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n = counted profiles, T = section thickness and D = cell body
diameter (Abercrombie 1946). TH immunostaining was quantified
by measuring the relative optical densities of the dorsal striatum in
the stained sections using NIH-Imact software (httpi/rsb.info.nih,
gov/nih-image/). Six representative sections from anterior, medial
and lateral striatum from each animal were analyzed (n = 3 per
group).

Immunofluorescence

Mouse monoclonal anti-TH (dilution 1 : 100; Chemicon) for
dopaminergic neurons and an antibody raised against Nucl. Mid.
were used as primary antibodies. Either fluorescein isothiocyanate or
Texas Red-labeled anti-mouse or anti-rabbit antibodies were used as
secondary antibodies. After innmunostaining, mounted sections were
examined under a confocal laser-scanning microscope (Leica TCS
NT, Heidelberg, Germany).

Open-field test

Locomotor activity was evaluated by testing mice in a circular open
field (90 cm in diameter, 40 cm in height) at a given time point
(n = 3 mice in each group). Each mouse was placed in the center of
the field under standard room lighting conditions. The experiment
lasted for 10 min and was recorded on video. The open-field
apparatus was washed with water and dried with a paper towel
before each behavioral test. Each mouse was measured cither three
or four times during the experiment. Locomotion was scored as the
average speed (cm s™') and resting period (given as a percentage of
the 10-min observation time) for each group. Movement at a speed
of less than 2.5 em 5™ was considered as rest.

Terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling (TUNEL) assay

A TUNEL assay was performed to assess the apoptotic pattern in
midbrain sections (6 um) using the TACS™ 2 TdT-Blue Label in
Situ Apoptosis Detection Kit (Trevigen. Gaithersburg. MD, USA).
For the quantification of TUNEL-positive cells in the SN of WT and
Nucling-deficient mice. sections were counterstained with Nuclear
Fast Red, a reagent supplied in the apoptosis detection kit. TUNEL-
positive cells in the SN pars compacta (SNpe) were counted from
six sections of each mouse (n = 3 per group). The total celis in the
SNpe were used as denominator.

Statistical analysis

Results were expressed as the mean + SD. Differences between
groups were examined for statistical significance by anova. Values
of p < 0.05 were taken as being statistically significant.

Results

MPTP-induced locomotor dysfunction was improved in

Nucling-deficient mice

Our previous study indicated that Nucling-deficient cells were
resistant to stimuli-induced apoptosis (Sakai et al. 2004).
These findings led us to suspect that Nucling-deficient mice
might be resistant to the neurotoxicity of MPTP. To investigate
this hypothesis, we first performed the open-field test to
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' examine the change of locomotor function in WT and Nucling-

deficient mice after the administration of MPTP (Fig. la).
Locomotor activity was scored using both the average speed
and the resting period during the experiment. There was no
statistical difference between WT and Nucling-deficient mice
in locomotor function after treatment with PBS. Administra-
tion of MPTP induced an acute decrease in locomotor activity
both in WT and in Nucling-deficient mice over a 24-h period
(data not shown). However. 48 h after treatment with MPTP,
the average speed of WT mice still displayed a marked
decrease, whereas locomotor dysfunction was significantly
improved in Nucling-deficient mice (p < 0.01; Fig. 1b). The
Nucling-deficient mice did not exhibit any locomotor dys-
function even at later time points. Considering that slowness of
movement is one of the clinical manifestations of Parkinson’s
disease, we analyzed the percentage of resting time during the
open-field experiment. The resting period of WT mice showed
a significant increase after treatment with MPTP, whereas that
of the Nucling-deficient mice did not exhibit any change
thereby indicating a resistance to the MPTP-induced loco-
motor dysfunction (p < 0.01; Fig. le).

Nucling-deficient mice were resistant to MPTP-induced

neurotoxicity

The locomotor dysfunction in PD is the result of a reduction
in the striatal dopamine content caused by the loss of
dopaminergic neurons in SN. The pattemn of neurodegene-
ration induced by MPTP parallels the situation in human
parkinsonian brains in that dopaminergic neurons are lost
predominantly in the SNpec. whereas dopaminergic neurons
in the ventral tegmental area (VTA) are less affected (German
et al. 1996). As Nucling-deficient mice have shown a
protective effect on the locomator dysfunction induced by
MPTP, we sought to detect whether Nucling-deficient mice
were resistant to MPTP-induced SN dopaminergic neuronal
degeneration. At the same time point (48 h) as the open-field
experiment, immunohistochemistry for TH was performed
on midbrain sections from WT and Nucling-deficient mice
(Fig. 2). There were no significant differences in dopami-
nergic neurons between WT and Nucling-deficient mice
trcated with PBS (Figs 2a and b). This suggests that in
Nucling-deficient mice, there is no impact on the develop-
ment of the dopaminergic neuron pathway. Administration of
MPTP induced a significant loss of TH-positive cells in the
SNpec of WT mice (Fig. 2¢). In contrast, Nucling-deficient
mice showed less dopaminergic neuronal damage in the
SNpc following MPTP treatment (Fig. 2d). We then com-
pared the total numbers of TH-positive neurons in WT and
Nucling-deficient mice. It was shown that numbers of
TH-positive neurons did not differ significantly in Nucling-
deficient mice compared with WT mice (Fig. 2¢). Adminis-
tration of MPTP induced a significant loss of TH-positive
neurons in the SN of WT mice. In contrast, Nucling-deficient
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mice displayed no significant decrcase in the numbers of
TH-positive neurons following MPTP treatment (p < 0.01:
Fig. 2e). Next, we confirmed this by detecting apoptotic cells
using TUNEL. Most of the cells in WT and Nucling-deficient
mice were unlabeled after the injection of PBS (Figs 3a and
b). After treatment with MPTP. many TUNEL-positive cells
were found in the SNpc of WT mice (Fig. 3¢), whereas only
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Fig. 1 Open-field analysis of mouse behavior 48 h after treaiment
with either 1-methyl-4-phenyl-1,2,3,8-tetrahydropyridine (MPTP) (four
injections of 15 mg/kg, 2 h apart) or phosphate-buffered saline (PBS).
(a) Representative photographs of the open field and the locomotor
tracks of mice. The locomotor track of each mouse was video-recor-
ded for a 10-min period. Data on locomotor function were analyzed
using video analysis tracking software. (b) The average speed
(cm s™") during an observation of 10 min is shown for wild-type (WT)
and Nucling-deficient mice. WT mice treated with MPTP exhibited a
significant reduction in their average speed compared with untreated
mice, whereas Nucling-deficient mice did not. (c) The percentage of
resting time during the 10-min observation was increased in WT mice
after treatment with MPTP compared with untreated mice, whereas
this tendency was not detected in Nucling-deficient mice. Data are the
mean + SD for three: mice per group and each mouse was tested
either three or four times, respectively. **p < 0.01; KO, knockout
(Nucling-deficient).

a few were detected in Nucling-deficient mice (Fig. 3d).”
Analysis of the percentage of apoptotic cells in SNpc was
performed on midbrain sections from WT and Nucling-
deficient mice. A small proportion of TUNEL-positive cells
were detected in both PBS-injected mice (Fig. 3g). MPTP
induced an increased proportion of TUNEL-positive cells in
the SNpc of WT mice (Figs 3¢ and g). In contrast. the
number of TUNEL-positive cells was significantly reduced
in that of Nucling-deficient mice (p < 0.01: Figs 3f and g).
As the major pathway deriving from the dopaminergic
neurons in the SN is the nigrostriatal tract, we further
examined whether protection of dopaminergic neurons in
Nucling-deficient mice would also be accompanied by the
preservation of the distal terminal fibers in the striatum.
There was no significant difference in TH immunostaining
between WT and Nucling-deficient mice treated with PBS
(Figs 4a, b and e). Following MPTP administration, WT
mice exhibited a significant loss in the density of TH
immunostaining in the dorsal striatum, whereas Nucling-
deficient mice retained significantly greater densities of TH
immunostaining than that of WT mice (Figs 4c, d and e).
Thus, these findings indicated that Nucling-deficient mice
showed neuroprotection during MPTP-induced neuronal cell
death.

Nucling was involved in MPTP-induced neurotoxicity

To clarify whether Nucling is involved in MPTP-induced
dopaminergic cell death, we evaluated the RNA expression
of Nucling in the SN by RT-PCR. In PBS-treated WT mice,
we detected only a basal level of RNA expression of Nucling
(Fig. 5a, lane 2). This result was consistent with our
investigations on other regions of the brain (data not shown).
After the administration of MPTP, a significant increase in
the level of Nucling was detected in the SN (Fig. 5a, lane 3).
To confirm and determine the inducible pattern of Nucling
expression in the SN after MPTP treatiment, we evaluated the
expression of Nucling by western blot analysis. As shown
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Fig. 2 Immunohistochemical staining of
dopaminergic neurons with  antibody
against tyrosine hydroxylase (TH) in mid-
brain sections from wild-type (WT) and
Nucling-deficient mice 48 h after treatment
with either phosphate-buffered saline (PBS)
or 1-methyl-4-phenyl-1,2,3,6-tetrahydropy-
ridine (MPTP). There were no significant
differences in dopaminergic cell content
between WT and Nucling-deficient mice
treated with PBS (a and b}. Nucling-defici-
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ent mice showed less dopaminergic neur-
onal damage in the substantia nigra pars
compacta (SNpc) {d) compared with WT
mice treated with MPTP (c). The histogram
represents the quaniification analysis of
dopaminergic neurons in midbrain. MPTP
caused a significant loss of TH-positive
neurons in the substantia nigra (SN) of WT
but not Nuclig-deficient mice (n= 3 per

PBS MPTP
in Fig. 5(b), MPTP caused a significant increase in the
expression of Nucling 12 h after treatment (Fig. 5b, lane 2).
This induced expression of Nucling was still observed 24 h
after MPTP treatment. although at a lower level (Fig. 5b,
lane 3). To further determine the localization of Nucling in
the SN, we performed double labeling immunofiuorescent
histochemistry for Nucling and TH in SN sections after either
PBS or MPTP treatment (Fig. 6). No Nucling expression was
observed in TH-positive cells from MPTP-treated Nucling-
deficient mice (Figs 6a-c) and PBS-treated WT mice
(Figs 6d-1). At 12 h after MPTP treatment, the dopaminergic
neurons of the SNpc from WT mice were found to express
Nucling (Figs 6g~1). These results indicated that Nucling was
involved in MPTP-induced neurotoxicity in the SN.

Up-regulation of the apoptosome was attenuated in
Nucling-deficient mice after treatment with MPTP
MPTP is recognized as a mitochondrial toxin. Mitochondria
are known to play a key role in the apoptotic process through

© 2006 The Authors

PBS MPTP

group) (e). **p < 0.01. Scale bar represents
100 um; KO, knockout (Nucling-deficient).

the refease of cytochrome ¢ and other pro-apoptotic proteins.
In the cytosol, a complex known as the apoptosome is formed
from Apaf-1, pro-caspase-9 and cytochrome ¢, leading to the
activation of caspase-9 (Liu et al. 1996; Li ef al. 1997; Susin
et al. 1999). Previously, we have reported that Nucling was
an essential component of the apoptosome during stress-
induced apoptosis (Sakai ef al. 2004). The inhibition of the
neuronal cell death elicited by MPTP in Nucling-deficient
mice led us to determine the pattern of apoptosome expres-
sion in MPTP-treated Nucling-deficient mice. SN tissues of
mice were dissected 12 h after the last injection of either
MPTP or PBS, and a cytosolic extract was prepared to assess
apoptosome expression. This particular time point was
chosen because it was when the most significant release of
cytochrome ¢ was observed after the administration of MPTP
(Viswanath er al. 2001), and it preceded that of maximal
neuronal cell death (Mochizuki ef al. 1996). Western blot
analysis revealed that the level of cytochrome ¢ after the
injection of PBS was almost the same between WT and

Journal Compilation © 2006 International Society for Neurochemistry, J. Newrochem. (2006) 97, 1126-1135

— 199 —



Fig. 3 TUNEL staining in substantia nigra
(8N) sections of wild-type (WT) and
Nucling-deficient mice 48 h after treatment
with either 1-methyl-4-phenyl-1,2,3,6-tetra-
hydropyridine (MPTP) or phosphate-
buffered saline (PBS). Almost no
TUNEL-positive cells were found in WT and
Nugcling-deficient mice treated with PBS (a
and b). Many TUNEL-positive celis were
found in the substantia nigra pars compacta
(SNpc) of WT mice after treatment with
MPTP (c, arrows) compared with the num-

ber in Nucling-deficient mice (d). For the (@)

quantification of TUNEL-positive cells in the
SNpc of WT (e) and Nucfing-deficient mice
(f) after MPTP treatment, sections were
counterstained with Nuclear Fast Red, as
described in Materials and methods. The
histogram represents the quantification
analysis of TUNEL-positive cells in SNpc
(g). Six tissue sections per animal were
counted (n=3 per group). *"p< 0.01.
Scale bars: a~d, 50 ym; e and f, 25 um;
KO, knockout (Nucling-deficient).

Nucling-deficient mice (Fig. 7, lanes 1 and 2). After
treatment with MPTP, the expression of cytochrome ¢
increased in the cytosolic fraction in WT mice (Fig. 7. lanes
1 and 3). suggesting a release of cytochrome ¢ from the
mitochondria. In contrast, this pattern of release was inhibited
greatly in Nucling-deficient mice (Fig. 7. lane 4).
Immunoblot analysis revealed that the expression not only
of Apaf-1 but also of the pro-enzyme of caspase-9 (pro-
caspasc-9) was down-regulated in Nucling-deficient mice
compared with WT mice (Fig. 7. lanes 1 and 2). Furthermore,
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this tendency was also observed in response to the neurotoxic
etfect of MPTP, whereas the expression of both Apaf-1 and
pro-caspase-9 was markedly up-regulated in WT mice
(Fig. 7. lanes 3 and 4). This result was consistent with our
previous finding that Nucling has a key role in the retention of
the apoptosome under normal conditions and in response to
apoptotic stimulus (Sakai e al. 2004). The activation of pro-
caspase-9 was initiated by the release of cytachrome ¢ from
mitochondria and the apoptosome formed in the cytosol.
Exposure to MPTP induced a significant increase in the level
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Fig. 4 Immunohistochemical analysis of tyrosine hydroxylase (TH)
immunostaining in striatum from wild-type (WT) and Nucling-deficient
mice 48 h after treatment with either 1-methyl-4-phenyl-1,2,3,6-tetra-
hydropyridine (MPTP} or phosphate-buffered saline (PBS). No
defference in striatal TH immunostaining was observed between PBS-
treated WT (a) and Nucling-deficient mice (b). MPTP caused a
reduction in TH immunastaining in WT mice {(c) but not Nucling-defi-
cient mice (d). Densitometric analyses revealed a significant depletion
of TH immunostaining in WT mice following MPTP treatment, whereas
MPTP-treated Nucling-deficient mice retained significantly greater
densities than those of WT mice (e). Six sections of each mouse were
used (n = 3 per group). "*p < 0.01. Scale bar represents 500 um; KO,
knockout (Nucling-deficient).

of caspase-9 in the SN of WT mice (Fig. 7, lane 3). whereas

no up-regulation of active caspase-9 was detected in Nucling-
deficient mice (Fig. 7. lane 4). Taken together, these results
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Fig. 5 Expression of Nucling in the substantia nigra (SN) was
up-regulated following 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) treatment. (a) mRNA expression of Nucling in the SN. Total
RNA was extracted from the ventral midbrain of WT and Nucling-
deficient mice 12 h after the injection of either phosphate-buffered
saline (PBS) or MPTP. RT-PCR was used to assay the Nucling mRNA
expression. The endogenous expression of Nucling was weak in PBS-
treated mice. After MPTP treatment, the expression of Nucling mRNA
was up-regulated significantly in the SN. cDNA of heart fissue was
used as a positive control (PC). (b} Western blot analysis of Nucling
expression. Protein was prepared from mice ventral midbrain at 12, 24
or 48 h after treament with either PBS or MPTP. Nucling expression
was up-regulated 12 h after MPTP treatment. A slightly elevated
expression of Nucling was still observed after 24 h. Experiments were
repeated three times with similar results.

strongly suggested Nucling to be an apoptosis-promoting
factor specifically regulating the apoptosome pathway
following exposure to MPTP.

Discussion

In this study, we demonstrated that the administration of
MPTP to mice resulted in increased expression of the
apoptosome in the SN, followed by the degeneration of SN
dopaminergic neurons. In addition, we confirmed that
Nucling, an apoptosis-associated protein. was a stress-
induced factor in the mouse brain. Nucling was shown to
be involved in the neurotoxicity of MPTP. Defective
expression of Nucling resulted in a significant reduction in
the effects of MPTP-induced dopaminergic neurodegenera-
tion by inhibiting the expression of the apoptosome.
Furthermore, Nucling-deficient mice exhibited attenuated
behavioral deficits accompanying MPTP treatment.
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Fig. 6 Double immunofiuorescence staining for tyrosine hydroxylase
(TH; green) and Nucling (red) in substantia nigra (SN) sections from
Nucling-deficient and wild-type (WT) mice 12 h after treatment with
either phosphate-buffered saline (PBS) or 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP). No expression of Nucling was observed in

In humans and non-human primates, MPTP causes a severe
PD-like syndrome. However, the behavioral impact of MPTP
on mice may be dependent upon many factors, including
mouse strain, MPTP dosing regime. or experimental methods
(Sedelis et al. 2001). In the open-field experiment used in this
study, MPTP caused an acute and dramatic decrease in
locomotor activity in both WT and Nucling-deficient mice
during the 24-h period after its administration (data not
shown). This initial behavioral response to MPTP might be
determined by several factors, including either the peripheral
and central metabolism of MPTP or the uptake of MPTP into
the brain. At 48 h after MPTP treatment, the locomotor
function of Nucling-deficient mice almost reached control
levels, whereas no such recovery was observed in WT mice.
At the same time point, we also observed that Nucling-

© 2006 The Authors

MPTP-treated Nucling-deficient mice (a~c) and PBS-treated WT mice
(d—f). Expression of Nucling was observed in dopaminergic neurons in
SN sections from WT mice after MPTP treatment {g—i, arrows). (c, f
and i) Merged images. Bar represents 20 ym.

deficient mice were resistant to MPTP-induced SN dopam-
inergic neuronal cell death (Figs 2 and 3). The difterence in
sensitivity to MPTP toxicity between WT and Nucling-
deficient mice may be determined mainly by the difference in
the apoptotic pathway between the two genotypes.

The mitochondrial apoptotic pathway requires the release
of cytochrome ¢ from mitochondria in connection with the
opening of the mitochondrial transition pore (MTP). Cyto-
chrome ¢ then forms a complex with the cytoplasmic protein
Apaf-1 and pro-caspase-9, leading to the activation of
caspase-9 and the subsequent activation of downstream
caspases (Srinivasula ef al. 1998). It has been reported that
MPP" induces the opening of the MTP via the inhibition of
complex I and the production of reactive oxygen species
(Cassarino ef al. 1999). In our previous study, we showed
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Fig. 7 Expression of apoptosome in wild-type (WT) and Nucling-
deficient mice after treatment with either phosphate-buffered saline
(PBS) or 1-methyl-4-phenyi-1,2,3,6-tetrahydropyridine  (MPTP).
Nucling is crucial for apoptosis protease activating factor 1 (Apaf-1)
expression, cytochrome ¢ release from mitochondria and caspase-9
activation under MPTP cytotoxicity. WT and Nucling-deficient mice
were treated with either PBS or MPTP. After 12 h, the ventral midbrain
tissues were lysed in lysis buffer. Tissue extracts were fractionated
into a cytosolic fraction for Apaf-1, caspase-8 and cytochrome c.
A-Tublin served as a loading control for each fraction. Experiments
were repeated three times with similar results.

that the expression of Nucling was up-regulated in response
to pro-apoptotic stimuli and was important for the induction
of the apoptosome after cytotoxic stress (Sakai er al. 2004).
In fact, we found that the overexpression of Nucling led cells
to lose their mitochondrial transmembrane potential and
promoted the release of cytochrome ¢ into the cytosol
followed by the induction of apoptosis (data not shown). In
the present study, we observed that Nucling was expressed
in SN dopaminergic neurons, and its expression was
up-regulated following MPTP treatment (Figs 5 and 6).
Moreover, the release of cytochrome ¢ in Nucling-deficient
mice was suppressed after the treatment (Fig. 7). This result
extended our previous findings by demonstrating that
Nucling was involved in the MPTP-induced dopaminergic
ncuronal cell death, and that deletion of Nucling was
neuroprotective in vivo.

Apaf-1 has been shown to play an important role in the
mitochondrial apoptotic pathway. It was reported that adeno-
associated virus mediated-expression of a dominant negative
form of Apaf-1, consisting of the WT caspase recruitment
domain, in striatum provided protection against dopaminer-
gic cell loss in the mouse MPTP model (Mochizuki et al.
2001). In the present study, we showed that the expression of
Apaf-1 in the SN was down-regulated in Nucling-deficient
mice after the injection of either PBS or MPTP compared
with that in WT mice (Fig. 7). Previously. we confirmed that

© 2006 The Authors

endogenous Nucling formed a complex with Apaf-1/pro-
caspase-9 in the cytoplasmic fraction of UV-iradiated WT
MEF cells (Sakai ez al. 2004). The present findings further
support the idea that Nucling may be a strong candidate for
the inducer of apoptosome expression after stress-induced
neuronal apoptosis.

It has been reported that either Apaf-1- or caspase-9-
mice displayed a fatal neuronal disorder, including forebrain
hyperplasia and embryonic lethality (Cecconi et al. 1998;
Hakem ef al. 1998; Yoshida ef al. 1998). Nucling-deficient
mice were viable and fertile, and were shown to exhibit
only inflammatory lesions and tumors, thus far. We
considered that Nucling may not be essential for apoptosis
during neuronal development. There might be an unknown
either factor or pathway in place of the Nucling/Apaf-1
signaling pathway in neuronal development. Western blot
analysis showed that the endogenous expression of Nucling
was weak in PBS-treated mice (Fig. 5). Nucling appeared
to be an inducible gene after stress in this region of the
brain. Our data suggested that if the expression of Nucling
reached a threshold after exposure to environmental stress,
then the activation of apoptotic cascades and cell death
could be induced. The inducible expression of Nucling in
the SN may be a contributory factor for the activation of
the apoptotic pathway induced by MPTP. Our results
suggested that the actions of Nucling within the apoptotic
cascade occurred upstream of mitochondrial injury follow-
ing neuronal toxicity.

The role of apoptosis in PD is still controversial, even
though there is ample evidence of apoptosis based on either
morphological criteria or in situ end labeling (Mochizuki
et al. 1996; Tatton ef al. 1998). However, neuronal apop-
tosis seems to have an important role in PD, because
several reports have suggested a correlation between
apoptotic molecules and nigral cell death in this discase
(Beal 2000; Yuan and Yankner 2000). Mitochondrial
respiratory failure and oxidative stress are also considered
to be contributors to nigral neuron death in PD. MPTP-
induced activation of microglia and inducible nitric oxide
synthase are believed to modulate dopaminergic neuron
death (Dehmer et al. 2004). We also observed that
astroglial activation was attenuated in the SN sections of
Nucling-deficient mice following MPTP treatment, suggest-
ing the possible involvement of Nucling in inflammatory
responses in this model (unpublished observation). Indeed,
Nucling was reported to play some roles in inflammation
by interfering with nuclear factor kappa B (NF-xB)
signaling (Liu ef al. 2004). The molecular mechanism
underlying the role of Nucling in inflammation remains to
be investigated.

Taken together, these results indicated that the deletion of
Nucling, a mitochondrial apoptotic cascade factor, can be a
potentially useful treatment for PD as anti-mitochondrial
apoptotic gene therapy.
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R B B EEFABOBER (FE% 7 Y
74 =), YR IEEPRD S KT 3 BELRFEO—
DEkoTnd, ZOEROEBN%ES £ESTFOST
TR, THILIEO PR RER ORI b BIS T
ZTENESHLROTETNS, TF, WIEIEEAHIC
EHERL, F 3y VSV EREEE LTDRAET S/
BOTFBHEREIN, LEO7I V BOATHHAINTE
k@ﬂﬁ@éﬁﬁ%@ﬁm,Dﬂ?i/@ﬁ@émﬁ%
T2 MERRIES 27 A, (D7 S VB AY AT
by BT B LY, BAOREE SO LCHB
INTw 5,

WHEEOD-7 S/ BE LTI, DY > (D-Ser) & D-
7 A285 X Vg (D-Asp) P CER LM E
THIEBHAS IS TS, FFIHD PARRIRERIC
YT 5 D-Ser 12, NMDA ZAHED 7YY ¥4 b
fETsa7I=RA L ELTERAT 5. £/cD-AspidE
IR ONSWR L CICEREICFEEL, RAEIE
WTRAT b ONWEIGIL, BETETAMIATR
VOER, TWERETSEIENRBEINTVRE, —
%, WIEERND Y v ERiIch D-7 &/ BSEE
L, D7/ BAALT AT LEBEL TS, FlZ
i, TAYNA 2 — R CRRICERT28-7InA Y
VRIERTIE, BEOBED Asp k Ser BB LT
DiEic-oTw3, BE Z0kIREMCEDF 3
JEDMEVPERINSIAREITRIN TS, £
7o, WEEY VT BETHBar VARY ) YHOBED
AspBEIMERIE > TDHML L T3 2 EPBHL RIS
g, BEAREL OBFEMIGRLE SN TV 5.

AR, FIHIFICBIT 3 EaERGEs X 7 A
LLTDOD-7I /AL TV AT LOEBEELEET S

i, BRI D-SerdfREHc, 7 A Fu sy FiRlliEic
BTET 5 D-7 & 7 IBER{LEESE (DAO) S EMHvIcBiS L
TW5 I EB2RRTEEHL DMAEENT 5.

2. D-EU> (D-Ser)

1) SHEPERE LU EEEEE

TERERI D-Ser & HADRIZE I X 5 B2 P58 &
b, ZOFEEXPIHERTRWEIh, E5iIKZ20T
WSTNG S VBRBEDOY 754 7 TH5 NMDA
BRODHEBEF-HTAZEPHS»EI N, %
D%, WNTD-Serid ¥4 727 A ruyA MCEEL,
non-NMDA Z&EDIEEIC X - THEfE» oIS
27 EDREIND., NMDAZEHIY, 14 v F ¥
NEREL, HOMREEREY Sy 2 VBT SV
BRAERDOY 7L SThY, BEENREE 77
AT & I 2E - g L o B MEERE I EE
BEIERBELTCWwS, B, D-Ser DAEEM LRERIX
NMDA ZEED 7V & VESEHAOERF 27 T= 2
FEERLT, Y I VBICLZEERZTLETSI L
DO EINTWVSES, REICKRD, D-Ser DEAK
CELTIReY v Iee—Eai=ey Ajh o BEERE X
N, WIEM D-Ser i3 Z DEERIC & - THIFEN D L-Ser %»
LAMIND I LIFESNTLBY,

2) D-EU Y ORRBEEFNES
INETOHEICEBE L, NMDARBFDOa7I=
AP ELTIEET % D-Ser ik, NMDA ZEEE2NT 5
HEHRHREECB 2 ERERTF & LTESTS
N, NMDA ZEEOEERR2ICHET 2L DRE -
DBESBRIEENT WS, Choisick ), NMDARE

*EERE HFERFHREYY— BEGEHEFEIM
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M- EERAEF S/ B FOFES TORBBRRORELEYNES

RO ZHAEAND AN T DA F > DF AR
&, MR, WREZEMEEREL E RS RMOERBICBIT
% EEAIIESEICBES- L C w0 2 ATREEDS B S T\ 3 5),
7, DYE TNV TR RNE LS, Hlgstob-
SerizfEon LAEMHRE I NS, NMDAZAKD ) v
FEEHNIN T 2 7 v & = 2 MIBEEIE T B &
DT ER 2B L TWw 3 2 S REI N TV 3BT,
—7, NMDA ZFFDORERET I3 RTE & 0BE
DRREINTE YD, MEKMEEZICD-Ser2 57 3
&, BtErREORERE L CRFTEOBEEDRENE
DoNTw3Y, NMDAZEED NRIYV 722y bD)
ZER= 7 22 Tk, <7 Ak cHasA
EMRORETESEHEINLY, £/, BFEE b
NMDA Z&MD 7 v % T= 2 +TH 3 phencyclidine
ERETHE, MARRMED X ) RERPFEI NS Z
EBMEINTWABI9, X5, Chumakov ik k
1 3T R D SNPSIENT & D M-SR FHE OB B2 Ml
BFDO—2L LTG728IEFA2FAEL, yeast two-hy-

Y N

brid¥kic &k b G72EEBFEW L D-7 3 ) BEE{LESE
(DAO) L DMHEMEHZHERL, G20 RETENR
DAO &R LRI B2 L2H|E LT3N, Zhs
D% DEBIERD S, H21E DAO DIERED EF,
MHEGREE T C® %2 D-SerOE WA % =, NMDA
REGOBHEARIER T 2 S RTERE & 2 Ok
WEET 3 L DRFAZREBL T3,

3. D-7X/EBB{LEE (D-Amino acid oxidase;
DAO, EC 1.4.3.3)

1) RS

19354, Krebsic &> THRIN/DAOIZZDRIE
BRI BI LT R BT 3 T b T & . ABEER
FAD (flavin adenine dinucleotide) ##fi#sE & ¥5 7
7 EVEERT, % OMERIIIFAD O LRTHIRAE IC 3
TOTZERECTIons., UMTORGREE T TRL
Tk iz, AR &> TEBERBIA? = 7 Kit%

(1) Enzymatic reaction

I

D-amino acid o~imino aéid o~ketoacid
R
| R R
-C. iC H,0 IC
H,NY | “COOH v |
2 ﬁ 7 COOH 0" “coont N

D-7 = /BRRRILEERICL B D-7 = /B ORH

(I1) Non-enzymatic reaction
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EERRET S/ BAFOREL ZORBBROFEEEFNEE —BH

2}, 19FOT7 EST LBBKENFHEET S.
RCHNHzCOOH+DAO - FAD &
RC=NHCOOH+DAO - FADHz (1)
RC =NHCOOH + H20 SRCOCOOH +NHs -(2)
DAQ - FADHz+ Oz — DAO - FAD + Hz02 =+(3)
EEEREETH L D-7E /B FADIC2E
DATT BBITHAESUE (1), Hiev CETTEFAD R
5F% 2 BIBIT UBEBLKEDFEAET 5 B RIG
(3) Ik > THETT 3. EUIBBKFRVA F>
V—AHTHY F—E Ik o TIKSREINS &E
zoNns. INB220AT Y TREEMFICE T A1V
£ 7V THY, BLEFADICH - hEES FBEET 5
T LTRDYA I NVDEIRT S, FAD E DAO S /87
L ORERIEEZEAETHD, Lo TZORAIR

BF3. DAO D FADEUD iAA I, FHERIRES L < 13E
BOVTNLOBRBICBVWTRIZEEIONS, K
BEIID-7 3 VBob ORI, FHEROFEREDD
DEBOVHEELYTS., LE7I/BOATHERINTY
% L EZ 6N TR BT B AESE O Bl FE,
Z LT TOFEDERIC DV TREVEARHL INT
Wiz,

g{l}ll

2) EHRODHROCEERERE

DAOBEFIEE b4 s 12F R BICHFEL!?,
B O, BE B THRBRENSEETHREY
51319, DAO OMIENOBTEICEI L Tid, AREE
F#0 C-FifiIcSer-His-Leu THR E T B PTS 1 (Per-
oxisomal Targeting Signal 1) 237 %7 %, DAO

y 1 \ . A
LT FA4T2

DAQ : D-7 3 / EbE{LEEE G3PDH : glyceraldehyde 3-phosphate dehydrogenase

K2 ARBICNHMEEOIIT, §472F7AAYA MHITS
D-7 X /BBt EROEETFRERO RT-PCRET

y A\ . AL
By B MY A
YA4T1 1472
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RBR-EHRTET I /BN FOTELXOREBROBEEESNESR

TR, HRE TR Y V87 L LTHEABEH
e, RUA XV LSBT, BETAI e
TV 31419, BRORBOMBRIC X 2 BBkEo%E
EVHEEDS A B L, DAO BHSEBRRICNT 3 %
EHEICBW A S »0REEZHE LT 2 HEESEZ 5
N5, 5 DAO BEETUEREERENREIC X 1 BH
e LBt AkE IR, Mg d g sBba r L
b, MBFEEBEEL S 3, Z0AD S IITEEEI
HINTw3,

INET, BRIy oKD J) PHIBEDORIM
HEEREMS L, RT-PCREZAWTABREDRETFH
Bame L, ZOfE, MEOARL ST, fEREEE
T ®H > 7 KR D 7Y 7HIlECTH DAO DEETF
RO on (B2). Eoicy4 71, ¥4 727 A b
O%A P OSEHEEICLD, D-Ser DELEDENFEEL
THAT27A L RYA P THBEZEZLNZDICHL,
DAOIB YA F17Abud A + TORESTETH2 2
ERFSPIIL T B9, BHE, AW D-Ser & Al

DEERSEHPEDOIHEEZRT Z L25, DAOINMDA
ZRE e N T B RETEIYE TH 5 D-Ser & A MIEE
LT 5 Z2OHIMEFTH 2 L DEEKFLT T3,
Ty MIREEDOTA ruv A4 FERAWT, D-
Ser WINASHIEIC 5- 2. 5 S6EE % fBAT L 7o RE 5, /DIERSR
TArutA b OBEERICS, KMER7 A Mo
Mcd, SRS snk (B3). Y v o CoHlfa
(glioma cell line) 8 X X DAO % RHIFHEHE S ¥ 7= C64
i (C6/DAO) i< D-Ser s, MHlaDZ L% AT L
7RG, T &S IRERERICHISESBZ S N, C6/
DAOMMNE X COMME & b R\ B THIFESE B X 1 3
I EPEBEE N (B4A), T 6T, TS OERE D-
SerDfGHBEL I NZH0DEATH 5 Z L 3T E
Nz, HeQZIEUMED—>TH Y, MO &4
FIHE PR EES 2 5WHETH B, C6/DAOH
%20 mM £ 40 mM @ D-Ser OAFEEH, HO:% HlE
L7, ZORSSE, RAEREE KT 5 &, HO0E%0
Bmasg s ns: (B4B).

110

100 + T
ifig Q0+
& 70
P
%
~ 60 [~
50
40

[ control
=213 mM D-Ser

30 mM D-Ser

PN A== S /N i EB S A

HRFEDOME X, 3mM £ 30mM O D-£ Y T2 BEAEBRMIT 7y A4 Kk hfF-7%
ROTEOMIIERFRE 100% & L THEFHE (ANOVA @ post-hoc Scheffé’s test) 4T 7=.
B E DIE* P<0.05, **P<0.01, ***P<0.001

3 ANBEFAMOYA MINTZD-EY Y OMREFENE
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EHRRNAET I/ BAFOFELZORBBEZROREEEFNER N

120 r
[ cs
EEE cs/DAO
100 ok
4 *kk
i i k%
E 80 *k*k
@ k% k
b7 60 F
R *kk
%
~ 40 * ok
20 +
0
0 5 10 20 40
B D-Ser (mM)
140
120 *
MI
NO 100 = =
E
A 80
%
o 60
)
S 40r
S
~ 20
0
0 5 10 20 40
D-Ser (mM)
(A) C6 t CB/DAO MMM FROHE R, BEENEED D-£ V) ¥ T2 KEAEEMIT? v 2/ IC X DfTo 7.
(B) CB/DAO M BT 2 E{LAEOREIL, D-v ) VAH ] RS BRI KERE Sy PItL D To 7.
SEMBEOMBEEERE 100% & L CHEHAE (ANOVA @ post-hoc Scheffé’s test) 24T 7.
NEEEEE O i P<0.05, **P<0.01, ***P<0.001
M4 D-73./BEEBESEIEEMEEICHETZD-EY Y OMBEREENR S BRILKREE
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BB —-EENTET S/ BROFOFELTORYBERORBEERERNES

A C6 C6/DAO B C6 C6/DAO
*edk

- 1201 - 120 [
i 100k - T B 100 b == ==
& &
7 80f 7 80F
. BOF . B0}
% %
Y ~ 40t

20f 20 r

0 0
D-Ser -+ -+ o+ D-Ser -+ o+ -+
Benzoate - -+ - -+ CPZ - - + - -+

C6 XU C6/DAO I LT

(A) D-&V vAUEERTIC 20 mM benzoate T30 EHIAE % T - f.

(B) D-vY AEEHIC 1 uM chlorpromazine (CPZ) T30 4 MIBIAE 2T > 7.

AT OMIFIETFHEL 100 % & L THEHLE (ANOVA @ post-hoc Scheffé’s test) #17- 7=.
D-& ) VEEEE L OB * P<0.01, *** P <0.001

5 D-PIX/EERCEREEAOFZNOJY FHENDHE

\Y
&0 oS
Go(\ 0;6 9 g2
Pro-caspase 3
(32 kDa)
(20 kDa)

C6/DACKIBEIZX L T30 mM D-& Y v & 50uMiBE Lk (He02) io & 2 % 21 BT - 748, Mlahh i % [EIN
LT Western blot &I THAT L 7. FUBIZ O Y XHA A - -3 R Y 7 o —F AHEE—RIFE L LT, X4
2V XIS V¥ IgGHib % Hva s,

®6 D-tEUrIickZMBIFEICE TS caspase-3 DEHEAL
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EERRET 3/ BYFORESTORBBERORBEEENESZ R

glél‘!

—7, ZOMEFLIZDAODIHEHRITH 5benzoate & T L3, D-SeriLifRIC#IZ X 15 caspase-3DTEMEAL
A SRS O chlorpromazine DERMIC & > THI wEhERINE (86). MEds, 7RI YTM
#lx 7z (”5). Chlorpromazine ¥, wILBIHREHZEE B BET 3 DAO AN D-Ser DRI BRI ICBI S
£ UCHIK OB S ATV 3, DAO OMBEETHS L, B0 D-SerEmc s\ TEERERIRAZ
FAD L O8&Ic X ) 79 DAO DGR EET 2 Z &8 HoTWwBABENSTREBINL, INSOMREZER

WEXNTHEE, s DRI, D-Ser OFMIC X 2, T®ZIIWMAICIZDAOIC X % D-SerfREIFRIEFEEL
hEZZ X N B CODMBFLIZIZDAOTER:IZ X 2 D-Ser® T, MRESWE TH B D-SeriEEHIMT A LR
REPPEETHIERRRTEHDOTH B, HaO2ll ko BLTw3,
CEHEEINZOMIEFIE TR v RO TH B
A C6/DAO
120 _
100 | -
il
£ sl -
7
Z 60} - .
% 40 -
20 b 3
—_— S o © > > . 9 —_ [ e © > > — e
S 3 £ = 606 & & S 3 &£ = 656 § &
c i ] ! + i 1 < i 1 ] + 0 3
c o oo 0 5 = - o N o O 5 - -
O ) O o
3mM o 3mM o
190 Co6 . 120 - C6/DAO
#4100 Moo | T
il fa *
& 8ot _’-:E 80 F
= g *
60k 2 60t
3/:, 40 - . 5/; 40 F
20 1 20 +
0 2 0 -
= = o @ > 3 5 o & 2= 5
£ 3 & 5 0 & £ 4 a5 0 9
0 o A
§ © 0 — 8 A o
30mM 30mM
C6 (A,C) BLU'CB6/DAO (B,D) #llg%® 3 mM (A, B) 30mM (C,D) 72/ BBC 21 BfOES, MTT 7 v &4 2707,
SRMBOMBEEERS 100% & L CHEHMLIE (ANOVA® post-hoc Scheffé’s test) %17 7=, WEEE & DH#*P<0.05
7 D-tEYVEENIKBERINIHREOHFE
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B —EBRTET 2 /BNTFOREEZOANEROFEEEZNES

4. %m%DtUJ@EFﬂﬂV

NMDA Z & DO BERE u%?@ﬁﬁLﬁ@%&&
RENEET S Z s, MRS T 7AHKTNMDA
FEEIOET s a7 =2 b & LCHRET % D-Ser Dl
JastBEREIZFEEICEBTHZ EEZ NG, B,
D-Ser DAIfAMBRERG A h =X 6L LT F, RD&
I REFHEZL NS,

1) L-Ser» & D-Ser~Oiaz 4 2€ Y v < —
Yo R ERGRFO—2 L LTELLNDY, &
ik, DY VARRZRELTORY Y Ie—Y DS
BEIVCADZALTH 5.

2) M ED b v AR—F —IC X AFE, U
LT, COMifgEwfEtn 7 2 ru 2y Pillas Ay
ToWFAT D-Ser 2 BUD AL b T v AR — & — DFEEDT
BENTELD, I5RELOEBRRTIZ, C6LC6
DAO filich2 227 = VBEFM LI EZ 5, D7
S /BRI, D-Ser O & B HHIEHEE DR b BEE
Th-o7 (B7). Blhdo, MREAGYWECTH2 D-Ser
KRTAREN 7V AR—F—B7 R a7y 7l
WHET 2 TIREIEDY EZ 615,

3) A7 ru sy THIBICHEE T3 DAO KL 3
D-Sero>f@#. D-2 VU rR#FL L TOFADDHF S5 %%
Zlz, AAZALTHDY, 2) DI VAR—=F—ic X
D AIEA B D A E N7 D-Ser2 RBOMET 2 2 Lic k
b, flas D D-Ser DEEDFE 21T L v I EFLT
HBHeY,

5. D-FRAINTF VB (D-Asp) DEEREE -
D-Asp RWFLEHRT DSer kb b B HEE 1
(1980FAHE), ZOAMEEICEIL TE, MERPW
DRI B BB TN TE ., E£7-D-Aspld, =
Fanfgic, KEBFEBY CRAICERINAD-7 I
JEETOLH B, WHASAKNTD-Asp R IAEE T
DX 7 rmvogweElEEL, TEAETE 1
7 FrogieiEL, TEABETCIAFY PV
ERXY T Uy v v OEARREITSE I LPHEIN T
%, ¥£72, KR LeydigfifgTiE D-Asp 257 A b A5 1
VOER - DWEIBET B LS »EINT B2,
Homma 6%, DEI7 3/ BOERELROMH, EBE®
FiFE L, D-AspD#BANOERCEEDFE IS B

ML CEL. Big, &R0V 7 v FEIETI, D-
Asp EET AT X VBO40% I, BT v F OBE
EPRETIE30~40%ICHETH I LRHAS D E Lk,
THIINSDVRNUDEETEI Eh6, EENEHR
HERIT T3 ER2REL T35, —J, Leydig #illE
Tld D-Asp l& StAR (steroidogenic acute regulatory)
protein DFEHZMHE LY, TRTHWL TEABRIEDOE
FEEMEEIC & 2IEHTTIE D-Asp A heterochromatin i2
FET 2 BN D, BIETFRRFE ICBET
BLEMRRINTHS

D-Asp DEESAEIWE L T, PCl2iiflas XUz
77 u—rTH3MPTI#ilE®, GHIMMEOKEICL -
T, D-AspoSifgiN L & I IC b BRI NE Z &8
MERIN, ZHERINTHEHOLEIONTVS, Bl
7 IBTH L D-AspiEDAOIL L hREE T, D-7 X
%5 ¥ vEEREEsR (DDO, D-ASPOX, EC 1. 4. 3. 1)
EVHSIOA F VS —Bic k> TB{LE B, D-Asp
DEBRVECHEMETIZIDDODIEEMEL, DDODEHE
DEOIERIE D-AspOEEMMEL 2 EBHIS TR D,
C DEEMSMAD D-AspIREREICES L Tnws &L
S5NTw3S, Eoil, D-ASpDFMIcE D Fy bE=ew
2D DDO TRIEED LREVSRD o, B TIREEER
ESHEI S Z EBREZINT 52,

6. FYNVERODD-7 = /@

1) PIOCRBYVIVEDS L

TP RIS s b & v oS B iz 7 3
BEREL LTCOD-7 S /BBHFEL, D-7S /B4
VAT LEMRTBEEZONTOS, FLYAL v —
FAILEEIE & RAERENEIT I B E I N 3 R EMERE
T, BIEREEFEDL S 2 HDTwE, HE, ZORHE
LLCT7 iud FERRSEHRIN TS, EATD
i3, IO E AN AT & KHIDGEE AT
ET20~30EE P T VERFL, coM7sn
A REMRT 585 VAV EAHETIUA Kok S
i, B L, vy by, SR LEHEIGE
2173,

Roher5 i, 7Ay g v—fREEM16EREZ7 I
A FBYvRIEDAspIB XU A7 T LB LT
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SHRREY S/ B TFOEESTORBEROREEEZNER—R

g&l

®1 BIVIUEDOD-Asp EREDNRESNEHER

aAA-ZIYRZY v

Tau 9‘/}\"7?5

B L Tw3 2 EZBELHICLE, Tomiyama & i,
A D-AspEE 7 I 04 FBY v UEDS, invitro Tl
HOTIaL PRV EI) BOEE LML T 5 &
L I EE SR O L RRE L T 529,
Fie, EBEOT VYN v —IREEORKEBICD-AspE
B7 S04 FBH YAV ENERLT ST AR
NTw3, INGDHRAIETE, TAINAT—ITE
17 A MRS D TS B T8 v ROV BED T
SLOBEEESRBEINTLS.

2) Aging Y—h—&LTO D-AspEFYVINVE

Fujii & 1&, ZMbick h & v 37 EICEIT 5 D-Aspi:
BAETERL, Bl~—A—L L TP D-AspDEFE L WES
LTw5, D-AspBHEDJ & 21k (L-Asp—D-Asp) i,
EHEREICRIE I N B Aging stress i & - TR GF
BEERY) AL, MEpE Eb NI s EEIoNTY
%, RICERE OO, SEFE, BROREDERSY 8
ZBHIC D-Asp BRERENLIETHS (R1). &6
12, Kinouchi &3 D-Asp&H ¥ ¥V BICREN2 D
MREEREEFHAL, PAYNA v —REZEOR T, @
it U ClEEED D-ASpEME T L TW3 2 &5,
I DNBEEDEHET B 7 VYN 2 —ROERICH
%L DRFEREL T 527,

3) D-Asp DIEETDIEE

YR TBEHRDT AT X v (Asn) BEDLAspBEEEN
JERER AL K6 T D-Asp, iso-Asp KT D-iso-Asp
BEATHRT 2 EH1Z, %< OEYIREFES AR
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L TAYA R

=1l

BIREE{ L

T NAL 2~

BHiTHs. FALYNA—REEOMICER LT S
uA FBY v RIERPARE M Tauy v /87 HIZ Asp ik
B#isEREINT VS, Taud v 37 H O AspBEEH
FTau® 8 7 B OBER &P ALIC B 2% H % R
LTwa EEZONTWS, —HInETic, B
ASpE&HE Y VBT 2 EEREIFERIN T 5.
INBRYYRIEAY T ANTX VA FVIERE R
(Protein L-isoaspartyl methytransferase ; PIMT), %
LIk, V0 ANREy A FVERESE (protein
carboxyl methyltransferase; PCMT) &ifdns, Z

RENVEEZRRICAF VL, ZOBROEFENRA
I FEERRERETZ. Tabb, L-a-Asp & L-B-
AspDREDFEHGE X Y L-a-Asplllicfio€® s T itk -
TBEREEZREL T3, ZOAspEHioEEIcES T
24 V7B PIMTORE < A TRKEAIC LAY 7 A
ROXVEBBEERY VA VEPERL, BOETAD
AFEAERMBEENEL B I LHRENT 529,

S R MR DR S te T 3 D-Ser & 2 DR
REsE b 2 DAO DT BT S & A Dl L.
D-Serpia P =X k& U C{ERAT 2 NMDAZEEDOHE
BRAIE, A BRI B BE L T s, B
dE, B IR T A b a2 I 31 B A
EOBREBETFHRBCHIDE, ANV S I v —0Yy
£ 55T, D-Ser — DAO o A 7 175, MEEmZEH
MEELER T EVIEFTLEREL T3 (E8).
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ZD&H% TD-TI/BANAFT VAT L) OREREDIEA
kb, NMDA ZEMKOBEER ICHE-D  HatE
PR I ER I BV B HEMIESE 2 & ORI B HT
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