performed in a DNA thermal cycler (PC707; ASTEC, Fukuoka, Japan) accord-
ing to the following protocol: cDNA synthesis for 30 min at 50°C, predenaturation
for 2 min at 94°C; 40 cycles of denaturation for 30 s at 94°C, primer annealing for
30 s at 57°C, and polymerization for 30 s at 70°C; and final extension for 5 min at
72°C. Each 10 uL of PCR product was analyzed by electrophoresis on a 3% agarose
(Sigma) gel with ethidium bromide staining. The gels were photographed under UV
light using a DC290 Zoom digital camera (Kodak, Rochester, New York).

Statistical Analysis

The results are expressed as means + SEM. Statistical analysis was performed
using the Student’s unpaired ¢ test. The differences between means were considered
to be significant when P values were less than 0.05.
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RESULTS

The MBEC4 permeability coefficient of quinacrine dose-dependently increased
from 0.58 & 0.025 x 1073 to 2.1 + 0.15 x 102 cm/min, when the quinacrine concen-
tration was increased from 50 to 200 M. The MBEC4 permeability coefficient of
quinacrine (100 #M) was significantly lower than that of Na-F.(Fig. 1(A)). Per-
meability coefficients of the basolateral-to-apical transport of quinacrine and Na-F
were 1.1+£0.054 x 10~ and 1.5 £ 0.17 x 10~ cm/min, respectively, while those
of the apical-to-basolateral transport were 0.66 £ 0.023 x 103 and 1.5+ 0.25 x
10~ cm/min, respectively. The basolateral-to-apical transport of quinacrine was
significantly higher than that in the opposite direction of transport (Fig. 1(B)).
Cyclosporine (10 M) and verapamil (20 uM) significantly increased the perme-
ability coefficients of the apical-to-basolateral transport of quinacrine from 0.66 +
0.023 x 1072 to 1.15 £ 0.056 x 10~% cm/min and from 0.57 £ 0.034 x 103 t0 1.02 £+
0.080 x 10~ cm/min, respectively (Fig. 1(C)).

Quinacrine uptake by MBEC4 cells was time-dependent and reached to the
peak at 30 min after the exposure. The cell-to-medium ratio of quinacrine uptake
was 2.37 £ 0.18 x 10° uL/mg protein at 1 min after the exposure (Fig. 2(A)). Taking
the finding that the cell volume of MBECH4 cells is approximately 3 uL/mg protein
(Sawada et al., 1999) into consideration, quinacrine is found to be extensively con-
centrated in MBECH4 cells. To determine whether this apparent concentrative uptake
occurs due to only passive entry followed by intracellular binding, MBEC4 cells were
treated with 0,015% Triton X for 10 min (Chan et al., 1998). This treatment signifi-
cantly reduced quinacrine uptake by 30-40% in the period between 30 and 60 min
after the addition of quinacrine (Fig. 2(B)). These findings demonstrated that the
apparent concentrative accumulation of quinacrine is not due only to passive entry
foltowed by intracellular binding, because quinacrine, when actively accumulated in
MBECH4 cells against a concentration gradient and unbound to the binding sites, leaks
from cells into the external media through the permeabilized plasma membrane. The
initial rate of quinacrine uptake by MBECH4 cells became saturated at 15-min after
the exposure to quinacrine (1-200 uM) (Fig. 2(C)). Analysis of these data indicated
the involvement of two transport processes (saturable carrier-mediated and nonsat-
urable system) in quinacrine uptake by MBEC4 cells. The parameters obtained by
kinetic analysis were as follows; Vi = 218 £ 5.4 nmol/15 min/mg protein, Ky, =
52.1+ 1.7 uM, and passive permeability constant ( Pyr) = 94.3 + 1.7 »L/15 min/mg
protein.

Quinacrine uptake during a 15-min period was decreased by preincubation of
the cells for 10 min with the metabolic inhibitors, NaN3 (10 mM), DNP (1 mM), and
FCCP (10 uM) (Table I). When the experiment was performed at 4°C, quinacrine
uptake was reduced (Table I). This uptake was not affected by replacement of
the external sodium with N-methylglucamine (Table I) or by changing the exter-
nal potassium concentration (4.32 £ 0.09, 4.36 = 0.19, and 4.62 £ 0.25 x 10° uL/mg
protein at 0, 4.7, and 100 mM of K*, respectively) (Fig. 3(A)). Pretreatment of
MBECA4 cells for a 10-min period with 10 uM of valinomycin, a K* ionophore, did
not affect quinacrine uptake (Table I). This uptake was elevated from 1.54 + 0.04
to 4.56 £ 0.14 x 10° uL/mg protein by elevating the external pH from 6.4 to 8.4
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Fig. 1. Characteristics of quinacrine permeability
through the MBEC4 monolayer. Panel (A), the per-
meability coefficients of quinacrine (50-200 M) or
Na-F (100 M) through the MBEC4 monolayer.
Panel (B), the permeability coefficients for the apical-
to-basolateral ((A)—(B)) and basolateral-to-apical
((B)-(A)) transport of 100 M quinacrine and 100 ;:M
Na-F across the MBEC4 monolayer. (A)-{B) and
(B)-~(A) represent the blood-to-brain and brain-
to-blood flux, respectively. Panel (C), the effects of
10 uM cyclosporine and 20 uM verapamil on the
apical-to-basolateral transport of 100 M quinacrine
through the MBEC4 monolayer. The permeability co-
efficient of quinacrine was measured in the presence
or absence of each drug. Values are means &+ SEM.
{n=3-4(A),8((B).(C))).*P < 0.05and** P < 0.01;
significant difference from the MBEC4 monolayer
treated with 50uM quinacrine (A), the opposite di-
rection (B), and the corresponding control (C).
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Fig. 2. Characteristics of quinacrine uptake by
MBEC4 cells. Panel (A), time course of quinacrine
(1 M) uptake by MBECH4 celis. Panel (B), changes
in the quinacrine {1 uM) uptake by MBEC4 cells ex-
posed to 0.015% Triton X for 10 min before the uptake
experiment. Panel (C), concentration-dependence of
quinacrine uptake by MBEC4 cells. Initial uptake rates
at various concentrations of quinacrine (1-200 M)
were measured at 37°C for 15 min. Curves for total,
mediated, and diffusive uptake were drawn using the
parameters obtained from nonlinear regression analy-
sis (MULTI). Each point represents the mean + SEM.
(n = 4-20).** P < 0.01;significant difference from the
control.
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TableI. Effects of Various Compounds and Soedium-Replacement
on Uptake of Quinacrine (1 uM) by MBEC4 Cells

Cell/medium ratio

Condition Concentration (% of control)
NaNj; 10 mM 67.2 £ 3.03%*
DNP 1mM 70.2 £ 1.79%*
4°C 18.6 £ 2.220**
FCCP 10 uM 77.4 £ 2.49%**
Valinomycin 10 uM 072 +4227
Amiloride 1 mM 974 +3.16°
Tetraethylammonium 1 mM 88.0 £ 2,950+

5 mM 84.3  2.930*
10 mM 75.4 £ 4.155*
Cimetidine 1 mM 81.3 £ 5.56%*
5 mM 57.8 £ 1.70%*
10 mM 36.8 £ 1.61+
Na™ replacement with 104 +2.87¢

N-methylglucamine

TMBEC4 cells were preincubated with NalN3, DNP, FCCP, valino-
mycin, or amiloride for 10 min. Control values were 4.9 £ 0.42 x
10° pLimg protein. #¢Quinacrine uptake was measured by incu-
bating MBEC4 cells with TEA or cimetidine. Control values were
4.140.19and 5.2 £ 0.19 x 10° uL/mg protein, respectively.

4For investigation of the sodium dependency, quinacrine uptake
was measured where Nat in the uptake buffer was replaced by
N-methylglucamine. Control values were 3.6 +0.22 x 10° yl/mg
protein. Quinacrine uptake was measured at 37°C for 15 min. Val-
ues are expressed as % of control. Values are shown as means +
SEM (n = 4-20).

**P < 0.01; significant difference from the control.

(Fig. 3(B)). These findings demonstrated that quinacrine uptake by MBEC4 cells was
pH-dependent. Pretreatment with 10 mM of NaNj inhibited quinacrine uptake at
each pH used (Table II). Quinacrine uptake was not affected by 1 mM of amiloride
(Table I). Therefore, quinacrine uptake was found to be unaffected by Na*/H*

A B

—
T

Cell/medium ratio
{pl/mg protein X 10%)

0
(] 47 100 6.4 7 7.4 8 84
K* concentration (mM) pH

Fig.3. Effectsofthe membrane potential (A) and pH (B) onthe uptake of quinacrine
{1 uM) by MBECH4 cells. Panel (A), effects of various concentrations of external
potassium on quinacrine uptake: 0 mM (hyperpolarized), 4.7 mM (control), or 100 mM
{(depolarized). Panel (B), effects of various pH of the medium on quinacrine uptake.
Quinacrine uptake was measured at 37°C for 15 min. Values are expressed as the
cell-to-medium ratios. Values are shown as means + SEM. (n = 12).
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Table IL  Effect of ATP Depletion on the Uptake of
Quinacrine (1 xM) by MBEC4 Celis

Cell/medium ratio (xL/mg protein x10%)

pH Normal ATP-depletion
6.4 1.61 £ 0.02 1.36 & 0.03**
7.0 3.53+0.14 3.28+0.10
7.4 3951032 3.20 £ 0.33*
8.0 471 £ 0.35 387 £0.30
8.4 477 +£0.19 3824 022¢

MBEC4 cells were preincubated with 10 mM NaNj
for 10 min (ATP depletion). Quinacrine uptake was

measured at 37°C for 15 min. Values are shown as
means = SEM (n = 3-8).

*P < 0.05,* P < 0.01; significant difference from the
control.

exchange. The effects of organic cations and P-gp inhibitors on quinacrine uptake
were investigated. The organic cations including TEA (1-10 mM) and cimetidine (1-
10mM) significantly reduced quinacrine uptake by 12-25% and 19-65%, respectively
(Table I). In the presence of cyclosporine (10 #M) or verapamil (20 4M), quinacrine
uptake under the steady-state significantly increased by about 10% (Fig. 4).

To provide molecular evidence for the expression of OQCTN1 in MBEC4 cells,
RT-PCR was carried out (Fig. 5). With a primer pair specific for mouse OCTNI,
RT-PCR with mRNA obtained from MBEC4 cells yielded a single product. The size
of this product was the same as that expected from the primer positions in mouse
OCTNI1.

DISCUSSION

‘The BBB permeability coefficient of quinacrine, a candidate for the treatment of
CJD, was much lower than that of Na-F, a BBB-impermeable marker, suggesting that
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Fig. 4. Effects of 10 uM cyclosporine (A) and 20 M verapamil (B) on uptake of
quinacrine (1 uM) by MBEC4 cells. Quinacrine uptake was measured at 37°C in the
absence and presence of cyclosporine or verapamil. Values are expressed as the cell-
to-medium ratios. Values are shown as means £+ SEM. (n = 8).
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500 bp — R

Fig. 5. Photograph showing OCTN1 expression in
MBECH4 cells by RT-PCR. RNA samples from MBEC4
cells were used for RT-PCR with primer pairs specific
for mouse OCTN1.

the permeability of quinacrine into the brain through the BBB is extremely low. To
determine which machinery is involved in the low permeability of quinacrine across
the BBB, we investigated the polarity of transcellular transport of quinacrine and
the effects of P-gp inhibitors (cyclosporine and verapamil) on the BBB permeabil-
ity of quinacrine. The basolateral-to-apical (brain-to-blood) transport of quinacrine
across MBEC4 monolayer was greater than quinacrine transport in the opposite di-
rection (Fig. 1(B)). Cyclosporine and verapamil increased the apical-to-basolateral
(blood-to-brain) transport of quinacrine (Fig. 1(C)). Quinacrine uptake by MBEC4
cells under the steady-state was significantly increased by cyclosporine and verapamil
(Fig. 4). These findings indicate the possible involvement of P-gp in the efflux trans-
port of quinacrine. P-gp largely contributes to multidrug-resistance of the BBB in an
ATP-dependent manner. This study provided controversial evidence that metabolic
inhibitors or incubation at low temperature decreased quinacrine uptake (Table I).
Quinacrine was actively and concentratively accumulated in MBEC4 cells. A large
part of quinacrine is probably taken up via the saturable system, although quinacrine
uptake was shown to have both saturable and nonsaturable pathways (Fig. 2(C)).
Uptake of quinacrine by choroid plexus cells was organic cation-specific and energy-
dependent (Miller ez al., 1999). In light of these findings, P-gp (an efflux system) and
other influx transport system(s) are considered to mediate quinacrine transport into
the brain.

We elucidated a role of the known organic cation transporters (OCT1, OCT2,
OCT3, OCTN1, and OCTN2), and the specificity or driving force of those trans-
porters in mediating quinacrine uptake by MBEC4 cells. Quinacrine uptake was sig-
nificantly inhibited by various organic cations-including TEA and cimetidine, which
are known to be a substrate and an inhibitor of the organic cation transporters, re-
spectively. Quinacrine uptake was insensitive to changes in the membrane potential
(Fig. 3(A)) and strongly inhibited by lowering the external pH (Fig. 3(B)). These
characteristics are distinct from those of the OCT1, OCT2, and OCT3, all of which
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are dependent on the membrane potential {(Gorboulev ef al., 1997; Grundemann
et al., 1994; Kekuda et al,, 1998). Considering quinacrine is an organic base, the pH-
related decrease in quinacrine uptake may have resulted from an increase in the
concentration of ionized quinacrine according to the pH partition theory. However,
our data showing that quinacrine uptake by MBEC4 cells at each pH was inhib-
ited by NaN; (Table II) suggest that a pH-sensitive transport system is involved
in quinacrine uptake. Transport of quinacrine increased by elevating the outward
H* gradient across the membrane. This finding indicates that quinacrine may be
transported through MBEC4 cells by an H*/quinacrine antiport. The activity of
H*/organic cation antiporter is regulated by pH or H* gradient as the driving force
(Maegawa et al., 1988). The H* gradient is formed by Na*/H* exchange in the vicin-
ity of the apical membrane of brain endothelial cells (Ennis et al., 1996). The Na*/H*
exchange is, however, unlikely to participate in quinacrine uptake by MBEC4 cells,
since Na*-depletion and amiloride failed to reduce quinacrine uptake (Table I).
OCTN1 is Na*-independent organic cation transporter (Wu ef al., 2000). OCTN2
mediates uptake of L-carnitine and several organic cations in an Na*-coupled and
Na*-independent manner, respectively (Wu ez al., 1999). OCTN1 is a pH-dependent
organic cation transporter presumably energized by a proton antiport mechanism
(‘Yabuuchi er al., 1999). The characteristics of quinacrine transport obtained in this
study are similar to those of OCTN1. Mouse OCTNT1 is distributed in the brain,
heart, and liver, and strongly expressed in the kidney (Tamai et al., 2000). RT-PCR
analysis of MBEC4 cells demonstrated the expression of OCTN1 (Fig. 5). Therefore,
OCTNT1 is suggested to be a potential transporter mediating quinacrine uptake by
MBECH4 cells.

The BBB permeability of quinacrine was extremely low, although quinacrine was
rapidly transported into the brain endothelial cells by the apical pH-dependent trans-
port system. A weak organic base binds to a variety of polyanions including RNA,
DNA, and ATP, and accumulates in the acidic intracellular compartments (Miller
et al., 1999). Quinacrine is distributed in the nucleus and vesicular compartment in
the cytoplasm of choroid plexus cells (Miller et al., 1999). In the brain endothelial
cells, a large part of quinacrine was shown to be distributed and accumulated in the
intracellular binding compartment (Fig. 2(B)). The resulting small part of quinacrine
in the intracellular nonbinding compartment appears to contribute to the BBB per-
meability. The P-gp-mediated active efflux at the apical side of the plasma membrane
and the large storage capacity in the cytoplasm are considered to restrict the entry
of quinacrine into the brain. The mechanism involved in quinacrine transport at the
basolateral side remains obscure.

In conclusion, quinacrine transport at the BBB is mediated by the influx and
efflux transport systems. The influx of quinacrine is mediated by a pH-dependent
and Nat- and membrane potential-independent system, an OCTN1-like transporter.
The efflux of quinacrine evoked by P-gp at the BBB restricts the entry of quinacrine
into the brain. This phenomenon may be interpreted as lowering the therapeutic
efficacy of quinacrine for CJID. This study may have clinical implications; quinacrine
concentrations in the brain increased by P-gp modulators including verapamil may
enhance the therapeutic efficacy of quinacrine for CID.



