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MTH]I, an Oxidized Purine Nucleoside Triphosphatase,
Suppresses the Accumulation of Oxidative Damage of
Nucleic Acids in the Hippocampal Microglia during
Kainate-Induced Excitotoxicity

Kosuke Kajitani,' Hiroo Yamaguchi,' Yukihiko Dan,' Masato Furuichi,"> Dongchon Kang,’ and Yusaku Nakabeppu!
'Division of Neurofunctional Genomics, Department of Immunobiology and Neuroscience, Medical Institute of Bioregulation, 2Radioisotope Center,
Kyushu University, and *Department of Clinical Chemistry and Laboratory Medicine, Kyushu University Graduate School of Medical Sciences, Kyushu
University, Fukuoka 812-8582, Japan

Enhanced oxidative stress has been implicated in the excitotoxicity of the CNS, and 8-0xo-7,8-dihydro-guanine (8-0x0G), a major type of
oxidative damage in nucleic acids, was reported to be accumulated in the rat hippocampus after kainate administration. We herein
showed that the 8-0x0G levels in mitochondrial DNA and cellular RNA increased significantly in the CA3 subregion of the mouse
hippocampus 6-12 h after kainate administration but returned to basal levels within a few days. Laser-scanning confocal microscopy
revealed the 8-0x0G accumulation in mitochondrial DNA to be remarkable in CA3 microglia, whereas that in nuclear DNA or cellular RNA
was also detected in the CA3 pyramidal cells and astrocytes. 8-0x0G accumulation in cellular DNA or RNA should be suppressed by MutT
homolog 1 (MTH1) with 8-0xo-dGTPase (8-0x0-7,8-dihydro-2'-deoxyguanosine triphosphatase) activity and 8-0xoG-DNA glycosylase 1
(OGG1) with 8-0xoG DNA glycosylase activity. We thus examined the expression level of MTH1 and OGG1 in the mouse hippocampus
after kainate administration. The Mthl mRNA level decreased soon after kainate administration and then quickly recovered beyond the
basallevel, and a continuously increased MTH1 protein level was observed, whereas the Oggl mRNA level remained constant. MTH1-null
and wild-type mice exhibited a similar degree of CA3 neuron loss after kainate administration; however, the 8-0x0G levels that accumu-
lated in mitochondrial DNA and cellular RNA in the CA3 microglia significantly increased in the MTH1-null mice in comparison with
wild-type mice, thus demonstrating that MTH1 efficiently suppresses the accumulation of 8-0xoG in both cellular DNA and RNA in the
hippocampus, especially in microglia, caused by excitotoxicity.
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lowed by a delayed loss of pyramidal cells in the CA3 subregion of
hippocampus (Nadler, 1981; Ben-Ari, 1985).

The activation of kainate receptors induces various responses,
such as an increase of intracellular Ca** and the production of

Introduction

Glutamate, an excitatory neurotransmitter, plays an important
role in brain function; however, excessive amounts of glutamate
can cause neuronal damage through the massive activation of its

receptors (Olney, 1969; Nakanishi, 1992; Hollmann and Heine-
mann, 1994; Lerma, 2003). The molecular mechanism of the
excitotoxicity has been investigated using a potent agonist, kai-
nate (Shinozaki and Konishi, 1970; Olney et al., 1974). Kainate
administration to rodents produces epileptiform seizures fol-
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reactive oxygen species (ROS) (Coyle and Puttfarcken, 1993;
Wang et al., 2005). Lipid peroxidation has been implicated as a
major type of neuronal damage by ROS under excitotoxicity
(Bruce and Baudry, 1995; Waterfall et al., 1995); however, 8-oxo-
7,8-dihydro-guanine (8-0x0G), a major type of oxidative damage
in nucleic acids (Kasai and Nishimura, 1984), is also known to
accumulate in the rat brain after kainate administration (Lan et
al., 2000; Patel and Li, 2003). Oxidative damage in nucleic acids,
therefore, is also implicated to play a role in excitotoxicity.
8-0x0G can pair with adenine as well as cytosine, and thus
alter the genetic information in DNA or RNA (Tajiri et al., 1995;
Taddei et al., 1997). 8-0x0G in DNA or RNA is derived not only
from their direct oxidation but also from the incorporation of
8-0x0-7,8-dihydro-2'-deoxyguanosine triphosphate (8-oxo-
dGTP) or 8-oxo-GTP generated in nucleotide pools. In Esche-
richia coli, MutM excises 8-0xoG opposite cytosine in DNA
(Michaels et al., 1992), and MutT hydrolyzes 8-oxo-dGTP and
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8-o0x0-GTP to monophosphates (Maki and Sekiguchi, 1992; Tad-
dei et al., 1997). In mammals, 8-0xoG-DNA glycosylase 1
(OGGL1), as a functional homolog for MutM (Boiteux and Radi-
cella, 1999; Nishioka et al., 1999), and MutT homolog 1 (MTH1),
as a MutT homolog (Sakumi et al., 1993; Furuichi et al., 1994;
Kakuma et al., 1995), were identified.

A high degree of 8-0x0G accumulation occurs in the damaged
neurons of patients with various neurodegenerative diseases,
such as Parkinson’s disease (PD) (Shimura-Miura et al., 1999;
Zhang et al., 1999), Alzheimer’s disease (AD) (Nunomura et al.,
2001), or amyotrophic lateral sclerosis (Kikuchi et al., 2002). Fur-
thermore, the expression of MTH1 and OGGT1 significantly in-
creases in the substantia nigral neurons of PD patients (Shimura-
Miuraetal., 1999; Fukae et al., 2005) or in the entorhinal cortex of
AD patients (Furuta et al., 2001).

We recently showed that MTH1-null mice exhibited a greater
accumulation of 8-0x0G in the terminal fibers of dopamine neu-
rons in the striatum accompanied with an accelerated dysfunc-
tion of the terminal fibers after 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) administration, than wild-type mice
(Yamaguchi et al., 2005).

In the present study, we examined both the temporal and
spatial dynamics of 8-0xoG accumulation in the mouse hip-
pocampus after the systemic administration of kainate, and thus
found kainate to alter the MTH1 expression along with inducing
a significant increase in the 8-0x0G accumulation in CA3 micro-
glia. We further compared the extent of hippocampal damage

between MTHI1-null and wild-type mice after kainate
administration.
Materials and Methods

Antibodies. Mouse N45.1 mAb (1:100), which preferentially recognizes
8-0x0G in DNA, was obtained from JaICa (Fukuroi, Japan), and mouse
15A3 mAb (1:2400), which recognizes 8-0xoG in both DNA and RNA
was obtained from QED Bioscience (San Diego, CA). Rabbit anti-glial
fibrillary acidic protein (GFAP) polyclonal antibodies (1:15000), which
were used to identify astrocytes, were purchased from DakoCytomation
(Kyoto, Japan). Rabbit anti-voltage-dependent anion-selective channels
(VDAC) polyclonal antibodies (1:500) have been prepared previously
(Alam et al., 2003) and were used to identify mitochondria. Rat anti-
F4/80 mAb (CI:A3-1; 1:500), which were used to identify microglia, was
purchased from Serotec (Oxford, UK). Mouse anti-NeuN mAb (A60;
1:250) was purchased from Chemicon (Temecula, CA), and it was used
to identify neurons. Alexa Fluor-labeled second antibodies were ob-
tained from Invitrogen (Tokyo, Japan).

Animals. We previously established MthI gene knock-out mice (Tsu-
zuki et al., 2001; Sakumi et al., 2003). Heterozygous mice (Mth*’~) have
been backcrossed to C57BL/6] (Clea Japan, Tokyo, Japan) for >15 gen-
erations, thereby ensuring a standard C57BL/6] genetic background. For
the experiment examining pyramidal cell loss in hippocampus, Mth1 ™/~
(MTH1-null) and Mth1*/* (wild-type) male mice were obtained by
mating between the heterozygous mice. For the other experiments, the
MTHI1-null mice that were obtained by the mating of the heterozygous
mice, were bred only one generation to yield MTH1-null offspring, and
C57BL/6] mice were used as controls. All animals were maintained in an
air-conditioned, light time-controlled, specific pathogen-free room. The
handling and killing of all animals were done in accordance with national
prescribed guidelines, and ethical approval for the studies was granted by
the Animal Care and Use Committee of Kyushu University.

Experimental design and kainate treatment. Eight- to 10-week-old male
mice were used for this study. The mice were injected intraperitoneally
with either saline (vehicle) or kainate (Wako, Osaka, Japan) dissolved in
saline and then killed at various time points, ranging from 6, 12, 24, 72 h,
1 week, to 2 weeks after the injection. Kainate was administered at a dose
of 25 mg/kg for the experiment examining pyramidal cell loss in the
hippocampus, whereas it was administered at a dose of 30 mg/kg for the
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other experiments. To compare the degree of epileptiform seizures, we
recorded the seizure score for 1 h after kainate administration as follows:
0, no reaction; 1, arrest of motion; 2, myoclonic jerks of the head and
neck, with brief twitching movements; 3, unilateral clonic activity; 4,
bilateral forelimb tonic and clonic activity; 5, generalized tonic—clonic
activity with loss of postural tone including death from continuous con-
vulsion, according to the previously described criteria (Yangetal., 1997).

Tissue processing. The animals deeply anesthetized with pentobarbital
(30 mg/kg, i.p.) were perfused intracardially with saline followed by cold
4% paraformaldehyde (PFA) in 0.1 M PBS. The brains were removed,
immersed for 12 h in the same 4% PFA fixative at 4°C, and cryopro-
tected in 20, 30% sucrose in PBS for 48 h at 4°C. The brains were then
frozen and stored at —80°C until use. Serial coronal sections (40 wm
thickness) were cut on a cryostat, collected as free-floating sections in
PBS, and then were processed immediately for immunohistochemis-
try (IHC). For the immunohistochemical detection of NeuN, brain
samples were embedded in paraffin, and serial coronal sections (6 wm
thickness) were cut.

Immunohistochemistry. Free-floating sections with an appropriate pre-
treatment were incubated in Block Ace (Dainippon Pharmaceutical,
Osaka, Japan) for 30 min at room temperature (RT), and then were
incubated with each appropriately diluted primary antibody in 10%
Block Ace, at 4°C overnight. The rinsed sections were immersed in a
solution of 3% H,0, in methanol/PBS (1:1) for 5 min at RT, and then
were processed using a Vectastain ABC kit (Vector Laboratories, Burlin-
game, CA) with the proper biotinylated secondary antibody, and then the
peroxidase reaction product was detected using 3'3’-diaminobenzidine-
tetrahydrochloride (DAB) (Vector Laboratories). Paraffin sections were
deparaffinized and then were processed with the same treatment as free-
floating sections. Digital images were acquired using Axioskop2 Plus
(Carl Zeiss, Tokyo, Japan) equipped with an AxioCam.

Quantitative detection of 8-0x0G. To detect 8-0x0G in nuclear or mi-
tochondrial DNA and in cellular RNA, free-floating sections (40 uwm
thickness) were pretreated as described previously (Yamaguchi et al.,
2005). Briefly, to detect 8-0xoG in RNA, free-floating sections were di-
rectly subjected to IHC with the 15A3, without any pretreatment. To
detect 8-0x0G in the mitochondrial DNA rather than nuclear DNA, the 5
mg/ml RNase (Sigma-Aldrich, St. Louis, MO)-treated sections were di-
rectly subjected to IHC with the N45.1 mAb. To detect 8-0x0G in nuclear
DNA, the RNase-treated sections were washed in PBD (0.3% Triton X in
PBS) and immersed in H,O for 10 min. Furthermore, the sections were
treated with 2N HCl at RT for 30 min, thus denaturing the nuclear DNA,
and then the sections were treated with Tris-HCI, pH 7.5, for 10 min and
subjected to IHC with the N45.1 mAb. IHC for 8-0x0G was performed
with four coronal sections from each brain sample corresponding to
every first section of 10 serial sections (bregma, —2.54 mm to approxi-
mately —1.70 mm) (Franklin and Paxinos, 2001). All acquired digital
images were processed uniformly at a threshold in a grayscale mode to
subtract any background corresponding to the area without tissue by
Adobe Photoshop, version 7.0 (Adobe Systems, San Jose, CA). The in-
tensity of 8-0xoG immunoreactivity (IR) in a given area of CA3 and CA1
subregions was measured using the Image Gauge, version 3.2 (Fujifilm,
Tokyo, Japan). From each individual animal, four representative coronal
sections with two hippocampus formations corresponding to every first
section of 10 serial sections (bregma, —2.54 mm to approximately —1.70
mm) were measured, and the mean intensity of 8-0xoG IR per pixel was
calculated as an 8-0x0G index for each animal.

Counting NeuN-positive cells. The damage of pyramidal cells in hip-
pocampus was quantified by counting NeuN-positive cells in paraffin
sections (6 wm thickness). NeuN immunostaining was performed with
four coronal sections from each brain sample, corresponding to every
first section of 10 serial sections (bregma, —2.54 mm to approximately
—1.70 mm). All acquired digital images were processed uniformly at a
threshold in a grayscale mode to subtract any background corresponding
to the area without neurons by Adobe Photoshop, version 7.0, and then
immunoreactive nuclei in CA3 subregion were counted as NeuN-
positive pyramidal cells. A quantitative analysis was performed by an
individual unaware of the experimental treatments.
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Figure 1. Immunohistochemical detection of 8-0xoG in the hippocampus under excitotoxicity. Male C57BL/6J mice were

injected with 30 mg/kg kainate and then were killed at 6, 12, 24, and 72 h after the injection, and the brains were prepared for IHC
to detect 8-0x0G. A, The detection of 8-0xoG in nuclear DNA. Free-floating sections were treated with RNase and HCl before
incubation with N45.1 mAb to detect 8-0xoG in nuclear DNA. B, The detection of 8-0x0G in mitochondrial DNA. Free-floating
sections were treated only with RNase before incubation with N45.1 mAb to detect 8-oxoG in mitochondrial DNA. €, The detection
of 8-ox0G in cellular RNA. Free-floating sections were incubated with 15A3 mAb without any pretreatment to detect 8-0xoG in
RNA. Control mice were injected with saline. The panels on the left show a lower magnification (25 ), whereas a magnified view
of each CA3 subregion (100 X) is shown in the panels on the right. Further magnified views (400 X ) of the control (cont) and 12h
samples are shown in the bottom panels. Scale bars: left panels, 1 mm; right panels, 200 um; bottom panels, 200 Lm.

Laser-scanning confocal microscopy. Free-floating sections incubated
with a proper primary antibody were then further incubated with a
proper Alexa Fluor-labeled second antibody for 45 min at RT. The sec-
tions were incubated in a solution containing 0.05 pg/ml 4',6-
diamidino-2-phenylindole (DAPI) (Sigma-Aldrich) for 10 min at RT,
and mounted on slides with Vectashield (Vector Laboratories). Confocal
images were acquired under Eclipse TE300 (Nikon, Kanagawa, Japan)
equipped with the Radiance 2100 laser-scanning confocal microscope
system (Bio-Rad Laboratories, Hercules, CA). All sections from each
experimental animal and group to be compared were processed in
parallel.

Reverse transcription-PCR. Total RNA from the hippocampus of
C57BL/6] mice was prepared using ISOGEN (Nippongene, Tokyo, Ja-
pan). Reverse transcription-PCR (RT-PCR) for Mthl, Oggl, and Gapdh
mRNAs was performed as follows. First-strand cDNA, which was syn-
thesized using the First-Strand cDNA Synthesis kits (Amersham Biosys-
tems, Tokyo, Japan) according to the manufacturer’s instructions, was
subjected to PCR. PCR was performed according to a previously de-
scribed method (Ichinoe et al., 2004). Each PCR was performed under

x 100 (CA3,
- d . ) primer sequences used for PCR were as follows:

W ~ Mthl, mtYS-1, CTCCGCCCCGGGAAACT-
TTG, mt5-3, AACCACTGAGGGCGCATTTG;
Oggl, mO5-2, CCAGCTCTATTGCACTGT-
GTA, mO3-3, GCCATACATGGACATCCAG;
Gapdh, mGA5-1, CTGCCATTTGCAGTG-
GCAAAG, mGA3-1, TGGTATTCAAGAGAG-
TAGGGA. The primers were obtained from ei-
ther Greiner Japan (Tokyo, Japan) or Genenet
(Fukuoka, Japan). PCR products were sub-
jected to agarose gel electrophoresis, and the
band intensity on the gel stained with ethidium
bromide was measured using Image Gauge,
version 3.2.

Western blotting. Mouse hippocampi were
homogenized on ice in 200—-400 wul of lysis
buffer containing 50 mm Tris-HCI, pH 8.0, 150
mM NaCl, 1.0% NP-40, 0.5% sodium deoxy-
cholate, 0.1% SDS, and protease inhibitor mix-
ture (Nacalai tesque, Kyoto, Japan) using
Potter-type homogenizer. The lysates were cen-
trifuged at 100,000 rpm for 30 min, and then
the supernatant was recovered as hippocampal
lysates. The lysates were subjected to SDS-
PAGE (15%) followed by Western blotting us-
ing anti-MTH1 (3.0 pug/ml) (Kakuma et al.,
1995), according to the previously described
method (Tsuchimoto et al., 2001). After blot-
ting, the membranes were incubated with 0.5%
Ponceau S (MP Biomedicals, Ecshwege, Ger-
many) to quantitate the amount of protein on
the membranes. Recombinant mouse MTH1
(mMTHI1) expressed in E. coli BL21T cells car-
rying pET3a:mMTH]1 was used as a standard.
The amount of protein was measured using Im-
age Gauge, version 3.2.

HPLC with tandem mass spectrometry analy-
sis. The nuclear DNA prepared from the tissue
specimens was subjected to an HPLC with tan-
dem mass spectrometry (HPLC-MS/MS) anal-
ysis of 8-0x0G, according to a previously de-
scribed method (Tsuruya et al., 2003). The
brain, except for the cerebellum and olfactory
bulb, was separated into two regions, namely,
the cerebral cortex containing hippocampus
and another region containing the thalamus,
midbrain, and brainstem, before DNA
extraction.

Statistical analysis. The data are expressed as
means = SEM. All data were compared using
the Mann—-Whitney U test. Statistical significance was accepted at a level
of p < 0.05.

Results

Systemic administration of kainate induces 8-0x0G
accumulation in cellular DNA and RNA in CA3 subregion of
mouse hippocampus

Accumulation of 8-0x0G detected by HPLC-electrochemical de-
tector, was reported to be observed in DNA extracted from the rat
brains after kainate administration, thus indicating that the oxi-
dation of nucleic acid might play a role in the excitotoxicity (Lan
et al., 2000; Patel and Li, 2003). To determine the temporal and
spatial accumulation of 8-0x0G in the mouse brain after systemic
kainate administration, which produced epileptiform seizures
followed by a delayed loss of pyramidal cells in the CA3 subregion
of hippocampus as reported previously (Nadler, 1981; Ben-Ari,
1985) (supplemental Fig. 1, available at www.jneurosci.org as
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supplemental material), we performed quantitative IHC for
8-0x0G.

C57BL/6] male mice were injected i.p. with kainate (30 mg/
kg) to induce epileptiform seizures, and then were killed at vari-
ous time points, and the brain sections were subjected to IHC to
detect 8-0x0G in cellular DNA and RNA (Fig. 1). To distinguish
8-0x0G accumulated in nuclear DNA, in mitochondrial DNA,
and in cellular RNA, we applied three different pretreatments of
brain sections as we previously established (Yamaguchi et al,,
2005) (supplemental Fig. 2, available at www.jneurosci.org as
supplemental material). In samples pretreated with RNase and
HCI, the N45.1 mAb exhibited 8-0x0G IR in DNA, preferentially
in nuclear DNA (Fig. 1A). Weak but distinct IR for 8-0x0G in
nuclei was observed in the control hippocampus, and its intensity
was increased across the whole hippocampus 6 h after kainate
administration. Twelve hours after kainate administration, how-
ever, the intensity of 8-0xoG IR apparently increased in regions
other than the nuclei of the pyramidal cell layer in the CA3 sub-
region, thus indicating that 8-oxoG accumulated highly in cyto-
plasmic DNA, such as the mitochondrial DNA, in addition to
nuclear DNA. Such 8-0x0G IR began to decrease after 24 h, and it
returned to control levels after 72 h. In samples pretreated with
RNase but not HCI, the N45.1 mAb preferentially detected
8-0x0G in mitochondrial DNA (Fig. 1B). 8-0x0G accumulation
in mitochondrial DNA was the most evident in the CA3 subre-
gion 6—12 h after kainate administration. Under such conditions,
the cytoplasmic IR for 8-0xoG was likely localized mostly in re-
gions adjacent to the pyramidal cell layer in the CA3 subregion,
and there was no apparent increase of 8-0xoG IR in the nuclei of
CA3 pyramidal cells. A strong 8-0xoG IR was detected in the cells
with an activated microglia-like shape, which were distributed in
the vicinity of the CA3 subregion 12-24 h after kainate adminis-
tration (Fig. 1 B, bottom panel). Such a strong 8-oxoG IR with
microglia-like shape was also observed in Fig. 1 A (12, 24 h, bot-
tom panel). Finally, 8-0xoG accumulated in RNA detected by
15A3 mAD was the most remarkable in the CA3 pyramidal cells
and in the microglia-like cells in the vicinity of CA3 subregion at
6 h after kainate administration (Fig. 1C).

The intensities of 8-0x0G IR in the CA1 and CA3 subregions
shown in Figure 1, B and C, were separately digitized and the
8-0x0G index in each region is shown as a bar graph (Fig. 2). As
seen in Figure 1 A, the IR for 8-0x0G in nuclear DNA could hardly
be digitized because more prominent IR was found in regions
other than the nuclei of CA3 pyramidal cells. The accumulation
of 8-0x0G in the mitochondrial DNA was more evident in CA3
than in the CA1 subregion, and the 8-0x0oG index in the former,
which peaked 12 h after kainate administration, was >150% of
the level seen in the control (Fig. 2A). The accumulation of
8-0x0G in RNA peaked 612 h after kainate administration, and
the 8-0x0G index increased to >120% of the control level (Fig.
2C). Again, the accumulation of 8-0x0G in RNA was also more
evident in the CA3 than in the CA1 subregion.

We next performed multi-immunofluorescence microscopy
with a laser-scanning confocal microscope using brain samples
from control mice and those 12 h after kainate administration, to
specify the types of cells that accumulate 8-0x0G in DNA or RNA
under the excitotoxicity. As shown in Fig. 3A, in CA3 subregion
of the control brain, a higher level of 8-0x0G IR was observed in
the nuclei of GFAP-positive astrocytes than in pyramidal cells.
After kainate administration, the level of 8-0x0G IR apparently
increased in the nuclei of both the astrocytes and pyramidal cells.
8-0x0G IR in the mitochondrial DNA was barely detectable in the
control mice, and the kainate administration significantly in-
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Figure2. Kinetics of 8-oxoG accumulation in hippocampus after kainate administration. IHC
for 8-0x0G was performed with four coronal sections from each brain sample corresponding to
every first section of 10 serial sections (bregma, —2.54 mm to approximately —1.70 mm) as
shown in Figure 1, and 8-oxoG indexes in the CA3 and CA1 subregions of bilateral hippocampi
were determined. 4, The accumulation of 8-0xoG in mitochondrial (Mt) DNA in the CA3 subre-
gion. B, The accumulation of 8-0xoG in mitochondrial DNA in the CA1 subregion. C, The accu-
mulation of 8-0x0G in the cellular RNA in CA3 subregion. D, The accumulation of 8-0x0G in
cellular RNA in CA1 subregion. The relative value of each 8-oxoG index to that of the control is
shown asa bar graph with the means == SEM (n = 4 for each time point, exceptn = 5for 24 h).
*p < 0.05, Mann—Whitney U test.

creased the level of 8-0x0G IR in mitochondrial DNA (Fig. 3B).
As seen in Figure 3Bf, the distribution of 8-0x0G IR appears to be
in cells with processes such as activated microglia. Strong VDAC
IR was detected in the soma of the CA3 pyramidal cells, thus
indicating an abundance of mitochondria in the cells; however,
the strong 8-0x0G IR tends to colocalize with VDAC IR in regions
other than the soma of CA3 pyramidal cells (Fig. 3Bh,Bj). F4/80-
positive microglia were rarely observed in the control brain; how-
ever, F4/80 IR apparently increased within the CA3 subregion
after kainate administration, thus indicating the activation of mi-
croglia. As shown in Figure 3, Ch and Cj, 8-0x0G IR in mitochon-
drial DNA was largely colocalized with the F4/80 IR, thus indi-
cating that 8-oxoG accumulates mostly in the mitochondrial
DNA in the microglia under excitotoxicity. A weak 8-0xoG IR in
cellular RNA was detected in the soma of CA3 pyramidal cells in
the control brain, and the level also increased after kainate ad-
ministration (Fig. 3D). Furthermore, the increased 8-0xoG IR in
the cellular RNA was partially colocalized with VDAC IR, thus
suggesting that 8-0xoG also accumulates in mitochondrial RNA.
The GFAP-positive structures, namely, processes of astrocytes,
were rarely merged with 8-0x0G IR in the mitochondrial DNA or
cellular RNA (data not shown).

From these results, we concluded that the excitotoxicity,
caused by the systemic administration of kainate, increases the
oxidative stress restricted to the CA3 subregion in the hippocam-
pus. Consequently, 8-0xoG accumulates mostly in mitochon-
drial DNA and cellular RNA and to a lesser extent in nuclear DNA
and in microglia, astrocytes, as well as pyramidal cells in the CA3
subregion.

Alteration of Mth1 gene expression in the mouse
hippocampus after kainate administration

The level of 8-0x0G accumulating in the CA3 subregion, espe-
cially in cellular DNA after kainate administration apparently
decreased after 24 h, and then it returned to the control level after
72 h, thus suggesting that the 8-0x0G accumulating in cellular
DNA was thus efficiently removed by such repair enzymes as
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OGG1 with 8-0xoG DNA glycosylase. In
situ hybridization revealed that Mthl
mRNA, encoding an enzyme that hydro-
lyzes 8-oxo-dGTP or 8-0xoGTP to mono-
phosphate form, is expressed in the mouse
hippocampus (Yamaguchi etal., 2005). To
examine the expression levels of Mth1 and
Oggl mRNA in the hippocampus with or
without excitotoxicity, we performed
semiquantitative RT-PCR analysis using
RNA isolated from a dissected hippocam-
pus (Fig. 4A). The level of Mthl mRNA
rapidly decreased to the 50% level seen in
the control from 4 to 12 h after kainate
administration; thereafter, it gradually re-
covered until it exceeded the control level
after 72 h. In contrast, the expression level
of Oggl mRNA was barely altered after
kainate administration (Fig. 4 B,C). These
results suggest that the expression of the
Oggl and Mthl genes in the hippocampus
were differentially regulated in response to
the excitotoxicity caused by kainate.

Next, the expression levels of MTH1
protein were examined by Western blot-
ting of the hippocampal extracts prepared
from mice with or without excitotoxicity
(Fig. 5). An 18 kDa MTH]1 protein, which
comigrated with the recombinant mouse
MTHI1 protein, was detected in wild-type
but not in the MTHI1-null mice samples.
In the control samples, MTH1 protein was
barely detectable; however, its expression
level gradually increased to more than
fivefold within 72 h after kainate adminis-
tration and then remained high for a week.
We thus concluded that the excitotoxicity
initiated by kainate administration results
in an increase of MTHI1 protein expression
in the mouse hippocampus.

MTH]1 deficiency does not aggravate

the degeneration of CA3 pyramidal

cells in the hippocampus induced by
kainate administration

To clarify the significance of an increased
expression of MTH1 in hippocampus dur-
ing excitotoxicity, we compared the extent
of the degeneration or loss of the CA3 py-
ramidal cells in hippocampus between
wild-type and MTH1-null mice after kai-
nate administration. Wild-type and
MTH1-null mice were administered with
25 mg/kg kainate, and the extent of their
epileptiform seizure was scored for 1 h. As
shown in Fig. 6 A, wild-type and MTH1-
null mice exhibited almost an identical
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Figure3. Localization of 8-0x0G accumulated in the CA3 subregion under the excitotoxicity. Male (57BL/6) mice were injected

with saline (control; a-d, i) or 30 mg/kg kainate (kainate; e h, j) and then were killed at 12 h after the injection, and brain
sections were subjected to multi-immunofluorescence microscopy with a laser-scanning confocal microscope. 4, The localization
of nuclear 8-oxoG in astrocytes and CA3 pyramidal cells. Free-floating sections treated with RNase and HCl were incubated with
DAPI(a, e; blue), N45.1 mAb (b, f; red), and anti-GFAP antibody (c, g; green), and their merged images are shown (d, h, i, j). B, The
localization of mitochondrial (Mt) 8-0xoG in the CA3 subregion. Free-floating sections treated with RNase were incubated with
DAPI(a, e; blue), N45.TmAb (b, f; red), and anti-VDACantibody (c, g; green), and their merged images are shown (d, h, i,j). C, The
localization of mitochondrial 8-0xoG in microglia. Free-floating sections treated with RNase were incubated with DAPI (a, e; blue),
N45.1mAb (b, f; red), and anti-F4/80 antibody (c, g; green), and their merged images are shown (d, h, i, j). D, The localization of
8-0x0G in cellular RNA. Free-floating sections without any treatment were incubated with DAPI (a, e; blue), 15A3 mAb (b, ; red),
and anti-VDACantibody (c, g; green), and their merged images are shown (d, h, i, j). Scale bars: a— h, 50 m; i, j (magnification),
10 um.

time course and extent of seizure after kainate administration.
Furthermore, the two groups of mice exhibited the same survival
rate (89%) under excitotoxicity within a week. We next examined
the number of NeuN-positive cells in the CA3 subregion, which
represent undamaged pyramidal cells, 1 week after kainate ad-
ministration. The number of NeuN-positive cells decreased to

the 60% level of the control both in wild-type and MTH1-null
mice (Fig. 6 B). Cresyl violet staining also revealed a similar extent
of degeneration of the CA3 pyramidal cells between the two
groups (data not shown), and we thus concluded that MTH]1
deficiency does not aggravate the degeneration of CA3 pyramidal
cells in the hippocampus under excitotoxicity.
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Figure 4.  Altered expression of Mth1 and Ogg7 mRNA in the mouse hippocampus under

excitotoxicity. A, RT-PCR analyses of Mth7 and Ogg7 mRNA. RNA was isolated from a dissected
hippocampus from the mice at the time noted after the injection of kainate (30 mg/kg) or saline
(control). RT-PCR for Mth1, Ogg1, and Gapdh mRNA was performed as described in Materials
and Methods. B, The alteration of Mth7 mRNA level after kainate administration. The amount of
Mth1 mRNA determined by RT-PCR was normalized by that of Gapdh mRNA at each time point,
and the relative amount of Mth7 mRNA at each time point to that of the control is shown in the
bar graph with mean == SEM (n = 3 mice per group). C, The alteration of Ogg 7 mRNA level after
kainate administration. The relative amount of Ogg7 mRNA determined as described in B is
shown in the bar graph.

MTH]1 deficiency augments the kainate-induced
accumulation of 8-0x0G in the hippocampus

To evaluate the role of MTHI1 against the accumulation of
8-0x0G in mouse hippocampus under the excitotoxicity, we
compared the levels of 8-0x0G in brains from wild-type and
MTH1-null mice after kainate administration (30 mg/kg). First,
nuclear DNA was prepared from two regions of the brains, the
cerebral cortex containing hippocampus and another region that
contains the thalamus, midbrain, and brainstem, and then it was
subjected to an HPLC-MS/MS analysis to quantify the amount of
8-0x0G in nuclear DNA (Fig. 7). In cerebral cortex with hip-
pocampus, the wild-type mice exhibited a 1.5-fold increase in the
contents of 8-0x0G 24 h after kainate administration, whereas the
MTH1-null mice exhibited a twofold increase in the contents of
8-0x0G at the same time. The increased contents of 8-0x0G in
both groups decreased to the control levels within 2 weeks. Sim-
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Figure 5. Increased expression of MTH1 protein in the hippocampus under the excitotoxic-

ity. A, Western blotting analysis of MTH1 protein. Whole-cell extracts prepared from the mouse
hippocampus prepared at 12, 24, 72 h, and 1 week after kainate administration were subjected
to a Western blotting analysis with anti-MTH1 and anti- 3-actin. The Western blotting results
are shown in the top (MTH1) and middle (3-actin) panels. The bottom panel is a Ponceau
S-stained filter before incubation with the antibodies to confirm sample loading. Extracts from
MTH1-null mouse (KO) and recombinant mouse MTH1 (mMTH1) were also subjected to West-
ern blotting. The arrowhead indicates mMTH1. B, The increased expression of MTH1 protein in
the hippocampus after kainate administration. The amount of MTH1 protein determined by
Western blotting was normalized by that of 3-actin at each time point, and the mean value of
the relative amount of MTH1 protein at each time point to that of the control is shown in the bar
graph. n = 2 mice per group.

ilar results were obtained from the other brain region containing
thalamus, midbrain, and brainstem; however, no such increase in
the 8-0x0G contents was observed in the nuclear DNA prepared
from the cerebellum and liver after kainate administration (data
not shown).

Based on the results of the HPLC-MS/MS analysis, we next
immunohistochemically compared the extent of 8-0xoG accu-
mulation in the mitochondrial DNA and cellular RNA in the
hippocampus between wild-type and MTH1-null mice (Figs. 8,
9). As shown in Figures 8 A and 9A, 24 h after kainate adminis-
tration, the 8-0x0G index in mitochondrial DNA in wild-type
CA3 subregion increased to 140% of the level seen in the control
and returned to near control levels within 72 h, whereas that in
MTH1-null mice reached 200% of the level seen in the control,
and this level was significantly higher than the level in wild type
(p < 0.05). Seventy-two hours after kainate administration, the
8-0x0G index in MTHI1-null mice still remained significantly
higher than those in the wild-type or the control mice. Essentially
similar results were observed in the CA1 subregion. As shown in
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Figure 6.  MTH1 deficiency does not aggravate the degeneration of CA3 pyramidal cells in

hippocampus induced under the excitotoxicity. A, Seizure responses of MTH1-null and wild-
type mice after kainate administration. Every 5 min for 1 h after kainate administration (25
mg/kg, i.p.), observed seizures were scored as described in Materials and Methods, and their
mean values with SEM at each time point are plotted. Nine mice in each group were observed
and scored. Closed circle, Wild-type mice; open circle, MTH1-null mice. One of nine mice in each
group died within 2 h. B, MTH1-null mice did not exhibit an accelerated degeneration of CA3
pyramidal cells under excitotoxicity. The mice were killed 7 d after kainate administration (25
mg/kg, i.p.), and then brain sections were prepared for NeuN immunohistochemistry. The mean
number of NeuN-positive pyramidal cells in CA3 subregion of four coronal sections from each
brain sample, corresponding to every first section of 10 serial sections (bregma, —2.54 mm to
approximately —1.70 mm) are shown in the bar graph with SEM. Filled bar, Wild-type mice;
open bar, MTH1-null mice. Control mice injected with saline, n = 4; kainate-injected mice, n =
7 for each group.

Figures 8 Band 9B, the 8-0x0G index in cellular RNA in wild-type
CA3 subregion slightly increased to 120% of the level seen in the
control 24 h after kainate administration and returned to the
control level within 72 h, whereas the MTH1-null mice reached
150% of the level seen in the control, and this level was signifi-
cantly higher than the level in wild type ( p < 0.05). Again, 72 h
after kainate administration, the 8-0xoG index in MTH1-null
mice remained higher than those in the wild-type or the control
mice. Similar results were observed in the CAl subregion. It is
noteworthy that the 8-0xoG IRs in both mitochondrial DNA and
cellular RNA observed in MTH1-null mice apparently exhibited
an activated microglia-like shape with multiple processes (Fig.
8C). In the CA3 subregion, there was no significant difference in
the density of the F4/80-positive microglia between the MTH1-
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Figure7.  HPLC-MS/MS analyses of 8-oxoGaccumulated in nuclear DNA prepared from brain

tissues after kainate administration. MTH1-null and wild-type mice were killed at 24 h, 1 week,
and 2 weeks after kainate administration (30 mg/kg, i.p.), and nuclear DNA was prepared from
the cerebral cortex containing the hippocampus (4) and another brain region containing the
thalamus, midbrain, and brainstem (B). The 8-0xoG content in each DNA sample was deter-
mined by an HPLC-MS/MS analysis, and the mean number of 8-oxoG residues per 10° guanine
residues is shown in the bar graph with SEM. There was no statistically significant difference
between the data from the wild-type and MTH1-null mice. Filled bar, Wild-type mice; open bar,
MTH1-null mice. Control mice injected with saline, n = 11; kainate-injected mice, n = 3, for
each time point.

null and wild-type mice, at 72 h after kainate administration
(data not shown). As a result, we concluded that MTH1 effi-
ciently suppresses the accumulation of 8-0x0G in cellular DNA
and RNA in the hippocampus under excitotoxicity, and such
suppression occurred most efficiently in the mitochondrial DNA
and cellular RNA of the CA3 microglia.

Discussion

In the present study, we demonstrated that the accumulation of
8-0x0G in the nuclear and mitochondrial DNA or cellular RNA
significantly and transiently increased in the hippocampus after
the systemic administration of kainate. Accumulation of 8-0xoG
was observed in the microglia and astrocytes as well as in CA3
pyramidal cells in the hippocampus, and the most significant
accumulation was seen in the mitochondrial DNA of the CA3
microglia. In the hippocampus, the expression of MTH1 first
transiently decreases, and then it increases after the accumulation
of 8-0x0G after kainate administration. MTH1 deficiency does
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residues) from several hours to 72 h after
kainate administration (Lan et al., 2000;
Patel and Li, 2003). In the present study,
we determined the contents of 8-0x0G in
nuclear DNA prepared from the cerebral
cortex containing the hippocampus by
HPLC-MS/MS analysis. In the nuclear
DNA, a 1.5- to 2-fold increase of 8-0x0G
contents (four to five residues of 8-oxoG
per 10° guanine residues) were detected
24 h after kainate administration; how-
ever, the level of 8-0x0G was much lower
than that seen in previous reports. Because
we detected more 8-0x0G IR in the mito-
chondrial DNA than in nuclear DNA in
the hippocampus after kainate adminis-
tration, the higher 8-0xoG contents in the
- previous reports most likely reflect the ac-
cumulation of 8-0x0G in the mitochon-
drial DNA.

With refined immunohistochemical
approaches, we demonstrated that 8-oxoG
transiently accumulated in the microglia
and astrocytes as well as in CA3 pyramidal
cells in the hippocampus under excitotox-
icity, and among them the 8-0x0G accu-
mulation was the most significant in the
mitochondrial DNA and cellular RNA in
activated microglia. 8-0xoG accumulation
in mitochondrial DNA and cellular RNA
under excitotoxicity is significantly higher
in MTHI-null than in wild-type hip-
pocampus, and it is the most remarkable

Figure 8.

not aggravate the kainate-induced degeneration of the CA3 py-
ramidal cells; however, it significantly accelerates the accumula-
tion of 8-0x0G in the hippocampus, especially in the CA3 micro-
glia under excitotoxicity. The present study thus demonstrated
that MTHI1 suppresses the accumulation of 8-0x0G in the hip-
pocampus under excitotoxicity.

DNA fragmentation has been observed in the hippocampal
neurons after kainate administration, and thus ROS generated by
excitotoxicity has been implicated in DNA damage (Kasof et al.,
1995; Weiss et al., 1996). Until today, however, there have been
only two previous studies reporting the 8-0xoG contents in total
cellular DNA extracted from rat hippocampus, amygdala/pyri-
form cortex, and thalamus to increase by severalfold in compar-
ison with the control (5-10 residues of 8-0xoG per 10° guanine

MTH1 deficiency augments the kainate-induced accumulation of 8-0xoG in the hippocampus. Wild-type (WT) and
MTH1-null mice (KO) were injected with kainate (30 mg/kg, i.p.) or saline (control), and at 24 h and 72 h after kainate adminis-
tration, brains were removed and coronal sections were subjected to IHC. A, The accumulation of 8-0x0G in mitochondrial DNA in
the hippocampus. Free-floating sections treated with only RNase were subjected to IHC with N45.1 mAb. B, The accumulation of
8-0x0G in cellular RNA in the hippocampus. Free-floating sections without pretreatment were subjected to IHC with 15A3 mAb. C,
The accumulation of 8-0xoG in microglia-like cells in CA3 under excitotoxicity. Magnified views (100 <) of the CA3 subregions
from A (24 h) [8-0xoG in mitochondrial (Mt) DNA] and B (24 h) (8-oxoG in RNA) are shown. Scale bars: A4, B, 500 m; €, 200 pem.

in microglia (Fig. 8), whereas the nuclear
8-0x0G accumulation in the MTH1-null
cerebral cortex was slightly higher than
that in wild type (Fig. 7). Because MTH1
efficiently hydrolyzes 8-0xo-GTP, as well
as 8-0xo-dGTP, to eliminate them from
the nucleotide pools (Hayakawa et al.,
1999), the increased accumulation of
8-0x0G in MTHI1-null mice must result
from the incorporation of 8-oxo-dGTP
into DNA or 8-oxo-GTP into RNA, re-
spectively. As a result, the slightly in-
creased nuclear 8-0xo0G in the MTH1-null
cerebral cortex is thought to be derived
from such mitotic cells as astrocytes and
microglia but not postmitotic neurons. In
contrast, mitochondrial DNA is replicated even in the postmi-
totic neurons as well as in the astrocytes and microglia, and RNA
is always synthesized in living cells, therefore, the predominant
accumulation of 8-0xoG in mitochondrial DNA and cellular
RNA especially in microglia of MTH1-null mice indicates that
kainate may increase the ROS production in microglia as well as
in neurons.

Three pathways have been proposed for the production of
ROS in the CA3 subregion under the kainate-induced excitotox-
icity; activated kainate receptor induces the influx of cations, and
especially Ca™ activates nitric oxide synthase, whose product,
NO, reacts with O?~ to produce ONOO ~, whereas kainate itself
reduces the intracellular level of glutathione, an antioxidant. Fi-
nally, kainate induces the release of glutamate, which also en-
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kainate (Coyle and Puttfarcken, 1993; Flo- Z * CA3 ] * CA1 .
reani et al., 1997; Wang et al., 2005). Such g i ; =
production of ROS in the CA3 subregions &TiB £15
of hippocampus was confirmed from 6 to B0 g 0
12 h after kainate administration by the éus T
use of dihydroethidium (K. Kajitaniand Y. 5 g
Nakabeppu, unpublished observations). i © 0
It has been hypothesized that kainate conral =
exerts its excitotoxicity through the
AMPA /kainate receptors in neurons of the B 2 - 250 s
hippocampus. It has recently been re- % 20 ? < 20
ported, however, that microglia also equip £ s [—‘ = ;
AMPA/kainate receptors (GluR2-5, -7), g % o
which induce an inward current and pro- 5 10 210
duction of cytokine such as TNF-a by % os n ﬂ ‘,% 05 ﬂ
binding with kainate (Streit et al., 1999; ® ; 3 6
Noda et al., 2000). Because CA3 pyramidal lcomml comm'
cells are not damaged at 6 h after kainate
administration (supplemental Fig. 1, avail- Figure 9.  Kinetics of 8-0xoG accumulation in hippocampus of MTH1-null (KO) mice and wild-type (WT) mice after kainate

able at www.jneurosci.org as supplemental
material), when the microglia started ac-
cumulating 8-0x0G, kainate may directly
activate the microglia through their
AMPA /kainate receptors to produce ROS,
and then microglia may later proliferate as
an inflammatory response to the damaged
CA3 neurons. The remarkable accumulation of 8-0x0G in the
microglia is therefore likely caused by ROS produced down-
stream of the AMPA/kainate receptors accompanied by the pro-
liferation of microglia. The responses of non-neuronal cells such
as microglia, astrocytes, and endothelial cells in the early stages of
neurodegeneration may be neuroprotective; however, in the late
phases, they may lead to the entry of peripheral inflammatory
cells into the brain and promote neurodegeneration (Ke and Gib-
son, 2004). In the present study, we could find no accelerated
dysfunction or cell death in the hippocampus attributable to the
increased accumulation of 8-0x0oG in MTH1-null microglia as
well as in the CA3 pyramidal cells a week after kainate adminis-
tration. Because it has been shown that kainate-induced excito-
toxicity often results in hippocampal sclerosis with recurrent
spontaneous seizures within a couple months, in which gliosis
may play an important role (Nadler, 1981; Ben-Ari, 1985; Fisher
etal., 1998), it is thus necessary to conduct a long-term observa-
tion after kainate administration, to evaluate the effects of an
increased accumulation of 8-0x0G in the MTH1-null hippocam-
pus, especially in microglia.

The level of Mthl mRNA transiently decreased soon after kai-
nate administration; however, its level increased when the con-
tents of 8-0xoG in the DNA and RNA decreased. The level of
mRNA for OGGI, which excises 8-0xoG in DNA, remained con-
stant throughout the experiment. Kainate has been reported to
transiently decrease the levels of several types of mRNAs (Garcia
etal,, 1997; Kofler et al., 1997; Tsunashima et al., 1997; Gorecki et
al.,, 1998). The biological significance of the transient decrease of
such mRNAs is not certain; however, it is plausible that oxidative
stress under the excitotoxicity accelerates the degradation of cer-
tain types of mRNAs. In contrast, the level of MTH1 protein
slowly and continuously increased in the hippocampus, and the
increased level of MTHI1 protein persisted for a week. The in-
crease of the MTH1 protein level may be attributed to the sup-
pression of its degradation or an increased translation of Mthl
mRNA. Our results indicate that the excitotoxicity preferentially

administration. A, The 8-oxoGindexes in CA3 and CA1 subregions of hippocampi were determined from data shown in Fig. 84, and
the relative value of each 8-oxoG index to that of the control is shown as a bar graph with the means = SEM [control mice injected
with saline (n = 4); kainate-injected mice (n = 5—6 mice)]. B, The 8-oxoG indexes in CA3 and CA1 subregions of bilateral
hippocampi were determined from data shown in Fig. 8B, and the relative value of each 8-0xoG index to that of the control is
shown as a bar graph with the means == SEM [control mice injected with saline (n = 4); kainate-injected mice (n = 5— 6 mice)].
*p < 0.05, Mann—Whitney U test. Mt, Mitochondrial.

causes the oxidation of dGTP and GTP in the nucleotide pools in
comparison with the direct oxidation of guanine in DNA or RNA.
Because GTP functions as an essential regulatory molecule in
various biochemical reactions such as translation or signal trans-
duction (Sprang, 1997), the oxidation of GTP in the nucleotide
pool may alter the stability of a subset of mRNAs or the efficiency
of their transcription or translation.

We reported that human MTHI1 suppresses mitochondrial
dysfunction and cell death caused by H,O, (Yoshimura et al.,
2003); furthermore, we demonstrated that MTH1 suppresses the
transient increase of 8-0xoG in mitochondrial DNA in the dopa-
minergic nerve terminals in mouse striatum after MPTP admin-
istration, and it protects the nerve terminals (Yamaguchi et al.,
2005). In the present study, however, we barely observed the
protective role of MTH1 against the degeneration of CA3 pyra-
midal cells under excitotoxicity. The neurons are postmitotic;
thus, there is little chance to incorporate 8-0xo-dGTP into their
nuclear DNA. Even if there is a direct oxidation of guanine in
DNA, OGGI can efficiently repair the oxidized base (Boiteux and
Radicella, 1999; Nishioka et al., 1999). Furthermore, 8-0x0G,
which accumulated in the mitochondrial DNA of microglia in the
MTHI1-null hippocampus, significantly decreased within 72 h
after kainate administration, thus suggesting that 8-oxoG in the
mitochondrial DNA incorporated from the nucleotide pool can
be efficiently repaired by the OGG1-initiated base excision repair.

We previously reported that lung tumors spontaneously de-
veloped in OGG1-null mice, in which 8-0x0G was found to ac-
cumulate in their genomes. We later found that no tumor was
formed in the lungs of mice lacking both OGG1 and MTH]I,
despite the increased accumulation of 8-0x0G in the mice. These
results suggest that an accumulation of large amount of 8-oxo-
dGTP and 8-oxo-GTP in nucleotide pools or 8-0x0G in cellular
DNA and RNA attributable to a lack of both MTH1 and OGGl1
may accelerate cell death, and thus cancer stem cells lacking both
OGG!1 and MTH1 may not survive to produce large tumors (Sa-
kumi etal., 2003). It is expected that neurons or microglia lacking
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both OGG1 and MTHI1 are therefore more vulnerable to excito-
toxicity, and such experiments are now underway in our
laboratory.
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