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outliers, a gradual exponential drift of the baseline was removed by using an
exponential regression. Matlab was used for the data analysis.

2.4. Microdialysis

A guide cannula (outer diameter: 0.60 mm and inner diameter: 0.48 mm) was
inserted stereotaxically into the rat striatum 1 week before the perfusion (n = 5).
The probe was purchased from EICOM (Kyoto, Japan). The stereotaxic coordi-
nates used were: (1) guide cannula: AP: 0, ML: +3, DV: +3.5 from the surface of
the dura mater (Paxinos and Watson, 1986) and (2) microdialysis probe (into the
striatum): AP: 0, ML: +3, DV: +6.5 from the surface of the dura mater. The length
of the dialysis membrane was 3 mm, and the diameter was 0.22 mm.

The probes were perfused with artificial cerebrospinal fluid (in mM: 149
NaCl, 2.8 KCl, 1.2 MgCl,, 1.2 CaCl,, and 5.4 glucose; pH 7.3) at a flow rate of
1 pV/min. The dialysates were collected at 30 min intervals. The first five
fractions were discarded, and the next one fraction (30 min) was collected
for basal value determination, and the dialysates were then collected overa2 h
period after PEA injection. These were analyzed on line by using a high-
performance liquid chromatography with the electrochemical detector
(EICOM, Kyoto, Japan). The applied potential was 700 mV.

Monoamines and metabolites were separated on a C18 reverse-phase
column (EICOMPAK SC-50DS) (Nakamura et al., 1998). The flow rate
was 2.3 mI/min. The mobile phase consisted of citric acid-sodium acetate
buffer (pH 3.9), 5 mg/l EDTA, 160 mg/l sodium 1-octanesulphate and 18%
methanol. Our HPLC method for monoamine detection was modified to
measure ascorbate according to the previous studies (Miele et al., 2000; Serra
et al.,, 2001). The sensitivity of the electrochemical detector was lowered
temporally to quantitate a large peak with a short retention time (4 min) which
was identical to ascorbate.

2.5. Histology

After the end of experiments (2 months after the implantation), three animals
- were deeply anesthetised with pentbarbital, and perfused transcardially with
saline followed by perfusion with 10 mM phosphate-buffered 4% paraformalde-
hyde (pH 7.4). After postfixation, coronal sections of 30 pm in thickness were
prepared with a cryostat. Serial sections of estimated position of the carbon fibre
electrode were immunostained with glial fibrillary acidic protein (GFAP) for an
enhanced view of glial response. The sections were treated with sheep anti-
tyrosine hydroxylase (anti-TH) antibody (1:2000; Calbiochem, San Diego, CA)
and rabbit anti-GFAP antibody (1:5000; DAKO Cambridgeshire, UK) in PBS
with 0.05% Triton X-100 overnight. These sections were incubated in fluorescent
secondary antibodies of FITC-conjugated anti-sheep IgG and Cy3-conjugated
anti-rabbit IgG (Jackson ImmunoResearch Laboratories, West Grove, PA). Low-
poser fluorescence view of the section was obtained with a digital-fluorescence
microscope (BIOREVO BZ-9000, KEYENCE, Osaka, Japan).

3. Results
»
3.1. In vitro measurements

The performance of the wireless system for electrochemical
detection was evaluated in vitro. Dopamine (107’ M) was
added five times consecutively into PBS in the recording
chamber (final concentration: 5.0 x 10~7 M). Dopamine signal
current increased rapidly after each injection in a step-wise
manner (Fig. 4). The limit of detection for dopamine in a single
measurement was 2.7 x 107’ M (S/N =3).

3.2. In vivo measurement in the rat striatum
3.2.1. Changes in dopamine signal current induced by PEA

To validate dopamine detection by our wireless system in
vivo, we examined the effect of PEA injection, well known to
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Fig. 4. Dopamine (DA) signal current responses in vitro. Dopamine solutions
(107* M, 100 1) were added five times (arrows) into 100 m] PBS. The final
concentration increased with a step of 0.1 M after each injection. Inset shows
dose—response relationship. The detection limit in a single measurement was
0.27 uM (S/N=3).

increase extracellular dopamine. The dopamine signal current
in a representative case (Fig. 5A) increased soon after
subcutaneous injection of PEA (100 mg/kg), reached a plateau
at ~50 min, and began to decrease at ~100 min after the
injection. Mean changes in dopamine signal current, averaged
over five animals, showed a similar time course (Fig. 5SB).

To compare the performance of the wireless system with our
conventional wired voltammetry system, changes in dopamine
signal current were also measured in the same rat as that of
Fig. SA using this conventional system after administration of
PEA (Fig. 5C). The time course of the changes in dopamine
signal current was very similar between the two voltammetry
systems.

Using microdialysis, changes in dopamine concentration
were also examined (Fig. 5D). Increase in dopamine
concentration was observed (open circles), but its metabolite,
DOPAC (open triangles) did not increase. It is worth noting that
changes in dopamine concentration (Fig. SD) were very similar
to those in dopamine signal current measured with the wireless
voltammetry system (Fig. 5B). Ascorbate (filled squares)
showed a small increase but with a much slower time course.

To quantitatively evaluate whether the change in dopamine
signal currents largely reflected changes of dopamine or those
of ascorbate, we integrated the voltammetry signal over six
consecutive 30 min periods up to 0, 30, 60, 90, 120 and
150 min. These integrated values were correlated with the
concentrations of dopamine, and ascorbate measured with
microdialysis at the six time points. Although the absolute
concentration of dopamine (3.7 nM) was much smaller than
that of ascorbate (4.6 uM), the correlation was close to one for
dopamine concentration (r=0.95, p=0.0033) and 0.82 for
ascorbate (p = 0.045). If the current signal exclusively reflects
changes in ascorbate, but not dopamine at all, the correlation
should have been smaller for dopamine, but this was not the
case. Thus the present results suggest that the current signal
dominantly reflected changes in dopamine concentration, at
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Fig. 5. Invivo measurements in the rat striatum after subcutaneous PEA administration (100 mg/kg). (A and B) Changes in dopamine (DA) signal current measured
with the wireless system every 0.25 s. Typical data in a rat (140 days after operation), and the mean responses of five rats (7-140 days) are shown in A and B (red
trace), respectively. Time zero shows the time of injection. Black traces in B shows the standard error of the mean. (C) Changes in dopamine signal current measured
in the same rat as in A (120 days after operation) with a conventional wired system (every 2 min). (D) Changes in extracellular concentration of dopamine (O),
DOPAC (A) and ascorbate (lll) measured with microdialysis. Increase in dopamine concentration was observed, but DOPAC did not increase. Ascorbate showed a
small increase. The absolute concentrations of these substances before injection were 3.7 nM, 1.38 pM, 4.63 uM, respectively. Note similar changes in dopamine

signals across the four panels.

least during the initial period of rapid increase (0—30 min after
the PEA injection) during which little increase of ascorbate was
observed.

After the end of experiments (2 months after the
implantation), we made serial sections of the striatum in three
rats and double-stained the sections with an anti-GFAP
antibody (astrocyte marker) and anti-tyrosine hydroxylase
(anti-TH) antibody (dopamine neuron marker). Since the track
of the carbon fibre electrode was not traceable exactly under
microscopic observation, the location of the tip of the electrode
was inferred from the deepest part of linearly stained GFAP
positive cells (Fig. 6A). Although a small activation of glial
cells along the track of the electrode was found (Fig. 6A and C),
there was no change in the TH activity (Fig. 6B and D). The
results clearly show that there was little, if any, damage to
dopamine neurons after months of chronic measurements with
the carbon fibre electrode.

3.2.2. Changes in dopamine signal current during the
resident—intruder test

Changes in striatal dopamine signal current were measured
in four resident rats while an intruder rat reared in a different
home cage was introduced into the home cage of each resident
rat for approximately 5 min (Fig. 2C). The intruder rat that
carried no load often approached the resident rat, but both
remained non-aggressive during the interaction. The dopamine

signal current started to increase soon after introducing the
intruder rat (Fig. 7). It reached a plateau approximately 2 min
later, decreased gradually after the removal of the intruder, and
returned to basal levels in approximately 5 min.

4. Discussion

The present report describes the construction of a wireless
voltammetry system and its performance in high-speed
electrochemical measurement, not only in vitro, but also in
the striatum of unanesthetised behaving rats. We confirmed in
both conditions that the performance of the wireless system was
basically comparable with our conventional wired voltammetry
system (Nakazato and Akiyama, 1999). We further showed that
changes in the dopamine signal current after PEA injection
comrelated well with changes in dopamine concentration
measured with microdialysis, but not or less with changes in
those of DOPAC or ascorbate. The results of microdialysis were
consistent with the previous report (Nakamura et al., 1998). We
further demonstrated increase in the extracellular dopamine
level after introducing an intruder to the resident rat. Although
we admit that DOPAC may contribute to the measured signal
current, it should be remarked that relative sensitivity of
dopamine is 100 times as large as that of DOPAC (Nakazato
and Akiyama, 1999). Therefore, we infer that increase of the
signal current that occurred after introducing the intruder
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Fig. 6. Microphotograph of recording site in the striatum. The section was double immunofluorescence stained with anti-GFAP antibody (A and C) and anti-tyrosine
hydroxylase (anti-TH) antibody (B and D). Higher magnification view of the area enclosed by the square (A and B) was shown in C and D. Although slight gliosis
along the track of the carbon fibre recording electrode was found (A and C), there is no apparent decrease in the TH immunoreactivity (B and D). There was little, if
any, damage to dopamine terminals after 2 months of chronic implantation. Bar = 1 mm (A and B).

largely reflected dopamine release, even if all released
dopamine was converted into DOPAC thereafter. The results
in resident-intruder test were in agreement with previous
studies that reported increase in the extracellular dopamine
levels in the dorsal (Robinson et al., 2002) and ventral (Louilot
et al., 1986; Robinson et al., 2002; De Leonibus et al., 2006)
striatum in response to the introduction of a conspecific. The

Changes in DA signal current (nA)

Time (min)

Fig.7. Changes in dopamine (DA) signal current during a resident-intruder test
(four rats). An intruder rat was introduced into the home cage of the resident rat
at time zero and removed at 5 min (vertical broken lines). The red trace shows
the mean dopamine signal current in the resident rat. Black lines show the
standard error of the mean. The second peak around 9 min was contributed by a
single rat and possibly reflects an artifact due to an abrupt movement of the rat.
These experiments were performed 13-280 days after operations.

results show that the wireless system was able to detect increase
in extracellular dopamine concentration,

4.1. Advantages of the present system

Comparing the present system with the two recently
developed wireless voltammetry systems (Crespi et al,
2004; Garris et al., 2004), it is worth noting that ours is the
only one that was actually applied for behaving animals. In
addition, consistent responses were obtained from different
animals over a period ranging from a week to several months
after implantation of the recording electrodes. The results show
that the present wireless system is especially suited for long-
term repeated measurements over days or months, though
recordings can be made intermittently due to the life-time of the
battery. This long-term measurement became possible with the
help of an activation pulses which were delivered before each
measurement pulse. Presumably, continual activation pulses
stabilize the carbon fibre response (Nakazato and Akiyama,
1999), although the physical effect on the carbon surface has
not been well elucidated yet. This would be a great advantage
for the experiment over several days or months.

Our wireless system was fully functional when it was applied
on the behaving rats. Before our study, De Simoni et al. (1990)
applied their wireless system on behaving rats, and the same
system was successfully applied for examining the sleep—wake
cycle in the serotonergic system (Imeri et al., 1994). While their
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system used infrared radiation to achieve bidirectional wireless
interconnections between the main unit and the satellite unit, we
adopted a single-way transmission using radio waves. The
infrared transmission is free from electric noise and is most
advantageous in measuring concurrent electrophysiological
signals like action potentials of single neurons (Imeri et al.,
1994). However, the infrared transmission is more susceptible to
interruptions with obstacles, like the other animal and the hand of
the experimenter, than radio waves. In addition, the two-way
design would cause not only the loss of data but also loss of
functionality of the recording electrode as pointed out by Crespi
et al. (2004). By using a single-way radio wave transmission, we
were able to achieve measurement at 4 Hz, as compared to
0.01 Hz (once per 2 min) in the bidirectional system (Imeri et al.,
1994), even in the existence of other animals. This advantage
enabled us to detect rapid increase in the dopamine current that
occurred within 2 min in the resident animal after introduction of
an intruder.

4.2. Directions of improvement

Although we could successfully detect the changes in
dopamine current in the striatum of behaving animals, there are
still several limitations for its practical use. The present
wireless system was still susceptible to interference from
mechanical noise especially when the animals made vigorous
movements like jumping. In addition, this system was a little
too heavy (90 g) to allow the animal (350400 g) to move as
freely as when there is no load. Reduction of the weight is our
remaining challenge because the continual activation pulses for
long-term measurement requires a rather big battery. We are
constructing a smaller model (Fig. 3B). The dimensions of the
new model are 5.5cm x 3cm x 1.5 cm, and it weighs 44 g
with a 4 h rechargeable battery, fitting easily onto the back of
rats. We are expecting that the smaller model is more robust to
the noise due to mechanical perturbations.

In conclusion, the present wireless voltammetry system
should allow real-time examination of changes in dopamine in
unanesthetised behaving and interacting animals repeatedly
over periods as long as several months or more. This technology
may have a key role in the study of acute responses in the brain
social interaction and, moreover, the long-term changes in these
responses.
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Abstract

Mutations in the parkin gene are related with early-onset Parkinson’s disease. Parkin is identified as an E3-ligase that combines target proteins
with ubiquitin. a-Synuclein and synphilin-1 are substrates for E3-ligase activity of parkin and considered to be involved in the pathogenesis of
Parkinson’s disease. We previously demonstrated both a-synuclein and synphilin-1 are expressed in vascular endothelial cells (VEQ). In the present
study, we addressed possible expression of parkin in VEC. Parkin immunoreactivity was detected in vascular endothelial cells in postmortem human
brain. Expressions of parkin mRNA and protein in human umbilical vein endothelial cells (HUVEC) were demonstrated by reverse-transcription
polymerase-chain reaction (RT-PCR) and western blotting. Expression of parkin in HUVEC was not altered with tunicamycin treatment, which
exerts unfolded protein stress on cells. We conclude that parkin is expressed in VEC, and that unfolded protein stress may not regulate its expression.

© 2007 Elsevier Ireland Ltd. All rights reserved.
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Mutations in parkin gene are implicated in autosomal reces-
sive early-onset Parkinson’s disease [4]. Parkin serves as E3
ubiquitin ligase [8] and thereby may regulate the proteaso-
mal degradation of its target proteins. It has been reported
that parkin ubiquitinates multiple proteins including parkin-
associated endothelin-like receptor [2], a modified form of
a-synuclein [9] and synphilin-1 [1]. Parkin is considered to be
involved in the responses against unfolded protein stress through
the quality control of target proteins [3]: Mutations of parkin
gene may result in the accumulation of target proteins-and lead
to cell death of dopaminergic neurons in the substantia nigra.
Expression and function of parkin in cells of non-nervous
tissues are not studied well. It has been reported that parkin is
expressed in skeletal muscles [6] and in peripheral leukocytes
[10]. However, there is no information about the expression of
parkin in vascular endothelial cells. We have previously shown
that a-synuclein [11] and synphilin-1 [12] are expressed in vas-
cular endothelial cells. Both of these molecules are implicated
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in the pathogenesis of Parkinson’s disease and potential targets
of E3-ligase activity of the parkin protein. The present study
was undertaken to address the expression of parkin in vascular
endothelial cells.

We examined the cerebrum, cerebellum and brainstem from
four autopsied patients, aged 53-73 years, who had no neu-
rological diseases. Tissues were fixed with 10% formalin for
3 weeks and embedded in paraffin. Four-pm-thick sections
were subjected to immunohistochemical procedure accord-
ing to avidin-biotin—peroxidase complex method. The primary
antibody was an anti-parkin polyclonal antibody, AB5112
(Chemicon, Temecula, CA, USA,; diluted 1:100). The immuno-
labeled sections were counterstained with hematoxylin.

Consistent with previous studies [7,14], parkin immunoreac-
tivity was observed in the neuronal cell bodies and processes
in normal human brain (Fig. 1A). Parkin immunoreactivity
was also detected in the walls of leptomeningeal vessels,
and both endothelial and smooth muscle cells were intensely
stained (Fig. 1B-D). Intraparenchymal vessels were stained
less intensely and the capillary walls were negative for the
immunoreactivity. Control experiments, using the secondary
antibody only, did not show non-specific staining.
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Fig. 1. Immunohistochemical identification of parkin in the brain. (A) The hippocampus with parkin immunoreactivity in the neuronal perikarya and proximal
neurites. (B) An arterial blood vessel in the subarachnoid space showing parkin immunoreactivity. (C) A leptomeningeal artery showing parkin immunoreactivity.
(D) A higher-magnification view of the area indicated by the asterisk in (C). The arterial wall shows intense immunoreactivity in the endothelium and smooth muscle

layer. Scale bars, 20 wm for (A) and (D); and 50 pm for (B) and (C).

Next we examined the expression of parkin in cultured
human umbilical vein endothelial cells (HUVEC). HUVEC
were obtained from Cambrex (Walksville, MD, USA), and cul-
tured as described previously [11,12]. The expression of parkin
protein was examined by western blot analysis [3]. In untreated
HUVEC, substantial amount of parkin protein, with molecu-
lar weight of about 51 K, was detected (Fig. 2A). It is reported
that parkin is upregulated in response to unfolded protein stress
[3); however, there is controversy as to whether tunicamycin,
which exerts unfolded protein stress to cells, alters parkin expres-
sion [5,13]. HUVEC were treated with 10 pg/ml of tunicamycin
(BioMol, Plymouth Meeting, PA, USA) for up to 24 h. We found
that treatment of HUVEC with tunicamycin did not affect the
expression of parkin protein (Fig. 2A). The band with simi-
lar molecular weight was detected in the rat brain used as a
positive control but not in BEAS-2B cells, a cell line derived
form bronchial epithelial cells. BEAS-2B cells were transfected
with. full-length ¢cDNA for parkin using an Effectene reagent
(Qiagen, Hilden Germany), and a band of 51 K molecular mass
was detected in parkin-transfected cells. We also examined the
expression of parkin mRNA in HUVEC using semi-quantitative
reverse-transcription polymerase-chain reaction (RT-PCR). The
cDNA for a PCR template was synthesized, from 1 pg of total
RNA isolated from cultures, using oligo(dT);>-15 primer and
M-Mulv reverse transcriptase (Invitrogen, Carlsbad, CA, USA).
The cDNA for parkin was amplified at the annealing temperature
of 55 °C using Tag DNA polymerase (Qiagen) and the following
two sets of oligonucleotide primers:

parkin-F1 (5-AAGGAGGTGGTTGCTAAGCGAC-3'),
parkin-R1 (5-CTCCCCTTCATGGTACGCTTC-3"),
parkin-F2 (5'-CCGGCTGACCAGTTGCGTG-3"),

and parkin-R2 (5'-CACCATACTGCTGGTACCGGTTG-3).

First PCR was performed using primers F1 and R1 (30
cycles), and second nested PCR was with primers F2 and
R2 (15 cycles). The products were analyzed by electrophore-
sis on a 1.2% agarose gel containing ethidium bromide. The
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Fig. 2. (A) HUVEC were treated with 10 pg/ml tunicamycin for up to 24 h and
the cells were lysed. BEAS-2B cells were transfected with full-length parkin
¢DNA, and the cells were lysed after 24 h of incubation. Lysates were subjected
for the Western blot analysis for parkin or actin. As a positive control, rat brain
homogenate was analyzed in a similar manner. (B) HUVEC were treated with
10 p.g/ml tunicamycin for 8h and RNA was extracted. RT-PCR analysis for
parkin, GADD153 and GAPDH were performed.
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850bp product, which corresponds to full-length parkin, was
obtained from HUVEC, and the expression of parkin mRNA
was not altered by tunicamycin (Fig. 2B). The specific cDNA for
growth arrest DNA damage 153 (GADD 153) was also ampli-
fied as a positive control for unfolded protein stress induced
by tunicamycin. The cDNA for GADD153 or glyceraldehide-
3-phosphate dehydrogenase (GAPDH) was amplified 30 times
at the annealing temperature of 55 °C. The sequénces of the
primers used were as follows:

GADDI153-F (5-GCACCTCCCAGAGCCCTCACTCTCC-
39,

GADDI153-R  (5-GTCTACTCCAAGCCTTCCCCCTGCG-
3,

GAPDH-F (5'-CCACCCATGGCAAATTCCATGGCA-3"),
and GAPDH-R (5-TCTAGACGGCAGGTCAGGTCCACC-
31,

The size of amplified cDNA products for GADD153 and
GAPDH was 422 and 598 bp, respectively. The expression of
GADD 153 mRNA was enhanced by tunicamycin treatment
(Fig. 2B). Thus parkin is expressed in HUVEC, and unfolded
protein stress may not affect, at least in vascular endothelial
cells, the expression of parkin. This may agree with the fact
that parkin mutations are not associated with any particular
vascular disorders. We also examined the effect of hypoxia or
proinflammatory cytokines on the parkin expressionin HUVEC;
however, parkin expression was not affected by these treat-
ments (not shown). In skeletal muscle cells, parkin may play

arole in maintaining mitochondrial homeostasis and regulating -

[B-amyloid accumulation [6]. There is no reason to excrude the
similar role for parkin in vascular endothelial cells. Vascular
endothelial cells also express a-synuclein [11] and synphilin-
1 [12]; and parkin may play a role, as E3 ubiquitin ligase,
in controlling the intracellular accumulation of these proteins.
However, Lewy bodies have not been found in endothelial cells,
and the role of parkin in Parkinson’s disease might not directly
relevant to endothelial parkin. Lewy body formation may neces-
sitate some mechanisms specific to nervous tissues, or parkin
may play unknown roles in endothelial cells. In order to exam-
ine the function of endothelial cell parkin, we tried to transfect
HUVEC with full-length parkincDNA or siRNA against parkin;
but none of these were successful so far. Although the present
study does not define the role of endothelial parkin, understand-
ing of regulation and function of its expression in endothelial
cells may provide important insights about the biological signifi-
cance of parkin not only in vascular disorders but also in nervous
diseases.

In conclusion, we found that parkin is constitutively
expressed in vascular endothelial cells, and the expression of
parkin may not be regulated by unfolded protein stress in this
cell type. ’
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Abstract

Parkinson’s disease (PD) is one of the most common neurodegenerative disorders characterized by resting tremor, rigidity, and bra-
dykinesia. The primary cause of PD is still unknown, but oxidative stress and mitochondrial dysfunction have been implicated as impor-
tant contributors to neuronal death in substantia nigra (SN) of PD. Considering neurons as post-mitotic cells, neurons could have error-
avoiding mechanism against oxidative DNA damage. Indeed, several DNA repairing enzymes such as MTH1, OGGI, and MUTYH
express in human brain. All the three enzymes up-regulated in the SN of PD patients, suggesting these three enzymes cooperate in mito-

chondrial DNA repairing in PD brain.

© 2007 Elsevier B.V. and Mitochondria Research Society. All rights reserved.
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1. Introduction

Parkinson’s disease (PD) is one of the most common
progressive neurodegenerative disorders with a prevalence
of 2% in the population over the age of 65 (de Rijk
et al., 1997). Neuropathologically, PD is characterized by
loss of dopaminergic neurons in the substantia nigra (SN)
and appearance of Lewy bodies in the remaining neurons.
Although the primary pathogenesis of PD remains
unknown, there has been growing environmental and
genetic evidences that mitochondrial dysfunction and oxi-
dative stress contribute to pathogenesis of PD. Since dis-
covery of l-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) as environmental factor, a number of studies have
revealed that mitochondrial dysfunction(s) play important
roles in the selective dopaminagic neuronal loss (Langston
et al., 1983; Heikkila et al., 1984). In addition, the identifi-
cation of genetic mutations in several familial forms of PD
has given new insights into the mechanism of neuronal loss
in the SN. Interestingly, DJ-1 and PINK 1, which have been
identified from autosomal recessive form of PD, are consid-

* Corresponding author. Tel.: +81 3 5802 1073; fax: +81 3 5800 0547.
E-mail address: nhattori@med.juntendo.ac.jp (N. Hattori).

ered to affect mitochondrial function and oxidative stress
(Bonifati et al., 2003a,b; Valente et al., 2004).

2. Environmental evidences of mitochondrial dyfunction in
PD

Mitochondria are intracellular organelles in which ATP
is synthesized and such synthesis requires oxygen. In the
mid 1980s, accidental injection of MPTP by heroin addicts
led to find that MPTP causes parkinsonism in human
(Davies et al., 1979; Langston et al., 1983). MPTP toxicity
produces loss of dopaminegic neurons in a similar distribu-
tion to the pathology of PD. This discovery has given to
great insight into research of mitochondrial dysfunction
in the PD patients. MPTP is converted to 1-methyl-4-phen-
yl-pyridinium ion (MPP") by glial monoamine oxidase B in
brain and then MPP™ is selectively taken up into neurons
via dopamine transporter. Within neurons, MPP* enters
mitochondria and inhibits complex I of mitochondrial res-
pirator chain (Heikkila et al., 1984; Mizuno et al., 1987).
Furthermore, other environmental neurotoxins such as
rotenone and paraquart are also inhibitors of complex I
and able to induce dopaminergic loss. The inhibition of
complex I induce energy crisis and generation of free

1567-7249/$ - see front matter © 2007 Elsevier B.V. and Mitochondria Research Society. All rights reserved.

doi:10.1016/j.mito.2006.12.002
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radicals, resulting in neuronal death in the SN. Actually,
complex I deficiency was identified in the SN of postmor-
tem sporadic PD brain (Schapira et al., 1989).

3. Genetical evidences of mitochondrial dysfunction in PD

Mitochondria are under the control of two genomes:
nuclear and mitochondrial DNA (mtDNA). Since mtDNA
encodes 22 transfer RNA, 125 and 16S ribosomal RNA,
and several subunits of electron transport chains, the genet-
ic variation at the mitochondrial genome may contribute to
the risk of developing PD. Previously, Shoffner and co-

. worker reported that frequency of A4336G mutation in
the tRNA(GIn) gene was higher in patients with PD and
Alzheimer’s disease than in age-matched controls (Shoffner
et al., 1993). Recent polymorphism study also demonstrat-
ed that mtDNA belong to haplotypes J and K reduced the
incidence of PD (van der Walt et al., 2003). Indeed, p® cells
fused with mtDNA from PD patients have been showed
25% decreased complex I activity (Gu et al.,, 1998). It is
one of evidences that suggest mtDNA affect mitochondrial
function.

In nuclear gene, PINK1 (PARKS6) and DJ-1 (PARK7),
that are associated with mitochondrial protein and oxida-
tive stress, have been identified from autosomal recessive
PD (Bonifati et al., 2003a; Valente et al., 2004). Firstly,
PINK1 gene encodes a 581-amino acids protein, consisted
of mitochondrial targeting motif in the N-terminal (Valente
et al., 2004). Indeed, transfected PINK1 located in mito-
chondria of cultured cells (Valente et al., 2004). The exact
function of PINKI1 protein is unknown, but PINKI1 has
high degree of homologous domain to the serine/threonine
of the Ca?*/calmodulin family. Since loss of PINK1 func-
tion cause PD, PINK1 may protect nigral neurons from
mitochondrial dysfunction and apoptosis. In fact, PINK1
inhibited by siRNA induces apoptosis in SH-SHSY cells
(Deng et al., 2005). In vivo studies, a drosophila model
with inactivated orthologue of human PINKI showed
apoptotic muscle degeneration and male sterility because
of mitochondrial dysfunction (Clark et al., 2006; Park
et al., 2006). Secondary, the human DJ-1 protein consists
of 189 amino acids and belongs to the Thi/Pfpl family
(Bonifati et al., 2003b). Previous studies revealed that over-
expression of DJ-1 protects against oxidative injury and
DJ-1 knockdown enhances the susceptibility to oxidative
stress, suggesting DJ-1 may have a role as antioxidant
and redoxsensor (Bonifati et al,, 2003a). Furthermore,
DJ-1-deficient mice showed hypersensitivity to MPTP
and oxidative stress (Kim et al., 2005). Further findings
of these two gene products indicate the hypothesis that
mitochondrial dysfunction and oxidative stress are
involved in the pathogenesis of PD.

4. Oxidative stress in PD

Since over 95% of all the oxygen taken up in the lung
used in mitochondria, major source of free radicals is elec-

tion transport chain in mitochondria. Recent analysis esti-
mates that about 1-2% of total molecular oxygen
converted into reactive oxygen species (ROS) (Cadenas
and Davies, 2000). Moreover, one of characteristic ROS
origins in the nigral neurons is from dopamine metabolism.
Cytosolic dopamine produces electrophilic semiquinones
and quinones which themselves can act as oxidants by
forming ROS (Sulzer and Zecca, 2000). In this point of
view, antioxidant system is important for nigral neurons
to keep nigral function.

Oxidative stress is another important factor in the path-
ogenesis of PD. The ROS are highly reactive and induce
oxidative damage to various cellular components, such as
proteins, lipids, and nucleic acids. The several postmortem
studies suggest that presence of oxidative damage in the
nigral neurons of PD patients. In particular, increased iron,
oxidation of proteins, and lipid peroxidation in the SN
appear to be important findings of oxidative stress (Dexter
et al., 1987; Yoritaka et al., 1996; Alam et al., 1997b). In
human tissue including brain, there are several antioxidant
systems. For examples, superoxide dismutase (SOD),
responsible for converting superoxide into H>O;
(Fig. 1A) is one of antioxidant systems. Interestingly,
MnSOD, which contributes to metabolism of superoxide
in mitochondria, have also been increased in PD (Saggu
et al., 1989). In addition, glutathione peroxidase (GPX)
catalyzes H,0, to H,O wusing glutathione (GSH)
(Fig. 1A). Reduced levels of GSH in the midbrain may
be indicative of increased free radical levels (Sian et al,,
1991). These findings suggest that oxidative stress is
increased in PD patients.

A SoD: 20, + 2H* 2H,0, + O,

GPX: H;0, + 2GSH —— 2H,0 + GSSG

8-0x0-dGTP

B
MTH1 0GG1 MUTYH
Nucleotide pool | | | | | I
2.0H-dATP GOT AO c’; A clso

2-OH-dAMP | I l | l l
(o]
8-0x0-dGMP GO+|I](|: AO+|:‘1 (li A+|T(|i
Nucleus Nucleus Nucleus
Mitochondria Mitochondria Mitochondria

Fig. 1. (A) Antioxidant systems. SOD, superoxide dismutase; GPX,
glutathione perxidase; GSH, glutathione; GSSG, oxidized glutathione. (B)
Repair enzymes in oxidized DNA. G, guanine; A, adenine; GO, 8-
oxoguanine; AO, 2-hydroxyadenine; see text for details.
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5. DNA repairing enzymes in PD

Oxidized DNA such as 8-oxoguanine is so mutagenesis
that induce G:C to T:A transversion mutation. MtDNA
is more vulnerable to oxidative stress than nuclear DNA,
because mtDNA is directly exposed to ROS leaked from
electron transport chain and the lack of a histone coat
for mtDNA. Since mtDNA encodes several components
of respiratory chain, accumulation of mtDNA mutation
could induce mitochondrial dysfunction(s). Indeed, the lev-
els of §8-hydroxyguanine and 8-hydroxy-2-deoxyguanosine,
one of the oxidized forms of guanine, are increased in the
SN of PD brains (Alam et al., 1997a; Shimura-Miura
et al,, 1999; Zhang et al., 1999). Therefore, mtDNA repair
enzymes are very important to maintain mitochondrial
function(s). There are three major enzymes associated with
error-avoiding mechanisms against oxidative DNA dam-
age: MTH1, OGGI1, and MUTYH (Fig. 1B). We previous-
ly investigated the expression levels of these three enzymes
in the PD patients.

First enzyme is MTH1, which maintains lower sponta-
neous mutation rate by sanitizing the intracellular nucleo-
tide pools. MTH1 hydrolyzes oxidized purine neucleoside
triphosphates such as 8-oxo-7,8-dihydro-2’-deoxyguano-
sine triphosphate (8-0xo-dGTP), thereby protects cell dam-
age caused by their misincorporation into DNA (Fig. 1B)
" (Fujikawa et al., 1999). Previously, we performed immuno-
histochemical examination for MTH1 in the SN of PD
patients and control subjects. The results demonstrated
that MTH1 was markedly increased in the SN of patients
with PD, especially within mitochondria (Fig. 2A and B)
(Shimura-Miura et al., 1999). Recent report revealed that
MTHI-null mice exhibited a greater accumulation of
8-0x0G in mitochondrial DNA accompanied by a more
significant decrease TH and dopamine transporter (DAT)

CON

immunoreactivities in striatal terminal fibers of dopamine
neurons after chronic exposure to MPTP (Yamaguchi
et al., 2006). These findings indicate that MTH1 protects
the dopamine neurons from oxidative damage in the nucle-
ic acids, especially in the mitochondrial DNAs of striatal
nerve terminals of dopamine neurons.

Second enzyme is 8-oxoguanine DNA glycosylase
(OGG1), which removes 8-oxoguanine paired with cytosine
in DNA to avoid accumulation of oxidative damage in
DNA (Fig. 1B). In human tissue, there are two major iso-
forms of OGG1 (Nishioka et al., 1999). While OGGl-1a
contributes to repair DNA in nucleus, OGG1-2a is associ-
ated with repairing mitochondrial DNAs. We examined
immunohistochemical and biochemical study for OGG1-
2a in the PD patients and found that higher expression lev-
els of OGG1-2a in the SN of PD patients compared with
aged-matched control subjects (Fig. 2C and D) (Fukae
et al., 2005). The most plausible explanation is that
OGG1-2a is up-regulated in the PD patients secondary to
mtDNA oxidative damage to neurons to protect neurons
from mutagenesis. Indeed, overexpression of OGG1 within
the mitochondria enhances the repair of mtDNA errors
and rescues the cells from oxidative stress in the cultured
cell experiments (Dobson et al., 2000; Rachek et al.,
2002). Furthermore, expression of OGG1-2a was greatly
increased in early stage but not in advance stage of PD
patients. These findings indicate that a different time course
of compensatory mechanism of mtDNA oxidation.

Third enzyme is human MutY homolog (hMUTYH),
which has been identified as adenine DNA glycosylase.
MUTYH excises adenine misincorporated opposite 8-
0xoG during replication (Fig. 1B) (Ohtsubo et al., 2000).
The hMUTYH was up-regulated in the mitochondria of
the SN of PD patients (Arai et al., 2006) (Fig. 2E and F).
The levels of all three enzymes were increased in the SN

MUTYH

Fig. 2. Immunohistochemistry for MTH (A and D), OGG1 (B and E), and MUTYH (C and F) in the SN. A-C Control subjects; D-F PD; Note
homogeneous staining for MTH1 and MUTYH (black arrows) and the granular staining for OGG1 (black arrows) in the cytoplasm of SN neurons in PD

but control shows no staining. Neuromelanin (white arrows). Bar 10 um.
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of PD patients, suggesting that the DNA repair enzymes
could play the protective roles against oxidative stress with-
in the mitochondria of the SN in PD.

6. Conclusion

Although primary cause of sporadic PD is still unknown,
multiple factors could be associated with nigral neurons
degeneration in the PD. Mitochondrial dysfunction and
oxidative stress may contribute to protein aggregation
and impairment in protein degradation. To avoid accumu-
lation of mtDNA somatic mutations could maintain mito-
chondrial function(s). The levels of the enzymes, h(MTH]1
and hOGG1, and hMUTYH, were increased in the SN of
PD patients, suggesting that these three enzymes cooperate
in the mitochondrial DNA repairing and beneficial targets
for gene therapies aiming at neuroprotecion in PD.
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Abstract

We and other workers found markedly increased levels of proinflammatory cytokines and apoptosis-related proteins in parkinsonian brain.
Although the pathogenesis of Parkinson’s disease (PD) remains enigmatic, apoptosis might be involved in the degeneration of dopaminergic
neurons in PD. To investigate the possible presence of other inflammatory cytokines and/or apoptosis-related protein, the levels of p53 protein,
interferon-vy, and NF-kB were measured for the first time in the brain (substantia nigra, caudate nucleus, putamen, cerebellum, and frontal cortex)
from control and parkinsonian patients by a highly sensitive sandwich enzyme-linked immunosorbent assay. The p53 protein level in the caudate
nucleus was significantly higher in parkinsonian patients than in controls (P <0.05), whereas this protein in the substantia nigra, putamen, and
cerebral cortex showed no significant difference between parkinsonian and control subjects. The interferon-y level was significantly higher in the
nigrostriatal dopaminergic regions (substantia nigra, caudate nucleus, and putamen) in parkinsonian patients than in the controls (P <0.05), but was
not significantly different in the cerebellum or frontal cortex between the two groups. In accordance with previous immunohistochemical analysis,
the NF-«B level in the nigrostriatal dopaminergic regions was significantly higher in parkinsonian patients than in the controls (P <0.05). These
data suggest that the significant increase in the levels of p53 protein, interferon-y, and NF-«B reflect apoptosis and the inflammatory state in the
parkinsonian brain and that their elevation is involved in the degeneration of the nigrostriatal dopaminergic neurons.
© 2006 Elsevier Ireland Ltd. All rights reserved.
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Parkinson’s disease (PD) is a neurodegenerative disorder char-
acterized by a selective loss of dopaminergic neurons in the
nigrostriatal pathway. Although various treatments are success-
fully used to alleviate the symptoms of PD, none of them

vated microglia, have the potential to produce proinflammatory
cytokines, several neurotrophic factors, and apoptosis-related
proteins, changes in the activity and/or expression of them may
explain both the loss of dopaminergic neurons and the compen-

prevents or halts the neurodegenerative process of the dis-
ease. Neuronal death in PD may originate from the reciprocal
interactions of a restricted number of conditions, such as mito-
chondrial defects, oxidative stress, and protein mishandling in
the nigrostriatal pathway. In PD, nigrostriatal dopaminergic neu-
rons are progressively depleted, but the surrounding astrocytes
and microglia remain intact. Since these cells, especially acti-
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satory mechanisms at play in the progression of PD [27].

One hypothesis concerning the cause of degeneration of
the nigrostriatal dopaminergic neurons is that PD is caused
by programmed cell death (apoptosis) due to increased levels
of cytokines, apoptosis-related proteins and/or to decreased
levels of neurotrophins [12,26]. Several findings obtained
recently indicate that neuroinflammation and apoptosis may
contribute to the pathogenesis in PD [25-27]. We and other
workers found markedly increased levels of cytokines, such as

* tumor necrosis factor (TNF)-a, interleukin (IL)-13, IL-2, IL-4,

IL-6, transforming growth factor (TGF)-a, and TGF-B1, and
decreased levels of neurotrophins such as brain-derived neu-
rotrophic factor and nerve growth factor, but not glial-derived
neurotrophic factor, in the nigrostriatal dopamine regions and
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ventricular and lumbar cerebrospinal fluid of PD patients
(7.16-19,20,22,23]. In addition, the levels of apoptosis-related
proteins such as TNF-a receptor R1 (p55), bcl-2, soluble Fas,
and the activities of caspase-1 and caspase-3 were also elevated
in the nigrostriatal dopaminergic regions in PD [13,14,23].

pS53 protein is a transcription factor that has a major role
in determining cell fate in response to DNA damage at a rela-
tively early stage. Several studies have indicated an alteration
of the p53 protein level in the dopaminergic region of ani-
mals of a parkinsonian model produced by 6-hydroxydopamine
or 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine [1,4,5,26]. We
speculate that negative modulation of the p53 protein system,
which promotes apoptotic neuronal death [1,4], may have a pro-
tective effect against the toxicity of these factors and associated
oxidative stress in the parkinsonian brain in vivo.

Furthermore, changes in lymphocyte populations in the cere-
brospinal fluid and blood, in immunoglobulin synthesis, and in
the production of cytokines and acute-phase proteins have been
observed in patients with PD. In this regard, PD patients were
reported to exhibit a lower frequency of infections and cancer,
suggesting that stimulation of the immune system may occur
in them [3]. Cell-surface expression of MHC class I molecules
depends on the production of B2-microglobulin, which is non-
covalently bound to MHC class I heavy chain for functional
presentation of antigenic peptides to CD8 T-cells. The most
potent inducer of MHC antigens is interferon-vy, which is pro-
duced by activated T-cells and NK cells. Although we previously
reported elevated levels of B2-microglobulin in the dopaminer-
gic region of parkinsonian patients [15], which is in accordance
with a report on its expression in nigral dopaminergic neurons
in the rat [11], only a single report on the levels of interferon-
7 in parkinsonian brains has appeared [7]. Interestingly, Hunot
et al. [6] demonstrated by use of immunohistochemical anal-
ysis that nuclear translocation of NF-kB, as a key factor in
immuno-responses and inflammation also increased in the nigral
dopaminergic region of the parkinsonian brain.

To investigate further possible presence of apoptosis-related
proteins and inflammation-related proteins in the nigrostriatal
dopaminergic region of PD patients, we determined immuno-
chemically the contents of p53 protein, interferon-vy, and NF-«B
in the postmortem brain tissues. (substantia nigra, caudate
nucleus, putamen, cerebellum, and frontal cortex) from such
patients. '

The present study was approved by the ethics commit-
tees of Aichi-Gakuin University, School of Pharmacy, and was
conducted in accordance with the declaration of Helsinki on
Biomedical Studies Involving Human Subjects (WMA, 1997).
All PD cases were clinically and pathologically diagnosed. The
controls had no known history of neurological illness and no
pathological abnormalities. Control human brains (14 cases)
and parkinsonian brains (15 cases) were obtained at autopsy,
as described in our previous report [21-23]. Controls were age-
and sex-matched with the patients. The control group consisted
of six males and eight females with a mean age of 60.8 (range,
24-82) years. The parkinsonian group included 12 males and 3
females with a mean age of 69.7 (range, 51-84) years. The mean
duration of PD was 16.9 years (5-29 years). The postmortem

time at collection was 9.5 h (range, 3—18 h) for the control, and
6.5 h (4-13 h) for the parkinsonian group. The causes of death
were as follows: pneumonia (11 cases), pyothorax (1 case), cir-
rhosis. (1 case), cancer of the esophagus (1 case), and gastric
cancer (1 case) in PD patients; and pneumonia (9 cases), gastric
cancer(1 case), renal failure (1 case), rectal cancer (1 case), bac-
terial meningitis (1 case), and carcinoma of the small intestine (1
case) in the controls. The substantia nigra, caudate nucleus, puta-
men, cerebellum, and frontal cortex were dissected and stored
frozen at —80 °C. Due to limited tissue, not all brain areas were
available for each patients; therefore, sample numbers were not
always the same for each brain area examined. Brain tissues were
homogenized in 0.32 M sucrose containing protease inhibitors
(100 pM phenylmethylsulfonylfluoride [PMSF] and 50 pg/ml
of each of leupeptin, pepstatin, and antipain), and were lysed
with lysis buffer (0.5% Nonidet P-40, 0.5 mM EDTA, 150 mM
NaCl, 2 mM PMSEF, and 10 mM N-2-hydroxyethypiperadine-N-
2-ethanesulfonic acid; pH 7.5).

The contents of pS3 protein and interferon-y in aliquots of
the extracts were determined by use of highly sensitive enzyme-
linked immunosorbent assays (ELISA) from Nichirei (Tokyo,
Japan) and Endogen (MA, USA), respectively. According to
the protocol for the p53 protein ELISA, the data were shown
as the mean & S.E.M. (A.U./mg protein). The NF-«B content
in the extracts was also determined by use of a commercially
available assay kit (Active Motif North America, CA, USA).
Nuclear protein extract was prepared by a standard protocol.
The protein concentration of the extracts was estimated by the
method of Bradford, with bovine serum albumin used as a stan-
dard [2]. According to the protocol, the data on NF-kB were
presented as the mean + S.E.M. (OD450 nm/mg protein in the
nuclear extract). Each experiment was repeated three times.
Differences between control and parkinsonian patients were
evaluated by the Mann~Whitney U-test.

The levels of apoptosis-related protein pS3, protein in the
brains. from control and parkinsonian patients are shown in
Table 1. The level in the caudate nucleus of the parkinso-
nian brains was significantly higher than that in the control
subject (P<0.05). On the other hand, p53 protein level in
other dopaminergic regions (putamnen and substantia nigra) and
non-d@panﬁnergic regions (cerebellum, and frontal cortex) was
similar between the two groups. ‘

The level of the inflammatory cytokine interferon-y in
the brains is shown in Table 2. The interferon-y level in

Table 1
p53 protein content in the brains from control and parkinsonian patients

Brain region p33 protein concentration (A.ijhg protein)
Contro! patients Parkinsonian patients

Caudate (17) ND 3.34+2.35°

Putamen (6) ND 0.20+0.13

Substantia nigra (19) 0.47 10.31 0.23+0.09

Cerebellum (5) 258+ 1.52 0.72+0.57

Frontal cortex (5) 0.15+0.11 ND

Each value represents the mean =+ S .E.M. Significantly different from controls,
*P<0.05. ND, not detectable.
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Table 2
Interferon-vy content in the brains from control and parkinsonian patients

Brain region Interferon-y concentration (pg/mg protein)

Control patients Parkinsonian patients

Caudate (17) 138.2 & 17.1(100) 255.6 + 21.6 (185)°
Putamen (6) 152.5 % 23.1 (100) 295.7 & 55.8 (194)°
Substantia nigra (19) 170.2 £ 19.5 (100) 266.3 & 19.0 (156)°

Cerebellum (5)
Frontal cortex (5)

146.5 £+ 27.9 (100)
128.5 + 20.4 (100)

138.7 + 23.1 (95)
123.3 £ 14.7 (96)

Each value represents the mean + S.E.M. and percent of controls are shown in
parentheses. Significantly different from controls, *P <0.05.

the postmortem brains was relatively high (pg/mg protein) in
comparison with that of other cytokines and growth factors
[16-18,20-22], and the level in the dopaminergic regions (cau-
date nucleus, putamen, and substantia nigra) of the parkinsonian
brains was significantly higher than that in those of the control
brains (P<0.05). On the other hand, the level in the non-
dopaminergic regions was similar in both groups.

Finally, the levels of NF-«B, which is a key factor for
inflammation and apoptosis, in the brains from control and
parkinsonian patients are shown in Table 3. NF-«xB protein is
abundantly expressed in various cell types of the nervous system,
including neurons {10]. In accordance with a previous report
[6]), the NF-«B level in the dopaminergic regions (substantia
nigra, caudate nucleus, and putamen) of the parkinsonian brains
was significantly higher than that in those of the control ones
(P <0.05). On the other hand, the level in non-dopaminergic
regions was lower than the limit of sensitivity in either group.

Although we have no direct evidence that the increased level
of interferon-vy is connected with the increased level of p53 pro-
tein (correlation coefficient: r=0.078) and/or NF-«kB (r=0.105)
in the parkinsonian brain, the cumulative interaction of cytokines
with both factors may be involved in the pathogenesis of PD.
In fact, we found a significant positive correlation between
interferon-y and NF-«B levels (r=0.752).

Although the results of previous studies suggested the
involvement of inflammation-related and apoptosis-related fac-
tors in the pathophysiology of PD in animal models and in
cultured cells, none of them demonstrated the presence of p53
protein, interferon-vy or NF-«B in parkinsonian brains by use of
ELISA. In the present study, we demonstrated for the first time
significant increases in the levels of p53 protein, interferon-y and

Table 3
NF-xB content in the brains from control and parkinsonian patients

Brain region NF-«B concentration (ODaso am/mg

protein in nuclear extract)

Control patients Parkinsonian patients

Caudate (17) 1251+9.5 54.0+20.2"
Putamen (6) ND N6+121°
Substantia nigra (19) 17.9+£10.1 108.4+17.8"
Cerebellum (5) _ ND ND

Frontal cortex (5) ND ND

Each value represents the mean & S.E.M. Significantly different from controls,
*P<0.05, P <0.01. ND, not detectable.

NF-«B in the nigrostriatal dopaminergic regions of the PD brain.
Pathological findings indicated that the Braak stages of controls
and PD subjects were 0 (and no incidental cases (stage 1-2))
and 3-5. We did not compare the contents of p53, interferon-,
and NF-kB with the Braak stages of the brain samples, because
our Braak stage classification was not quantitatively accurate
enough to carry out the analysts.

Immune responses in the central nervous system (CNS) are
not fully understood, but may involve the action of several
cytokines that contribute to the development and/or differentia-
tion of cells in the CNS. It has been suggested that patients with
idiopathic PD have altered functions of their immune system
[3]. The pleiotropic cytokine interferon-y may play an important
role in this altered immunological process in PD. Interferon-y
induces the expression of MHC class-I/B2-microglobulin anti-
gen on astrocytes and microglia. Class I major MHC-I antigens
compose the parts of the structure displayed on target cells for
stimulation of and lysis by cytolytic T lymphocytes [11]. In
accordance with these results, we previously showed that the
content of P2-microglobulin was increased in the PD brain [15].
In the substantia nigra of PD patients, a significant increase in
the density of glial cells expressing interferon-y was observed
by use of immunohistochemical analysis [7]. Furthermore, the
present ELISA study demonstrated that the level of interferon-
v in the dopaminergic regions was elevated specifically in the
parkinsonian brain.

Notable differences were found in the levels of p53 pro-
tein, interferon-y and NF-«B in the nigrostriatal region in the
PD brain. Whereas the p53 protein level was increased only
in the caudate nucleus, the levels of both interferon-y and NF-
xB were increased in the substantia nigra, caudate nucleus, and
putamen in parkinsonian brains. Although we have no definite
evidence on the origin of interferon-y, p53 protein, and NF-xB
in parkinsonian brains, we suspect that microglia and astrocytes
may produce these factors in the dopaminergic regions. Recent
histochemical studies indicate that activated microglia actively
produce proinflammatory cytokines such as TNF-« and IL-6
(8,9,25]. Thus, activated microglia may also produce interferon-
~v. Another possibility is that interferon-y may be produced by
macrophages that have invaded into the brain due to the assumed
dysfunction of the blood-brain barrier in PD [24]. As described,
the parkinsonian group included 12 males and 3 females. There-
fore, the uneven number of male versus females in the PD group
might cause some biases in the results. We might have missed
the change in the p53 protein level in postmortem PD subjects,
especially in the substantia nigra, since the alteration of its level
there may occur at a relatively early stage of neurodegeneration.

The increased levels of interferon-+y, p53 protein, and NF-xB
in the nigrostriatal dopaminergic region in PD patients sug-
gest increases both in immune reactivity (inflammation) and
in programmed cell death (apoptosis) of neuronal and/or glial
cells. Inflammation initiated by neuronal damage in the stria-
tum and the substantia nigra in PD may promote progression
of the disease. Since we have no definitely answer whether
inflammatory and apoptotic reactions via the neuronal death
and increase of microglia might actually be a result and not
the cause of the dopaminergic neuronal cell death in PD or
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not, that remains to be elucidated. In light of our present find-
ings and previous reports, increased cytokine levels, decreased
neurotrophin levels, and a possible immune response in the
nigrostriatal region in PD suggest new neuroprotective:therapy
such as non-steroidal anti-inflammatory drugs, immunosuppres-
sive or immunophilin-binding drugs, anti-apoptotic drugs, and
drugs increasing neurotrophin production.
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ZZEThbhrol/\—F

v ViR (PD) DB

—&IZMH PD OfFE» b bhr o Z &
RS EE AR

BE :N—%2V 2% (PD) DIFEAER, BEENEVHARBFEGLL>TVS. LELEFS, HEOH
FAEWFEOESICLY B BRFRECE6EIRIEMPD (FPD) #HEETIEFhHY, RETIRE—ER
FREBIIEBE S FPD OBEFEYMOBEERT» 5 BRE PD ORERANRT LI ETI2RBIBAICE X
bh3a& Stk o7/, 1983 0 1-methyl4-phenyl-1, 2, 3, 6-tetrahydropyridine (MPTP) (2L 3/N—% 2V X4
OHELK, PD ORERPIMENIEATVS. —FH T, KREOBERICOVWTRERICV -oTVnELELD
226V, LrULEHFS, FPD OWEHL S Lewy 'l\ﬁwiﬁﬁl&l&ﬁ'('& % a-synuclein 3 FDRR, parkin
4 F @ 5 B {2 & ¥) ubiquitin-proteasome pathway D &5, & L‘; {3 Park9 @ ATP13A2 @ & R T autophagy-
lysosomal pathway & B K/{3 L HBEMICES L TWA I Edbh ok SR ESZRBAMBRIBELE
HICEELERE L L TVWA I EFHEE NS, BICHHEEMEN FPD OEEFEYPINK, D1 I PIFY
FREECHAPHHOTVBZENBEINTEY, parkin 5 HTHBEETHORFICI PO FUPREFESL
TWBIEFEZSNTVS. 5E5C FPD OBETFEYIS, £BEHXT—FEeBEL TV E#HEEINS. RE
HETHOBEFIL, £20< FPD OREHEAHLSSREALENLSELTVS.

(EEPR¥EE, 47 : 774—778, 2007)

Keywords : ¥ X5 - Jusr7V—20%, F—r77V—-

{RFEYREE

iU SHIC

N—F v 3% (PD) i, TN AL<—# (AD) I2KRW»
THEOEWHEEHERTHS. 1817 |2 James Parkin-
son A%, ZMDFE#E[Shaking Palsy Dt T3 T2 PD DEEKRSE
ROIFEAEFHMICEHRL TS, LA LEHS, BEDOE
KT, LL2d 59O PDBENTAMELSHTEIZL
BEHLPICEN, BITF—NI VHEOAZLT T bR
I AEBBMBICLREOEN I HBH DI L b ok
IBAETCIE, BIZ movement disorders DA & 47 neuropsy-
chiatric disorders & 22 2 LEMEMA SN T 5. PDOIZ
EALIZBEREOLZAIMBHE SNTEL EI50BED
7T—5 T, BEETFLRENEEOMAEMERICLVRET
BIEPHESATEY, BEFOREFEIL LN EFTFHE
ShTwa. F, BEFATICINE, 2ERARYERTS
ERRBEEN CNIEIEICREEVBEAT LY A 2121745
b Twna, 66EUTICTALE26M5IC) AIHFMRS
L DHEHNDHBY. FPD ORFD T — ¥ Tid, 13 DRETFE,
ZFLT7T20RAREFHEE - FIE ST 5(Tablel).
C D FPD ORIEZTFEYORESIS, BREHMAEHREOREBRE
BBBELIIEINRE ) ELTWAE, RIFTIE, FPD O#EEME
HrbHE S 2HBEEROBFIZOWTER LAV,

Yy v-uaFk VE—MME BEES-FVVURE A

1. HABERICOVWT  BEEEE N —F2 Y RE
RS (a-> X7 L1 > & LRRK2)

B AR S—% ¥V U5 (ADFPD), R&EN7%RERIE
F&LTa¥y %74 ~2LRRK2 (leucinerich repeat
kinase? 2t EiF b 5. BUIETH, PD DB 2 RBR R T
B Lewy MEDEERGELTC Y X7 UA YEENEE
Y A T A & Y LATON O b L2
¥, BEFERRLHBETF I Y — P X /2 multiplication D
BRICI) eV 27 LS Y BADRERENST Y, PDA
RETHIENEPEIR TS, ZOBEFERCL2HE
FRRE, BRI BB Lewy MESSIBIL, ZAES B LE
ERECEMCETTAr—AbALDOND. ZOMBKE
REMBR DD, LNEELEDVHS S, SEREL, &
bOTINRERTH S, SERIZFIC—H LS FPD
i, bAEETLEOHFEVRI SN, BE L HRHIH
HLTWAEEXONE, ZOREFIV—HOMRISA
71k, BEFOEREY, REORELDIEIREEND.
BIOREEHRT L RSN, 7 TR e Y X I LA ¥
BHEOHABOFENRESATVS. SALHRRIE, mult-
ple system atrophy (MSA) DIREBIZD - X 7 L 4 » DB
REHFEE LTV ATEEZRL TS, BT 2006 4,

AR EXRZELBHEHENR (T113-8421 HRBLREEF 2—1—1)
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GeneticSymbol | Modeof | Copomeomal | Gene | Frenwencyel | Freavency of
SNCA (PARKI, PARK4) AD 4q SNCA < 05% —
PARK2 AR : 6q Parkin 10-20% Rare
PARK3 AD 2p ? ? —
PARKS5 AD 4p UCHL-1 Rare —
PARKS6 AR 1p PINK1 27% Rare
PARK7 AR Ip DJ1 1-2% Rare
PARKS AD 12pq LRRK2 510% 2%
PARK9 AR 1p ATP13A2 ? —
PARK10 Suscgifl‘;ble 1p 2 ? —
PARKI11 AD 2q ? ? —
PARKI2 Susceptible Xq21-25 ? — -
PARK13 AD 2p NRAT2 Rare

Mizuta & & 9, HZEAIMRE PDE Ok SNPs BF 255
Zhbh, oYXV Y EERI-FTIREFER
SNCA @ intron4 {2, p=50X10""E W) HetEMEEEL
bo TRIERETFE 2 2BEFSHIRAEIALY. ZOHED
5b, -V X7 UA YREBERENA-F VY UFHEOARLLT, W
RECBEWTHMOrDRENLRFEATF L 2o TV BTN
PHEBMTED. £ LTI O SNP 2D & mRNA ORI
MTDEPHBEINTVE. ooV X7 LA VBEFORE
By, REOGKREFELLZLINRRTCLIABHENS
TR A.

LRRK2 (leucine-rich repeat kinase 2) FH{ZFERIX, &*
BEDERBAELERE —F Y VROAER HHEERR)
LEDEHEESEY T, BEFEZo0 7/ V—7HLERE
BIZFHFEE S N7z, LRRK2 BIEZFid 51 D exon 5 { &,
2521 D7 I VBN, S%5 LRRK2EHZ2I—FT5. BB
it ubiquitous TH 54, TORML Y &0, FHE, T
HBHZV. bUbhOBRHOF— 5 Tk, BES 7 MRBE
LTWwAIEHFHBELTEY), ERMORERIERR L EL
P &b, gain-offunction BIEIRMRE DD T
WAHBZENFBESNDGY. BEEE»OEZ 2L, ¥+ —FiEH
OHSFEHENE BETRHEFPDE L OXZR T EE
UDEOERMIEREhTEY, BREEDFPDIZEWT
bo L bSVERTH L. REMLERL LTIE, MAPKKK
FX A XAIC G2019S, 12020T AT 5. G2019S £&i3,
REEN—F Y VROPT 3~40% BEOHETAHALDT
V2. LRRK2 BEFERIC X 2 HEERIE, L-Dopa 237 %
Bt RiF 2 BRBE L -2 Y VERYEL, EBIXH
BWRETHY, MEUPD LORWUIEBETHLETHVD
V. BN TREFRL LT BREIRERNY—THBIC
bbbt ERLKBREET I ENLETONE AR

BMPDCHALOHDONIZPREAOMBERBRBEEF M,
Lewy MEZ AL DR WH D LILBRICAEDLNDE LD
FTCEORBREKTH L. & 612 AD R#ETHE LR
ZETALOLNE YV EADRERLED LA ED LN LER
bhY, BrofBEROFEGHRELLHREZELTY
5. D, LRRK2ZY X7 LA 7 8F—imx, 9+
NF—IZBVWTHEELEATHAL I EAERSH, PD %
S D REERKELRORELRET 2 LTEELED
ThH5b. '

R, 7T AN(BEA FEEREK, B4 A) DA T LRRK2
D exond8 WIZHMRERI PD DfEREF L % 5 G2385R & v 9
SNP & ENTWA. p=124x10" L WHIHEET, &K
AFELTRERBMEESINTVWAS. ZOSNP #*FFE L7
EHv, H26 BEOBBRETCRIELL T £ 5% %72, LRRK
2RIZFERLSNP ¥ PD OREBRBIIBVT LD X I I
5T 500EAHTH 55, LRRK2 BizFORKS L U3t
BHHENFPD OA L 6T, MRBREAA-F Y VRORE
AH =X LDORA, BEORRBCOLFLTAIMERBEL T
w5,

2. REAENHECSI32ERIREROBS
—$ &GN PD ZOIC

EWR{EE PD T, BRETFEYISHASEEICERENIC
BELTWAZ ENfEEENTWAS. —F, parkin 2RFKE
THHMR PD CREAGERI—KiLALDOLATVWI L
PRESNTWS. #FLT#HD parkin 12, BEESERO—K
BRIEFF Y - 7O0F7V—2%RICHASLTWAZ LD
PoT5, BAMEROIY FF {LIZIZ) Vv 48 %, 63
BEZLTE/2EFF /2D 5 (Fig.l). ®EDTF—F T
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Substrates

-

El: Ub-activating enzyme
E2: Ub-conjugating enzyme
E3: Ub-ligating enzyme

EEGRHEE 4745115 (2007 : 11)

+K48-polyubiquitination

— = Degradation

26S Proteasome

#K 63-polyubiquitination

*Protein stability
*Protein inclusions formation
*Cell signal

«Mono-ubiquitination

® eProtein stability
? *Protein-protein recognition
eIntracellular localization

Fig. 1 BAMRZCIR, 2VFFr0) I BEWBE 63F T/ 2EFF /LOZEBEVFHE
T2, 8EFEDY I YREORY I FF L, BASBRROY 7 FNMCED, —H, 63FD
KUY LEFF Lk, HAGERICHS L TwATRE BRI TS, FLTE/ ZEFF
i, MBARELC I 2bo TV ATREIEH SN T 5. Parkin i, TXTOLEFF L

EBEFoLINTWVD.

*Ubiquitin-Proteasome
Pathway
(SNCA. Parkin, PINK1, D]J-1)

Ubiquitin

ATP

¢ Autophagy-Lysosomal

& Organelles

— Pram—
Pathway O O

(Park9)
Cell proteins Autophagy

Cytosolic &
Nuclear proteins
ERAD substrates

l Non-selective

Membrane &
Endocytosed
Proteins

Fig. 2 2KBAMER. T¥XF 2 TUFTY—LREV YV —b-F— 77 I—RIFETS.
IOEASMRERE, HEEALTWA I EIMER STV S,

2. parkin 2, BEASRRD L ZFNMRTTRL, VIVR
ESFEHICHRYVZEFF VMMM ENRS Z LA HRE S
hTw3. K63DR) 2¥xF V#ik, BATERO Y+
IRERD 29, VE—/MEBERIC b o T3 2 EASER
ENTWEY, BILHBARECELLLBEEALEE I
boTWBEENTWAEE/ ZLEFXFF V{LDO{EA b parkin
i, BRELTWDEShTWSY, I F—EiEficBL T
2, TRTOERBMTHELTWEDbITTELY, parkinE
BAOB 75T A H = X220 TR, IATHLZE1Z W

—#C, parkin LD %5HEREYE PD OBETFEDOKEE
PME SN TS, Parkin BERBI D1 AT HILH
HESINTWAS?, Parkin i, DJ-1 L&A LTEORERICE

BEEX TVATHERIBHIATV2. BREVWI LI, T
DESIBIAA M RIIDFEINLILTHS.

BAMERICE, KEA—FT77 V- YV VY—LKRE
parkin 2 E L TWBLEXF ¥ - 7uF TV —ARDHE
#£3% (Fig2). BASBREELEdV, F—+T7 V-
FOBRENCEERREE LT I L PRESINL.
BHEOES, KBOHZ V—Ti%, e Dt —+777—D
FFEBLERETFUEITAEFVEER L. £ORER,
F—= b TP V—DI v 7T MYV AR, ZEXFFUVERD
HAEEHBERICER TS I Ldtbhro/z. BIZIZD/ v 7
77 MY AOF T, HASBROS VIR TR
HEHL L, BABTHROL 72 WAL T, ML OBLEY S



