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Abstract

Uptake of '*I-meta-iodobenzylguanidine (***1-MIBG) is markedly reduced in the hearts of patients with Parkinson’s disease. Although
the mechanism of this reduction is unclear, '**I-MIBG uptake is similarly reduced in the hearts of mice with 1-methyl-4-phenyl-1,2,3,
6-tetrahydroxypyridine (MPTP)-induced parkinsonism. Three groups of ten 15-week-old C57BL6 mice received intraperitoneal injections of
(1) saline {control), (2) 10 mg/kg MPTP or (3) 40 mg/kg MPTP. After 0.185 MBq of "*I-MIBG was injected, the percent injected dose of
PSIMIBG per gram of tissue (%1D/g) was determined and cardiac concentrations of norepinephrine were measured. Cardiac concentrations
of norepinephrine transporter (NET) were measured in three groups of twenty 15-week-0ld C57BL6 mice receiving these same treatments.
The %ID/g in mice receiving 10 or 40 mg/kg MPTP (5.7*1.1 and 4.4+ 1.2%/g) was significantly lower than that in control mice
(11.3%£2.2%/g; P<.00001 and P<.0000001, respectively). The norepinephrine concentration in mice receiving 10 or 40 mglkg MPTP
(7.8620.67x10° and 7.50+0.89%10° pg/wet g) was significantly lower than that in control mice (9.2110.97x10° pglwet g; P<.01 and
P<.001, respectively). The NET density in mice receiving 10 or 40 mg/kg MPTP (81412, 61+7 fimol/mg protein) was significantly lower
than that in control mice (1267 fimol/mg protein; P<.000001 and P<.0000001, respectively). The %ID/g of '**I-MIBG and NET density
decreased as the dose of MPTP increased. This study clearly shows that reduced cardiac '**1-MIBG uptake in mice with MPTP-induced
parkinsonism is closely related to the reduced NET density in postganglionic cardiac sympathetic nerve terminals.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction Parkinson’s disease is usually diagnosed on the basis of
clinical features, such as bradykinesia, resting tremor,
rigidity and the response to levodopa. However, these
features do not allow a definitive diagnosis in many patients,
and follow-up examinations are often needed for confirma-
tion. Specific markers that would help diagnose Parkinson’s
disease have not been found.

In patients with Parkinson’s disease, sympathetic nerve
dysfunction is present in both the central and peripheral
nervous systems [6—8]. Therefore, cardiac sympathetic
denervation, indicated by a marked reduction in cardiac
'2L.MIBG uptake, likely reflects systemic autonomic dys-
function. Although reduced cardiac 'I-MIBG uptake is
** Corresponding author, Tel.: +81 29 853 7100; fax: +81 29 853 7102. recognized as a specific finding of Parkinson’s disease, clear

E-mail address: gz113162@nifty.ne.jp (N. Fukumitsu). correlations of cardiac '’I-MIBG uptake with disease

Meta-iodobenzylguanidine (MIBG) is a physiological
analogue of norepinephrine that is actively transported into
norepinephrine granules of sympathetic nerve terminals by
the norepinephrine transporter (NET) [1,2]. '**I-MIBG is a
radiolabeled MIBG that is used to evaluate myocardial
sympathetic nerve damage in heart disease and to diagnose
ischemic heart disease, cardiomyopathy and heart failure.
Recently, '**I-MIBG has been used to examine patients with
autonomic dysfunction produced by neurodegenerative
diseases, such as Parkinson’s disease [3-5].

0969-8051/8 — see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.nucmedbio.2005.07.010
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severity, duration and treatment effect, and the ability to
differentiate Parkinson’s disease from other neurodegenera-
tive diseases have not been proven [5,9-13]. The main reason
for this uncertainty is that the mechanism of reduced cardiac
1231 MIBG uptake in Parkinson’s disease remains unclear.

The neurotoxic chemical agent 1-methyl-4-phenyl-
1,2,3,6-tetrahydroxypyridine (MPTP) produces symptoms
resembling those of Parkinson’s disease in humans and
monkeys [14-16], and induces an almost complete, perma-
nent and selective degeneration of nigrostriatal dopaminer-
gic neurons in a specific strain of mice [17,18]. In addition,
pretreatment of mice with MPTP significantly reduces
cardiac '*I-MIBG uptake [19], as is observed in patients
with Parkinson’s disease. Therefore, the MPTP-treated
mouse is a useful model for investigating the mechanism
of reduced cardiac '**I-MIBG uptake in patients with
Parkinson’s disease.

Determining the mechanism of reduced cardiac
'2>.MIBG uptake in patients with Parkinson’s disease would
help clarify the mechanism of autonomic failure. Further
developments of this research, such as measurements of
'2L.MIBG uptake and norepinephrine turnover in the heart
and other organs with autonomic failure in patients with
Parkinson’s disease, would provide advanced information
about foci of autonomic failure and lead to greater diagnostic
accuracy and new drugs and treatments.

In this preclinical study, we investigated 1251 MIBG
uptake and norepinephrine turnover in the hearts of
Parkinson’s disease model mice treated with MPTP.

2. Materials and methods

All experiments were done in accordance with the
“Principles of Laboratory Animal Care” (NIH publication
no. 86-23, revised 1985).

2.1. Cardiac '*I-MIBG uptake and concentrations
of norepinephrine

Thirty 15-week-old C57BL6 mice were used to
establish an experimental model of Parkinson’s disease.
The mice were fed standard laboratory chow and given
free access to water. They were divided into three groups
of 10 mice each, which received intraperitoneal injections
of (1) saline (control), (2) 10 mgkg MPTP (Sigma-
Aldrich, St. Louis, MO; dissolved in 0.9% saline, one
injection) or (3) 40 mgkg MPTP (divided into four
injections given at 12-h intervals).

Seven days after the last injection of saline or MPTP,
0.185 MBq of '*I-MIBG (Daiichi Radioisotope Laborato-
ries, Tokyo, Japan) with a specific activity of 9.25 MBq
(0.25 mCi) per milligram was injected through a lateral tail
vein. The mice were killed by cervical dislocation 4 h later.
The hearts were immediately dissected and weighed.
The percent injected dose per gram of tissue (%ID/g) of
1251 MIBG in the heart was measured.
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The concentrations of norepinephrine in the heart were
measured. A mixture of 0.6 ml of heart tissue and 0.3 ml of
deproteinization solution (6% perchloric acid solution/3.5 M
sodium acetate, 5:1 v/v) was stirred and centrifuged
(1200xg) at 4°C for 15 min. The clear supematant was
applied to an autosampler of a high-performance liquid
chromatographic (HPLC) analyzer.

After 250 pl of the supernatant was automatically
injected into the analyzer, concentrations of free catechol-
amines (CAs) were measured with the HPLC analyzer. With
a microprocessor-controlled column-switching device, each
sample was delivered to a pre-column (TSK pre-column
CAl 7.5%7.5 mm, Tosoh, Tokyo, Japan) equilibrated with
eluent A (0.06 M sodium acetate, anhydrous buffer
containing 4.8% acetonitrile). The pass fraction was
delivered to another pre-column (TSK pre-column CA2
4x60 mm, Tosoh) equilibrated with the same eluent A.
Absorbed CAs were eluted with eluent B (0.32 M
ammonium nitrate buffer) and delivered to an analytical
column (Wacosil-II 5C18RS 4.6x 150 mm, Wako Industries,
Osaka, Japan) equilibrated with the same eluent B. Each
separated CA was delivered to a reaction coil (60°C) with
fluorogenic reagent C (diphenylethylenediamine in a 50%
ethanol solution) and converted to diphenylethylenediamine
derivatives. The fluorescent intensity of each eluate from the
reaction unit was measured in a detector at a wavelength of
483 nm with an excitation wavelength of 347 nm [20].

2.2. Binding assay for cardiac NET

Sixty 15-week-old C57BL6 mice were divided into three
groups of 20 mice that received intraperitoneal injections of
(1) saline (control), (2) 10 mg/kg MPTP or (3) 40 mg/kg
MPTP. Seven days after the last injections of MPTP, the
mice were killed and their hearts were immediately
dissected and weighed. The concentration of the NET,
whose function is norepinephrine reuptake, was measured.
Membrane preparations for binding assays were made as
described previously [21,22]. Mouse hearts were homoge-
nized in 20 volumes of ice-cold 250 mM sucrose buffer
(5 mM Tris, 1 mM MgCl,, 250 mM sucrose) with a 30-s burst
in a homogenizer (Kinematica Polytron PT 10/35, Brink-
mann Instruments, Westbury, NY, USA) set at speed 6.
Homogenates were centrifuged at 750X g for 10 min. The
pellets were discarded and the supernatant was recentrifuged
at 20,000xg for 20 min. The resulting pellets were
resuspended in 10 volumes of ice-cold 50 mM Tris—-HCl
buffer (50 mM Tris, 5 mM KCl, and 120 mM NaCl, pH 7.4)
and recentrifuged to obtain a pellet. Pellets thus obtained
were resuspended in 5 volumes of Tris~HCl buffer and stored
at —80°C until use. Protein concentrations were measured
with the method of Lowry [23].

Binding assays were performed as described previously
with some minor modifications [21,22]. Briefly, [°H]desi-
pramine binding was determined by incubating aliquots of
membrane suspension with [*H]desipramine (0.25~0.30 nM)
in a final volume of 250 pl for 30 min at 25°C. The binding
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Fig. 1. '®1-MIBG uptake. The %ID/g of the 10-mg/kg MPTP group was
significantly lower than that of the control group, and that of the 40-mg/kg
MPTP group was significantly lower than those of the control and the
10-mg/kg MPTP groups. *P <.00001, **P<.0000001, ***P<.05.

was terminated by diluting the incubation mixture with 5 m!
of ice-cold 50 mM Tris—HCI buffer (pH 7.4) and filtration
through glass microfiber filters (GF/B, Whatman, Maidstone,
Kent, UK) with a 24-chammel cell harvester (M-24, Brandel,
Gaithersburg, MD, USA). Finally, each filter was rinsed three
times with 5 ml of ice-cold 50 mM Tris—HCI buffer (pH 7.4).
The radioactivity on the filters was determined with a liquid
scintillation counter (Tri-Carb 2500-TR Liguid Scintillation
Analyzer, Packard BioScience, Meridian, CT). Nonspecific
binding was defined with 100 pM nisoxetine. The equilib-
rium dissociation affinity constants (Kp) and the maximal
specific binding (B ,,,x) were calculated from specific binding
values by Scatchard analyses.

The data are expressed as mean values+standard values.
All results were analyzed by one-factor analysis of variance
and Welch’s ¢ test, and raw P values were adjusted with the
Bonferroni/Dunn correction for intergroup comparisons, that
is, adjusted P values were calculated as raw P valuex
(the number of groups—1) [24]. An adjusted P value <.05
was considered to indicate statistical significance.

Norepinephrine

(x10%) .
12.01 ' = ‘

control 10mg/kgMPTP 40mg/kgMPTP
n=10) ®=10) @=10)

Fig. 2. Norepinephrine concentration. The norepinephrine concentrations of
the 10- and 40-mg/kg MPTP groups were significantly lower than that of
the control group. *P<.01, **P <,001.
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Fig. 3. NET density (A) control, (B) MPTP 10 mg/ke, (C) MPTP 40 mg/kg.
Scatchard plots of three typical experiments. The equilibrium dissociation
affinity constants (Kp) and the maximal specific binding (B were
calculated by Scatchard analysis. The NET B, of the 10 mg/kg MPTP
group was significantly lower than that of the control group (P <.000001),
and that of the 40-mg/kg MPTP group was significantly lower than those of
the control (P <.0000001) and the 10-mg/kg MPTP groups (P <.001).
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3. Results
3.1. "PIMIBG uptake

The %ID/g of the 10-mg/kg MPTP group was signifi-
cantly lower than that of the control group (5.7+1.1% vs.
11.34+2.2%/g, P<.00001). The %ID/g of the 40-mg/kg
MPTP group (4.4+1.2%/g) was significantly lower than
that of the control group (P<.0000001) and that of the
10-mg/kg MPTP group (P<.05). The %ID/g decreased as
the dose of MPTP increased (Fig. 1).

3.2. Norepinephrine concentration

The norepinephrine concentrations of the 10-mg/kg
MPTP group (7.86+£0.67x10° pg/wet g) and the 40-mg/kg
MPTP group (7.50+0.89%10° pg/wet g) were signifi-
cantly lower than that of the control group (9.21+0.97x%
10° pg/wet g, P<.01 and P<.001, respectively, Fig. 2).

3.3. NET density

The NET density of the 10-mg/kg MPTP group was
significantly lower than that of the control group (81+12 vs.
12617 fmol/mg protein, P<.000001). The NET density of
the 40-mg/kg MPTP group (61+7 fmol/mg protein) was
significantly lower than that of the control group
(P<.0000001) and that of the 10-mg/kg MPTP group
(P<.001). The NET density decreased as the dose of MPTP
increased (Fig. 3).

4. Discussion

Neurological effects following systemic application of
MPTP have been found in a variety of animals, including
monkeys, mice, dogs, cats, sheep and even goldfish
[14~16,25-27]. Mice treated with MPTP show initial acute
toxic effects of decreased locomotor activity, mydriasis,
pilorection, hypersalivation and clonic seizures [28,29].
The mechanism of MPTP neurotoxicity involves several
steps. In the first step, MPTP, which readily enters the
brain, is converted, possibly in the glia, by MAO-B to
MPP”, the likely ultimate toxic agent. The second step is a
fairly selective uptake of MPP" by dopaminergic terminals
in the striatum via the monoamine transporter and
subsequent intraterminal vesicular storage [26,27]. Auto-
nomic dysfunction in the cardiovascular system, such as
the MPTP-dose-related decrease in mean arterial blood
pressure, has been reported in rats [30]. Selective inhibition
by MPP" of complex I activity in cardiac mitochondria is
considered to be an important cause of nerve degeneration
in the heart. However, this theory remains unproven, and
other factors may be involved in MPTP neurotoxicity in
the heart.

The C57BL6 mouse has been used in many studies of
parkinsonism [14-16]. This mouse is highly sensitive to
MPTP, which induces dose-dependent neurotoxic effects
[28,31-33]. Takatsu et al. [19] have reported that treatment
with 5, 10 and 100 mg/kg MPTP significantly reduces
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cardiac '*’I-MIBG uptake in C57BL6 mice. QOur first
experimental protocol used the method of Takatsu et al
However, because several mice died within a few days of
receiving MPTP, we revised the protocol to use the method
of Marien et al. [33], which produced a 40% decrease in
dopamine with a dose of 40 mg/kg MPTP. The MPTP-dose-
dependent reduction in cardiac '**I-MIBG uptake reported
by Takatsu et al. suggested that a dose of 40 mg/kg MPTP
would be appropriate for establishing a murine model of
severe Parkinson’s disease. Although the neurotoxic effects
of MPTP are dose-dependent, the effects naturally differ
between individuals. To minimize the effect of individual
differences, we measured cardiac '*’I-MIBG uptake and
norepinephrine concentration in three groups of 10 mice and
performed binding assays for cardiac NET density in three
groups of 20 mice.

We found that the cardiac NET density in MPTP-treated
C57BL6 mice decreased dose dependently in a manner
similar to cardiac "**I-MIBG uptake. Because '°I-MIBG is
actively transported into norepinephrine granules of sym-
pathetic nerve terminals by NET, this result indicates that
the mechanism of the reduced cardiac ***I-MIBG uptake in
mice with MPTP-induced parkinsonism is a reduction in
cardiac NET density. The manner in which cardiac NET
density decreased was slightly different from that of the
cardiac norepinephrine concentration, that is, the cardiac
NET density was significantly lower in the 40-mg/kg MPTP
group than in the 10-mg/kg group. In contrast, cardiac
norepinephrine concentrations did not differ significantly
between these groups. We found that the cardiac norepi-
nephrine concentration in mice treated with 10 or 40 mg/kg
MPTP decreased to 85.3% and 81.3%, respectively, of that
in control mice. This finding suggests that even if the MPTP
dose is markedly increased, the cardiac norepinephrine
concentration would reach a plateau of approximately 80%
of the level in untreated mice. Eisenhofer et al. [34] have
reported that most of the norepinephrine released from
vesicles at the sympathetic nerve terminal is taken up again
by sympathetic nerves; the axoplasmic norepinephrine is
either sequestered into vesicles or metabolized to dihydroxy-
phenylglycol in the normal human heart at rest. Axoplasmic
norepinephrine represents 90% of the norepinephrine leaked
from vesicles in the healthy human heart. A small amount of
norepinephrine, 10% of that leaked from vesicles, is released
by sympathetic nerves, taken up again via Uptake 1, and
sequestered from the axoplasm into storage vesicles. We
have postulated the following mechanisms to explain why
the norepinephrine concentrations of the 10- and 40-mg/kg
MPTP group were not significantly different, despite the
cardiac NET density of the two groups being significantly
different. Recaptured norepinephrine in the hearts of
10 mg/kg MPTP group was severely diminished and reached
at most the level at which little norepinephrine was taken up
because of the reduced cardiac NET density. The axoplasmic
norepinephrine, which was not affected by NET and
circulated in the nerve terminal, comprised most of the
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norepinephrine leaked from vesicles. These suggested
mechanisms explain, we believe, why the difference in
recaptured norepinephrine between the 10- and 40-mg/kg
MPTP groups was slight and not statistically significant. A
further study, for example, multipoints analysis of norepi-
nephrine and '**I-MIBG uptake to the same time scale after
administration of MPTP, should give us more detailed
information about the mechanism of reduced '*I-MIBG
uptake in the heart.

Some studies have aftempted to clarify the mechanism of
the reduced cardiac '*I-MIBG uptake in patients with
Parkinson’s disease. Takatsu et al. [35] have found in their
in vitro and in vivo studies with an MPTP-treated
pheochromocytoma cell line that MPTP affects mainly the
neuronal part of '**I-MIBG uptake, indicating sympathetic
impairment in the hearts of MPTP-pretreated mice. They
have also shown that MPTP directly impairs active uptake
of MIBG and that the marked decrease in MIBG uptake is
caused by dysfunction of sympathetic nerve endings, not by
acute cell death or secondary impairment of sympathetic
nerve cells. Orimo et al. {36,37] have reported that tyrosine
hydroxylase (TH)-immunoreactive fibers are markedly
decreased in the hearts of patients with Parkinson’s disease
examined at autopsy, and that the decrease in TH is clearly
coincident with the reduced 'I-MIBG uptake. Decreases in
TH have also been shown, with immunocytochemical
analyses using antibodies against TH, in the substantia
nigra and the ventral tegmental area of MPTP-treated
C57BL6 mice [38,39]. Atthough systemic investigations
have not been done in MPTP-treated mice, the decrease in
TH has been proposed as 2 possible mechanism of the
reduced cardiac '**I-MIBG uptake in the hearts of mice with
MPTP-induced parkinsonism.

However, we have found that the MPTP-dose-dependent
decrease in cardiac NET density was similar to the decrease
in cardiac '*’I-MIBG uptake and was greater than the
decrease in the cardiac norepinephrine concentration, sug-
gesting that reduced cardiac '*°I-MIBG uptake was equal to
or more affected by cardiac NET density than TH. We agree
that damage to postganglionic sympathetic nerves decreases
cardiac '*I-MIBG uptake. In addition, the results of our
study clearly show that the reduced cardiac '*’I-MIBG
uptake in mice with MPTP-induced parkinsonism is closely
related to the reduced cardiac NET density in postganglionic
cardiac sympathetic nerve terminals.

5. Conclusion

'"I.MIBG uptake and NET density are MPTP dose
dependently decreased in the hearts of mice with MPTP-
induced parkinsonism.
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Parkin is the causal gene of autosomal recessive juve-
nile parkinsonism {AR-JP). Dopamine (DA) metabolism
has been linked to Parkinson’s disease (PD). To under-
stand the pathogenesis of AR-JP, we generated parkin-
deficient mice to assess the status of DA signaling
pathway and examine DA release and DA receptor by
ex vivo autoradiography. Ex vivo autoradiography using
[ Clraclopride showed a clear decrease in endogenous
DA release after methamphetamine challenge in parkin-
deficient mice. Furthermore, parkin deficiency was ass-
ociated with considerable upregulation of DA (Dy and
D,) receptor binding in vivo in the striatum and in-
creased DA levels in the midbrain. Our results suggest
that dopaminergic neurons could behave abnormally
before neuronal death. © 2006 Wiley-Liss, Inc.

Key words: parkin; dopamine; release; autoradiography;
receptor

Parkinson’s disease (PD) is the most common neu-
rodegenerative movement disorder in the elderly and
affects approximately 1% of the population >65 years of
age. The major symptoms of PD are tremor, bradykine-
sia, cogwheel rigidity, and postural instability, which
arise from the degeneration of dopaminergic (DAergic)
neurons in the substantia nigra (SN). Of the many he-
reditary PD genes, the parkin gene has received special
interest by researchers working in the field of PD
(Kitada et al., 1998), because it displays ubiquitin-ligase
activity and that early investigations showed that proteo-
lytic dysfunction causes massive loss of DAergic neurons
(Shimura et al., 2000; Chung et al., 2001; Imai et al,,
2001). Several lines of parkin-null mice have been gen-
erated, however, the mechanism(s) underlying the cause
of autosomal-recessive-juvenile-parkinsonism  (AR-JP)
are less well defined, because most (if not all) substrates

© 2006 Wiley-Liss, Inc.

for parkin reported so far remain unchanged irrespective
of parkin-deficiency (our unpublished results) (Goldberg
et al., 2003; Periquet et al., 2005). The aim of the pres-
ent study was to uncover the pathogenesis of AR-JP
using parkin-deficient mice.

Imaging of changes in neuroreceptor availability to
positron emission tomography (PET) ligands can be used
to indirectly measure synaptic neurotransmitter fluxes in
the living human brain and several PET studies in PD
have been reported (Dagher, 2001; de la Fuente-Fernan-
dez and Stoessl, 2002). In PD, the characteristic loss of
striatal dopamine (DA) terminal function, reflected by
reduced dopa dec:nboxylase activity, can be qumtlﬁed
in vivo using ["*F]dopa PET. Although striatal ['® F]dopa
uptake reflects the storage of DA, [“C]mclopmde an in
vivo marker of dopamine D, receptor, is useful for
assessing the capacity of endogenous DA release (Piccim
et al.,, 2003). We monitored the status of DA metabo-
lism in the brains of parkin-null mice, and focused on
DA release and DA receptor by using ex vivo autoradi-
ography techniques.

MATERIALS AND METHODS
/~ Mice

For the constructed targeting vector, most of exon 2
was replaced in-frame by the coding sequence of T-GFP to

Generation of Parkin™

*Correspondence to: Nobutaka Hattori, MD, PhD, Department of Neu-
rology, Juntendo University School of Medicine, 2-1-1 Hongo, Bunkyo,
Tokyo, Japan. E-mail: nhattori@med.juntendo.ac.jp

Received 5 February 2006; Revised 25 May 2006; Accepted 29 June
2006

Published online 29 August 2006 in Wiley InterScience (www.
interscience.wiley.com). DOI: 10.1002/jnr.21032

-170-



A

Wild allele

Targeting Vecter

Fig. 1. Generation of parkin-deficient mice.
A: Schematic representation of the targeting vec~
tor and the targeted allele of parkin gene. Exon 2
is depicted by the black box. The 1, GFP, MC1-
Neo (neomycin-resistant) gene cassette is shown.
The probe for Southern blot analysis is shown as
a gray square. DTA, diphtheria toxin gene.
B: Southern blot analysis of genomic DNAs
extracted from tails of wild-type (+/+), heterozy-
gous (+/—) or homozygous (—/—) mice. The
genomic DNAs digested with Sacd were hybri-
dized with the probe shown in (A). Wild-type
and mutant alleles are detected as 7- and 5-kb
bands, respectively. C: Western blotting of parkin
in whole brain lysates. The lysates of mice indi~
cated genotypes were immunoblotted with anti-
bodies against parkin and actin.

use as a reporter system for axonal extension, followed by
translation and transcription termination sequences and the
MC1-neo cassette (Fig. 1A). A targeting vector was con-
structed using 1.5- and 7-kb DNA fragments as 5" and 3’ ho-
mologous sequences, respectively. A negative selection cas-
sette, DTA, which encodes the diphtherda toxin, was also
included. The linearized targeting vector was transfected into
TT2 ES cells. After selection in (G418, clones were screened
by Southern analysis for homologous recombination. Using
the 5’ external probe and probe specific for Neo sequence,
we confirmed the clones carried the desired homologous
recombination. ES cells of clones were injected into C57BL/
6]. Chimeric offspring were crossed with C57BL/6] mice to
obtain germline transmission, which was confirmed by South-
ern analysis with the 5 probe. Heterozygous mice were then
interbred to obtain homozygous knockout and wild-type con-
trol mice. Mice were subsequently genotyped by PCR using
primers specific for the wild-type and the targeted allele.

Behavioral Test

We used the rotorod test in this study, which is a test
used commonly to score the severity of motor impairment in
rodents. Mice were placed on an accelerating rotorod (ENV-
575M, Med Associates, Inc., St. Albans, VT) and the time
that a mouse stayed on the rotating drum was recorded. Two
behavioral patterns noted on loss of balance on the drum were
recorded: falling off the rotating rod and clinging to the
rotorod with complete “passive” ride around the rod (Paylor
et al., 1999). In the latter behavior, the mouse either contin-
ued to walk when it reached the top of the rod, or clung
around the rod a second time. Behaviors were divided opera-
tionally into two categories. For active performing mice, they
never passively clung around the rotorod, whereas mice that
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clung around the rod at least one time during each trial were
defined as passive performing mice. For the active mice, the
latency to fall was recorded for each trial. For the passive
mice, the latency to fall off the rotorod, or the latency to the
first cling around (latency to cling) was recorded. Passive per-
forming mice were allowed to continue to walk on the
rotorod after the first passive rotation. Thus, the data for la-
tency to fall in the passive mice represented the whole time
spent on the rotating rod with several passive rotations. Each
mouse underwent three trials per a day with a 45-min inter-
trial interval and these tests were conducted over 3 successive
days. A two-way ANOVA [genotype X trial] with repeated
measures was used to analyze the latency to fall or to cling.

Immunohistochemistry for Tyrosine Hydroxylase

Immunolabeling using anti-tyrosine hydroxylase (TH)
antibody (TH-16; dilution 1:10,000; Sigma Biosciences, St.
Louis, MO) was detected by the avidin-biotinylated horserad-
ish peroxidase complex method (Vectastain ABC elect kit,
Burlingame, CA).

Neurochemical Analysis

Contents of dopamine (DA) and its metabolites 3,4-
dihydroxy-phenylacetic acid (DOPAC) and homovanillic acid
(HVA) were measured by high-performance liquid chroma-
tography (HPLC) equipped with an electrochemical detection
system (Kobayashi et al., 1994). Tissues were homogenized in
5 volumes of 0.2 M perchloric acid containing 0.1 M ethyl-
enediaminetetraacetic acid (EDTA) and 100 ng/ml of isopro-
terenol. After centrifugation of the tissue homogenates, the
pH of the supernarants was adjusted to 3.0 by adding 1 M
sodium acetate. The samples were injected into the HPLC
system with the mobile phase containing 0.1 M sodium citrate,
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Fig. 2. Results of rotorod motor skill leaming test conducted in 12-
month-old parkin-deficient and wild-type mice. A: Latency to fall.
Wild-type (+/+) (n = 10) and knockout (—/-—) mice (n = 10)
showed equivalent performance and motor learning. The mean *
SEM latency to fall is shown for each tral. B: Latency to cling to

0.1 M citric acid, 0.5 mM sodium octane sulfonate, 0.15 mM
EDTA, and 12% methanol (pH 3.5). The detector potential
was maintained at 0.75 V vs. the Ag/AgCl electrode.

Ex Vivo Autoradiography

Chemicals. Stmdard compounds and precursors for
labeling of (+)-a-[''C]dihydrotetrabenazine ([''CJDTBZ),
["'CIB-CFT (2B-carbomethoxy-3 B-(4-fluorophenyl)tropane:
dopamine transporter probe). [''C]SCH23390 (D1 receptor
probe) and ["'Clraclopride (D, receptor probe) were pur-
chased from RBI (Natick, MA). The enzymes for L~
[B-"'CIDOPA synthesis, alanine racemase (EC 5.1.1.1),
amino acid oxidase (EC 1.4.3.3)) and P-tyrosinase (EC
4.1.99.2), were purchased from Tkeda Food Research Co.
(Hiroshima, Japan).

Synthesis of [11C] Labeled Compounds. Carbon-11
("' C) was produced by "N(p,®)""'C nuclear reaction using a cy-
clotron (HM-18, Sumitomo Heavy Industry, Tokyo) at Hama-
matsu Photonics PET center and obtained as [''C]CO.
['"CIB-CFT and [''C]SCH23390 were labeled with !'C by N-
methylation of the concspondm% nm compounds with
['Clmethyl iodide prepared from [''C ["'CIDTBZ and
["'Clraclopride were synthesized by O~methyht10n of the cor-
responding nor-compounds with [''Clmethyl iodide. The
radiochemical and chemical purities used were >98% and 99%,
respectively, and the specific radicactivity ranged from 182-201
GBg/pmol for [''CIDTBZ, 152-181 GBq/umol for [1'CI8-
CFT, from 144-162 GBq/pmol for [''C]SCH23390, and from
154-177 GBg/pmol for [''Clraclopride, respectively. L-
[B-1'CIDOPA (L-3,4- dihydroxyphenylalanine) was synthesized
using a combination of organic synthesis and multi-enzymatic
procedures using an automated synthesizer. The radiochemical
and chemical purities of L-[8-"'C]JDOPA were >98% and 99%,
respectively. After analysis for identification, the solution was
passed through a 0.22 pm pore size filter before intravenous
(1.v.) administration.

Ex-vivo Imaging. Each labeled compound was in-
jected iv. at a dose of ca. 1 MBq/g body weight via the tail
vein. The animals were sacrificed by decapitation under halo-
thane anesthesia 30 min post-injection for [''CJDTBZ,

Trial

the rod in passive performing mice. Some mice rode around the rod
at least once during training. Number of mice in every trial is tabu-
lated. Active performance, mice that never passively rode around the
rotorod (without clinging to the rod); passive performance, mice that
rode around the rod at least once during training.

[M'CISCH23390, and [*'CJraclopride, and 60 min post-injec-
ton for -[B-"C]JDOPA and [''C]B-CFT. The interval
between injection of tracer and sacrifice for each labeled
compound was determined based on data from previous
reports (Inoue et al., 1991; Tsukada et al., 1994; Takamatsu
et al., 2004). The brain was removed immediately, frozen by
2-methyl butane at —20°C, and 2-mm thick brain slices that
included the striatal and cerebellar regions were prepared with
a brain matrix (RBS-02, Neuroscience Inc., Tokyo, Japan).
These slices were contacted with phospho imaging plate for
30 min, and the regional distribution of radioactivity was
determined using a phospho imaging plate reader (BAS-1500
MAC, Fuji Film Co., Tokyo, Japan). The radioactivity in the
cerebellum was used as the reference because of the low
density of DA receptors in this region (Creese et al., 1975).
Vesicular monoamine transporter (VMAT) availability, DA
reuptake site availability, and DA (D; and D,) receptor bind-
ing activities were expressed as follows: “Binding index”
= (RIstr — Rlcere)/RIcere, where Rlstr was the radicactivity
of each labeled ligand in the striatal regions and Rlcere
was the radioactivity in the cerebellum; for the quantification
of dopamine synthesis, “Uptake index” was determined as
(RlIstr — Rlcere)/Rlcere, where Rlstr was the radioactivity
of L-[B-""CJDOPA in the striatal regions, and Rlcere was the
radioactivity in the cerebellum.

Displacement Study of [''Clraclopride
With Methamphetamine

To evaluate the dopamine release from pre-synaptic
neurons, saline or methamphctamine (MAP) at a dose of
0.3 mg/kg was injected i.v. 30 min before the injection of
[Mc Clraclopride. Brain slice preparation and imaging procedure
were carried out as described above.

Statistical Analysis

All data were expressed as mean £ SEM. Differences
between groups were examined for statistical significance
using the Student’s r-test. A P-value < 0.05 denoted the pres-
ence of a statistically significant difference.

Journal of Neuroscience Research DOT 10.1002/jnr
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RESULTS -

Generation of Parkin-Deficient Mice

To investigate the in vivo roles of parkin and shed
light on the pathogenic mechanisms of AR-JP, we gen-
erated a new line of mice with a targeted disruption of
the parkin gene. We deleted exon 2 of parkin that enco-
des most of the N-terminal ubiquitin-like domain whose
major role is interaction with the 26S proteasome

patkin -/

Fig. 3. Immunohistochemical localization of tyrosine hydroxylase
(TH) at 3 months in the midbrain and substantia nigra (SN) of par-
kin-deficient mice and wild-type mice. Normal TH immunoreactiv-
ity in the SN. Scale bar = 1 mm.
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Fig. 4. The levels of DA and its ®
metabolites (DOPAC and HVA) mea- ' i
sured at 12 months in the midbrain and .
striatum in wild-type (WT) (n = 10)
and parkin-deficient (KO) mice (n = 4
10). Concentrations of DA, DOPAC, )
and HVA were determined by HPLC
with electrochemical detection. Data ? WT KO
are expressed as mean * SEM. *P <
0.01. DA
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(Sakata et al., 2003). It is noteworthy that several muta-
tions in exon 2 have been reported in patients with AR~
JP (Mata et al., 2004). Due to the lack of exon 2, RNA
splicing from exons 1-3 is predicted to change the read-
ing frame, which is capable of causing almost complete
dysfunction of parkin. We therefore chose the disruption
of exon 2 to generate the parkin-null mutant mouse.
Deletion of exon 2 was confirmed at the parkin genomic
locus by Southern analysis (Fig. 1B). Parkin was absent
in the knockout brain based on the analysis using anti-
parkin antibody (Fig. 1C). Because T-GFP ¢cDNA was
knockin, we also carried out RT-PCR using an GFP-
specific primer and confirmed the presence of GFP
transcripts in parkin-deficient mice (data not shown).
However, the parkin-1-GFP fusion protein was not
clearly detectable by Western and immunohistochemical
analyses (data not shown).

Phenotype of Parkin™/~ Mice

We carried out open field tests of parkin™’~ mice
and observed no significant alterations in their move-
ment behaviors (data not shown). In addition, we eval-
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Fig. 5. Autoradiographic images. A: Comparison of striatal dopaminergic parameters of DA syn-
thesis, DA receptors (D and D), DAT, and VMAT between wild-type (WT) and parkin-defi-
cient (KQ) mice. B: Effects of methamphetamine (MAP) on striatal |''Clraclopride binding in
WT and KO mlcc Saline or MAP at a dose of 0.3 mg/kg was injected i.v. 30 min before the
injection of [''Clraclopride. Brain slice preparation and imaging procedure were carried out as

described in Materials and Methods.

uated these mice at 12 months of age using the rotorod
task and found that parkm (n = 10) and wﬂd—type
mice (n = 10) exhibited similar latencies for remaining
on the rotating rod (Fig. 2), confirming the lack of any
behavioral deficit. Furthermore, DAergic neurons of par-
kin-deficient mice were morphologically normal by im-
munohistochemical analysis with an antibody specific for
TH (Fig. 3). Indeed, quantification of the number of
DAergic neurons of the mutant and control mice (n = 6
each) at 3 months showed similar numbers of TH-posi-
tive neurons in SN and LC (data not shown).

Neurochemical Analysis

Next, we measured the levels of DA and its major
metabolites DOPAC and HVA in parkin™"" and control
mice (n = 10) at 12 months by HPLC with electro-
chemical detection. In the midbrain including SN, par-
kin-deficiency was associated with a significant increase

i DA level but no change in DOPAC and HVA levels
(Fig. 4). In the striatum, no changes in DA, DOPAC,
and HVA levels were noted in parkin™ " mice compared
to the wild-type.

Ex Vivo Autoradiography Study

Figure 5 shows representative autoradiographic
images. The levels of two major DA receptors, Dy and
Dy, were measured at 12 months and expxeqsed as the
binding mdex by ex vivo automchogmphy using receptor
antagonists [''C]SCH23390 and [''CJraclopride, respec-
tively Quantitative analysis ShOVVGd that the receptor
bmdmg levels of both 1; and D, in the striatum of
parkin™’" mice (Dy, n =7, Dz, n = 6) were higher than
those of normal mice (Dy, n = 5; Dy, n = 6), although

the binding index of dopamine transporter (DAT? and
vesicular monoamme transporter (VMAT) using [''C]B-
CFT and ["'C]JDTBZ, respectively, were similar (Fig. 6A)

Journal of Neuroscicnee Rescarch DOI 10.1002/jnr
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Fig. 6. Quantitative amalysis of ex vivo autoradiography. A: Binding index for DA receptors (D,
and D,), DAT, and VMAT in the striatum of mice aged 12 months. B: DA synthesis in the stria-
tum of mice aged 12 months. C: DA release of mice aged 12 months. Values of striatal
["'Clraclopride binding after administration of methamphetamine (MAP) or saline in wild-type and
parkin-null mice are tabulated. %A, percentage difference [(methamphetamine binding index — sa-
line binding index)/saline binding index] X 100. Data are expressed as mean £ SEM. *P < 0.01.

in parkin”™’" mice (DAT, n = 7; VMAT, n = 6) and
normal mice (DAT, n = 5; VMAT, n = 6). Furthermore,
DA synthesis determined by conversion of 1-[3-''C]JDOPA
to [B-""C]DA was significantly decreased in parkin™’~ mice
(n = 8) compared to control mice (n = 8) (Fig. 6B).

Finally, we analyzed DA release in the striatum of
p_arkin'”’/“ mice using dopamine DD, receptor antagonist
[''Clraclopride after treatment of methamphetamine (MAP)
or saline. [''C]Raclopride is considered to compete with en-
dogenous DA at D, receptor sites, and competition between
["'Clraclopride and endogenous IDA has been used recently to
measure the level of DA release (T'sukada et al., 2000; Piccini
et al., 2003). The binding of ['' CJraclopride was decreased in
the presence of high levels of released endogenous DA in the
synaptic clefts. The release capacity of DA can be estimated by
a decrease in the binding level after methamphetamine-
induced release of endogenous DA. Ex vivo autoradiography
conducted at 12 months using [''C]raclopride showed that the
activity of DA release in parkin™’" mice (n = 8) was clearly
reduced relative to that in wild-type mice (n = 9) (Fig. 6C).

Journal of Neuroscience Research DOI 10.1002/jnr

DISCUSSION

Several studies have reported deletion of the
mouse parkin gene but against expectation, the majority
of such mice exhibited subtle phenotypes without caus-
ing massive loss of DAergic neurons (Goldberg et al,,
2003; Ttier et al., 2003; Von Coelln et al., 2004; Perez
and Palmiter, 2005). Our parkin-null mice showed no
obvious behavioral deficit; testing mouse mobility by
using the open field test (data not shown) and rotorod
test (Fig. 2) showed no reduction in locomotor activity.
Histologically, no change in TH-positive nigra neurons
was noted in parkin-deficient mice (Fig. 3), and no sig-
nificant decrease in DAT was observed (Fig. 6A).
[''CIB-CFT shows a high affinity to DAT and accu-
rately reflects a terminal density close to that of DA
neurons, which could be potendally useful in tracing
the drop out of DA neurons over time. These results
show clearly the lack of any neurodegeneration in the
cell bodies of DA neurons and nerve terminals of par-
kin deficient mice.
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In an attempt to determine the pathologic state of
parkin-deficient mice, we assessed the binding of D, and
D, receptors by ex v1vo autoradiography. We used the
['*C]SCH23390 and [''Clraclopride ligands against the
D; and D, receptors, respectively. Intn'guingly, parkin
deficiency was associated with marked elevation of both
Dy and D, receptors. Indeed, previous studies reported
that although striatal 1D, binding increased in untreated
patients with PD, adaptive postsynaptic mechanisms
and treatment decreased this as the condition advanced
(Ahlskog et al., 1991; Brooks et al., 1992; Ichise et al.,
1999). In a study of AR-JP patients, Scherfler et al
(2004) reported a global decrease in DD, receptor and
argued for parkin genetic defect itself or susceptibility to
receptor downregulation after long-term exposure to do-
paminergic agents. Taking into account the results of the
present study, we consider the latter scenario; i.e., long-
term exposure to dopaminergic agents, to result in
downregulation of D, receptor. The decrease in DA
concentration in synaptic clefts in early-stage PD 1s
expected to lead to increased expression of 1D;. Goldberg
et al. (2003) reported that DA actually increases extrac-
ellularly in knockout mice.

We next measured DA release in knockout mice.
When endogenous DA binds to the D, receptor, it com-
petes with the antagonist [''Clraclopride. This process
allows synaptic DA levels to be estimated indirectly from
changes in D5 receptor binding. Elevation of DA synaptic
concentrations can be achieved in vivo by administration
of DA releaser such as amphetamine. The level of binding
index in parkin-deficient mice was significantly higher
than that of control mice, indicating a low DA release
capacity in knockout mice (Fig. 6C). A similar method
showed a decrease in release capacity of DA in PD (Pic-
cini et al., 2003). However, this level of alteration of DA
release potential is not sufficient to cause atrophy and
degeneration of DAergic neurons, thus explaining the lack
of a clear phenotype in knockout mice. Indeed, the open
field and rotorod tests showed no reduction in locomotor
activity, as mentioned above.

Quantitative analysis showed no differences in do-
pamine levels in the striatum of mutant and wild-type
mice, although higher DA concentrations were noted in
the midbrain of knockout mice relative to the control.
This regional difference may be due to either accumula-
tion of DA consequent to the low level of DA release,
or due to increased DA reuptake. Although the expres-
sion levels of DAT and VMAT were not different
between the two types of mice, further research is neces-
sary to determme their precise functions. Tt is well-
known that [""FJDOPA undergoes reuptake in DAergic
neurons and metabolizes to ['* ]DA which 1s indicative
of the synthetic capacity of DA involved in PD (Dagher,
2001; de la Fuente Fernandez and Stoessl, 2002). Like-
Wlse1 L-[B-'"CJDOPA is also metabolized to form
[B-""CJDA. Using this method, the overall synthetic
capacity of DA was significantly low in knockout mice
compared to wild-type mice (Fig. 6B). Excess DA in
neurons may induce down-regulation of this synthetic

capacity. In this regard, abnormal reuptake of
['8F]DOPA was reported previously in AR-JP patients
(Broussolle et al., 2000; Hilker et al, 2001; Portman
et al., 2001; Khan et al.,, 2002; Thobois et al., 2003;
Scherfler et al., 2004). In contrast, the levels of DOPAC
and HVA in the ventral midbrain were apparently nor-
mal in our knockout mice. This finding may be depend-
ent on the regulation of activities of varlous enzymes
that metabolize catecholamines, which compensate the
altered DA transmission in parkin deficiency.

In conclusion, we have shown in the present study
the presence of low levels of DA release in parkin-defi-
cient mice, suggesting that DAergic neurons could
behave abnormally before neuronal death.
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Abstract: An extracorporeal bioartificial liver (BAL) that
could prevent death from hepatic encephalopathy in
acute hepatic insufficiency was aimed to develop. A func-
tional human hepatocellular carcinoma cell line (FLC-4)
was cultured in a radial-flow bioreactor. The function of
the BAL was tested in mini-pigs with acute hepatic failure
induced by a-amanitin and lipopolysaccharide. When the
BAL system was connected with cultured FLC-4 to three
pigs with hepatic dysfunction, all demonstrated electroen-
cephalographic improvement and survived. Relatively low
plasma concentrations of S-100 B protein, as a marker of
astrocytic damage, from pigs with hepatic failure during
BAL therapy were noted. BAL therapy can prevent
irreversible brain damage from hepatic encephalopathy
in experimental acute hepatic failure. Key Words:
Acute hepatic failure—Radial-flow bioreactor—Cerebral
edema-—Astrocytes—ol- Amanitin.
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A clinically effective bioartificial liver (BAL)
requires development of a high-density cell culture
module and a highly functioning liver cell line. We
sought to develop a high-performance BAL to avoid
lethal hepatic encephalopathy in acute hepatic insuf-
ficiency and establish the BAL as an extracorporeal
circulation therapy able to surpass conventional
blood purification procedures. Our extracorporeal
BAL support system used a highly functional human
hepatocellular carcinoma (HCC) cell line (FLC-4)
cultured in a radial-flow bioreactor (RFB) (1,2). The
RFB is packed with cell-adhesion scaffolds in a cylin-
drical array (Fig. 1A,B). The culture medium or the
plasma flows from the periphery of the cylindrical
module to the center. One important problem when
cells are cultured densely is delivery of sufficient
oxygen and nutrients even when these are plentiful at
the inflow site. As a result, we could culture cells
successfully at a density of 10%/mL.

We have currently tested the BAL in mini-pigs
with acute hepatic failure induced by o-amanitin, a
mushroom-derived poison, and lipopolysaccharide
(LPS), while monitoring with electroencephalogra-
phy (EEG) to assess the effectiveness of BAL against
hepatic encephalopathy. We measured the plasma
levels of S-100 B protein, a marker of damage to
astrocytes (3).

MATERIALS AND METHODS

Mini-pigs and monitoring

Male mini-pigs (CSK-MS) weighing 10-15 kg were
a generous gift from Chugai Pharmaceutical (Tokyo,
Japan). Prior to the experiments, they were main-
tained for 14 weeks at the Laboratory Animal Facili-
ties of the Jikei University School of Medicine,
receiving standard chow and water ad libitum. The
study was approved by the institution’s committee
concerning animal experimentation.

Acute hepatic failure model

During inhalation anesthesia with 3-4% isoflu-
rane, 0.05 mg/kg of c-amanitin (Calbiochem, Darm-
stadt, Germany) and 1pg/kg of LPS (Sigma, St.
Louis, MO, USA) dissolved in 10 mL of saline was
administered via the splenic vein. Fifty percent
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FIG. 1. (AB) The RFB. The RFB is packed with cell-adhesion scaffolds in a cylindrical array. Culture medium or plasma flows from the
periphery of the cylindrical module to the center. (C,D) Scanning electron microscopic (SEM) observations in FLC-4 cells cultured on
hydroxyapatite beads in the RFB. FL.C-4 cells form a single layer on porous hydroxyapatite beads in a cubic array. The arrow heads
indicate the basal side of cells, while the arrows show the apical side of cells. N, nucleus. (E) The extracorporeal BAL system. From blood
obtained from an artery, and plasma is separated from cells at 10~15 mL/min by the plasma separator (PS) and flows into the BAL after
taking up oxygen from the oxygeneter (OG). The entire device is maintained consistently at 37°C. The purified plasma is mixed with blood
cells and returned to a vein.

glucose solution and 7% sodium bicarbonate were
injected as required during the monitoring of
venous blood glucose and arterial blood acid-base
parameters.

BAL using the RFB

The RFB (Biott, Tokyo, Japan) is a cell-filling type
bioreactor of 15-mL capacity in which a cylindrical
module is filled up with porous hydroxyapatite beads
(PENTAX, Tokyo,Japan) with a diameter of approxi-
mately Tmm (1) (Fig. 1A,B,C). The culture system
consists of the RFB, a reservoir-adjusting culture
fluid, a circulation pump, and an automatic controller
to adjust the dissolved oxygen content and the pH of
the culture fluid. We injected 10° of FLC-4 cells, a
human HCC cell line, into the reservoir, which con-
tained ASF 104 culture medium (Ajinomoto, Tokyo,
Japan) with 2% fetal bovine serum (FBS) and set
the circulated pump at 10 mL/min for seeding and
attaching cells into the porous hydroxyapatite beads
in the RFB (Fig. 1D). The circulation culture at

25 mL/min was continued for 10 days after adhesion
of the cells was confirmed and FLC-4 cells grew 10’ in
the REB. We used the RFB almost completely filled
with cells as the BAL.

Extracorporeal circulation using the RFB

Arterial blood was extracted at 20-30 mL/min, and
plasma was separated at 10-15 mL/min by a plasma
separator (Plasmaflo, OP-02W, Asahi Kasei Medical,
Tokyo, Japan) and allowed to circulate through the
BAL after passage through an oxygenator (silicone
rubber tube module M40-3000, Nagayanagi, Tokyo,
Japan) (Fig. 1E). The entire device was maintained
constantly at 37°C.Together with the separated blood
cells, the purified plasma was returned to the animal
via the cervical vein. The extracorporeal circulation
time in this experiment was 4~6 h. Intravenous treat-
ment with 50% glucose and 7% sodium bicarbonate
solution continued after the BAL extracorporeal
circulation. Heparin was injected as an anticoagulant.
At initiation of extracorporeal circulation, an intra-
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FIG. 2. (A} Time course of biochemical data in control (animal 2) developing hepatic failure after administration of c-amanitin and LPS.
Plasma was perfused through the RFB without FLC-4 cells. Neither control animal (animals 1 and 2) recovered at any time from fatal
hepatic failure. (B) Time course of biochemical data in an animal (animal 4) developing acute hepatic failure after administration of
a-amanitin and LPS. Plasma was perfused through the RFB containing FLC-4 cells beginning 12 h or more after toxin administration. All
three animals (animals 4, 5, and 6) treated by BAL therapy survived. The arrow indicates the time of o-amanitin and LPS administration.
Black bar indicates extracorporeal BAL perfusion. AST, aspartate amino transferase; T.Bil, total bililbin; T.Chol, total cholesterol; PT,
prothrombin time. (C) S-100 B protein in plasma from an animal with untreated acute hepatic failure, showing a marked increase that
suggested severe astrocytic damage. (D) This increase is less prominent during BAL extracorporeal circulation.

venous injection of 1000 units was given. Heparin
then was infused into the withdrawn arterial blood at
500 units/h.

Enzyme-linked immunosorbent assay (ELISA) for
§-100 f in plasma

We measured S-100 B protein in plasma as a sys-
temic marker of damage to brain astrocytes in
pigs with acute hepatic failure using an ELISA kit
(Yanaihara Institute, Shizuoka, Japan).

RESULTS AND DISCUSSION

In the present preclinical study, our ultimate aim
was to find a way to prevent or reverse potentially
lethal hepatic encephalopathy in acute hepatic
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failure using BAL as a bridge to either recovery or
transplantation. We used an acute hepatic failure
model involving a relatively large animal to test the
effectiveness of densely cultured FLC-4 cells in a
module for extracorporeal circulation. Devising an
acute hepatic failure model in a relatively large
animal is extremely difficult. We used the method
of Takada et al., who induced acute hepatic failure
by injecting o-amanitin and LPS via the portal vein
(4). We first established extracorporeal circulation
through a BAL system without FLC-4 cells in two
animals (animals 1 and 2) with o-amanitin/LPS-
induced hepatic dysfunction. The animals died
respectively 2 h after initiation of extracorporeal cir-
culation and at a completion point of extracorporeal
circulation at 6 h (Fig. 2A). We thus used the BAL
system with FL.C-4 cells to treat hepatic dysfunction
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in three animals (animals 3,4, and 5), obtaining EEG
improvement and survival in all. Figure 2B shows the
course of one animal treated by BAL therapy. Even
when transaminase and ammonia concentrations in
blood were not markedly elevated, many animals
that had been injected with o-amanitin and LPS died
of hemorrhagic necrosis of the liver with marked
cerebral edema. Among the blood tests, the best
index of hepatic fatlure was a decrease in the choles-
terol concentration. We therefore administered BAL
for 4-6 h, when the EEG showed slowing and plasma
cholesterol decreased, about 12-20h after toxin
administration. The three animals with acute hepatic
failure showed considerable normalization of slow-
wave activity in the EEG after extracorporeal circu-
lation therapy using FLC-4 cultured in the RFB, with
ultimate survival.

The reason for the survival of animals with acute
hepatic failure treated with the BAL is thought to
be the prevention of rapidly progressive cerebral
edema. In plasma from a pig dying from hepatic
failure, and a surviving animal just after BAL
therapy, we measured the plasma levels of S-100 B
protein as a marker of hepatic encephalopathy spe-
cifically astrocytic damage (3). S-100 B protein had
significantly increased in plasma from animals with
acute hepatic failure, especially those that died (Fig.
2C). In contrast, we observed that the release of
S-100 B protein in plasma was inhibited during BAL
therapy and the animal survived (Fig. 2D). This sug-
gested that BAL therapy tended to ameliorate
encephalopathy in acute hepatic failure.

Agents potentially responsible for hepatic coma
include not only ammonia and manganese com-
pounds, but also an assumed unknown substance with
a molecular weight of 5-20 kD (5). Astrocytes form
the blood brain barrier (BBB), and sustain nerve cells
as they function (6). Increases of the postulated
hepatic coma agent in blood induce early functional
impairment in astrocytes. However, removal of the
unidentified hepatic coma agent(s) is difficult using
conventional blood-purifying treatments. We there-
fore feel an urgent need to develop modalities such
as the BAL, in which human liver cells (highly func-
tioning HCC cell lines) are cultured at high density in
an RFB. The results of this experiment suggest that
BAL can ameliorate hepatic encephalopathy by
removal of suspected and/or unknown hepatic coma
agents.

CONCLUSIONS

We constructed a compact and high functional
BAL system using the RFB and a human HCC cell

line FLC-4. Large animals with acute hepatic failure
induced by o-amanitin and LPS were able to recover
from fatal hepatic encephalopathy, and the result was
improved by the extracorporeal circulation therapy
using this system.
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The tissue plasminogen activator (t-PA) has been approved as a thrombolytic agent for treating cerebral thrombosis. It is
reported that recanalization occurs earlier in a hyperacute ischemic stroke when both t-PA and transcranial ultrasonication are
applied than when t-PA alone is applied. We have developed a therapy-and-diagnostics (T/D) compound transcranial
ultrasonic thrombolytic system. To minimize adverse mechanical and thermal biological effects, the frequency of the
therapeutic ultrasound (US) beam is selected to be 500 kHz. The diagnostic US beam at 2 MHz is used for monitoring the
recanalization. We confirmed the effect of this system using two types of experiment. One determined the recanalization rate
and dissolution time of the simulated thrombotic vascular occlusion at narrowed vessels and the other determined the weight
decrease of the clot, and both involved exposure to t-PA solution with and without ultrasonication. As a result, the
recanalization rate is higher in the US + t-PA (92.3%) than in the t-PA-only (64.1%). The decrease rate is also higher in the

US + t-PA (25.4%) than in the t-PA-only (15.1%).

[DOIL: 10.1143/I1JAP.45.4736]

KEYWORDS: medical, diagnostic, therapy, stroke, acute, thrombolysis, clot, t-PA, in vitro

1. Introduction

Cerebrovascular accident (CVA) is a condition with the
third highest mortality next to cancer and heart disease in
Japan. In particular, strokes account for roughly 70% of
CVAs. Even if death does not occur, a longer cerebral
ischemic interval resulting from CVA often causes paralysis
and produces injurious effects. Therefore, it is important to
induce clot lysis at the early stage of ischemia. The tissue
plasminogen activator (t-PA) has been approved in the EU,
the US.A., and Japan to be used for the treatment of
hyperacute ischemic stroke. It is known that ultrasonication
enhances the thrombolysis effect of t-PA.'~

CLOTBUST studies*® show that even the continuous use
of 2MHz normal transcranial Doppler ultrasonography
(TCD) accelerates thrombolysis in clinical experiments.
The ultrasound (US) spatial peak temporal average intensity
(Ispra) used in this study was about 0.4 W/cmz.

We know that a lower frequency gets a higher rate of
recanalization in vivo.” If we use low-frequency ultrasound
only, we sacrifice the performance of the diagnostic image.
Therefore, we use a different type of ultrasound for the
therapy beam (T-beam) from that for the diagnostic beam
(D-beam). We have developed a T/D compound system that
uses ultrasound of 500kHz and below 0.72 W/cm? for the
therapy, and that of 2MHz and below 0.72W/cm? for
diagnostics. In this study, we confirmed the effectiveness of
this system for in virro experiments.

2. Experimental

2.1 Ultrasound exposure system

The developed system is composed of an ultrasound
diagnostic unit, a T-beam generator, a T/D compound sector
probe and a T/D switching controller (control unit), as
shown in Fig. 1. The T/D compound probe irradiates a 500-
kHz-frequency ultrasound beam as a T-beam, and a 2-MHz-
frequency ultrasound beam as a D-beam. To avoid the risk of
intracranial hemorrhage, the direction of the T-beam is

Therapy beam generator
(500 kHz continuous/burst Wave)

N
i

Ultrasound diagnostic unit
(2 MHz, PWD/CFM/CFA)

Monitor

T-beam (500 kHz)
transmit
T/D compound
sector probe

(Array)
J D-beam (2 MHz)

transmit / receive

T/D switching
Controller

Fig. 1.

Architecture of system.

targeted at an area around the embolized artery. Ultrasound
bioeffects are affected mainly by thermal index (TI) and
mechanical index (MI). Even if the irradiating ultrasound
intensity remains at a permissible value, a higher-frequency
ultrasound causes a higher T1. On the other hand, a lower-
frequency ultrasound  induces a higher MI. Therefore, T-
beam frequency is selected to be 500kHz under the
condition of TI < 2 at a suitable acoustic intensity less than
the maximum regulation level for the diagnostic ultrasound
equipment, and MI < 0.25 that is less than one quarter of the
cavitation threshold of MI= 1. D-beam frequency was
selected to be 2MHz, which is often used for TCD and
transcranial color flow imaging (TCCFI) to observe the
recanalization conditions. The system irradiates both T- and
D-beams alternately controlled by the signal control sub-
system through a common single aperture of the T/D
compound probe, which includes two laminated phased
array transducer elements for the T- and D-beams.

2.2 T/D compound probe
The T/D compound probe, developed for thrombo
embolic treatment with t-PA, has therapeutic and diagnostic
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