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Abstract 
In mammals, including humans, MTH1 with 8-oxo-dGTPase and OGG1 with 8-oxoguanine DNA 
glycosylase minimize 8-oxoguanine accumulation in genomic DNA. We investigated age-related 
alterations in behavior, 8-oxoguanine levels, and neurogenesis in the brains of Mth1/Ogg1-double 
knockout (TO-DKO), Ogg1-knockout, and human MTH1-transgenic (hMTH1-Tg) mice. Spontaneous 
locomotor activity was significantly decreased in wild-type mice with age, and females consistently 
exhibited higher locomotor activity than males. This decrease was significantly suppressed in female 
but not male TO-DKO mice and markedly enhanced in female hMTH1-Tg mice. Long-term memory 
retrieval was impaired in middle-aged female TO-DKO mice. 8-Oxoguanine accumulation significantly 
increased in nuclear DNA, particularly in the dentate gyrus (DG), subventricular zone (SVZ) and major 
island of Calleja (ICjM) in middle-aged female TO-DKO mice. In middle-aged female TO-DKO mice, 
neurogenesis was severely impaired in SVZ and DG, accompanied by ICjM and DG atrophy. Conversely, 
expression of hMTH1 efficiently suppressed 8-oxoguanine accumulation in both SVZ and DG with 
hypertrophy of ICjM. These findings indicate that newborn neurons from SVZ maintain ICjM in the adult 
brain, and increased accumulation of 8-oxoguanine in nuclear DNA of neural progenitors in females is 
caused by 8-oxo-dGTP incorporation during proliferation, causing depletion of neural progenitors, 
altered behavior, and cognitive function changes with age. 
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Introduction 
 
During ontogenesis, neural progenitors divide and proliferate from the embryonic stage to the immediate 
postnatal stage, differentiating into neurons that lose their ability to divide and construct neural networks 
[1]. Substantial energy is required to maintain basic brain function and is supplied by consuming large 
amounts of oxygen and glucose via oxidative phosphorylation in mitochondria [2]. However, highly 
reactive oxygen species (ROS), including superoxide anions, hydrogen peroxide or hydroxyl radicals, 
are generated through reduction of oxygen by electrons leaked from the electron transport chains in 
mitochondria [3,4]. Reactive nitrogen species (RNS) such as nitric oxide (NO) are physiologically 
generated by neural excitation or during the inflammatory responses of glial cells, which are activated 
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during infection or inflammation in the brain. In the presence of superoxide anions, which are also 
formed by glial cells, NO can be converted into peroxynitrite, a highly reactive species. A range of 
defense mechanisms minimize the toxic effects of reactive species, including antioxidant enzymes, 
such as superoxide dismutase (SOD), catalase and glutathione peroxidase. However, the brain is 
constantly exposed to endogenous reactive species produced during normal brain function [5]. 

Neurons need to survive and function throughout the life of the individual. However, postmitotic 
neurons are known to be lost owing to dysfunction associated with aging, particularly via oxidative stress 
[5]. Consequently, several defense mechanisms function to retain neural networks, including the supply 
of newborn neurons from neural progenitor cells in the adult brain [6,7]. Despite the many defense 
mechanisms evolved by eukaryotic cells, various oxidized lipids, proteins, carbohydrates and nucleic 
acids have been found to accumulate in the brains of humans and non-human animals during aging, 
and under pathological conditions [8,9]. Among all nucleobases, guanine is the most susceptible to 
oxidation, and is modified to 8-oxo-7,8-dihydro-guanine (8-oxoG), which is one of the major oxidized 
bases in the nucleotide pool or DNA, and is known to be highly accumulated in patient brains with aging-
related neurodegenerative diseases, including Alzheimer’s disease (AD), Parkinson’s disease and 
Huntington’s disease [10].  

8-OxoG can pair with adenine as well as cytosine in DNA during replication, and can cause mutation 
or cell death if accumulated in cellular DNA [11,12]. To minimize accumulation of 8-oxoG in cellular DNA, 
mammals, including humans, are equipped with two enzymes, MutT homolog-1 (MTH1) and OGG1 
[10]. MTH1, a mammalian homolog of bacterial MutT, hydrolyzes 8-oxo-2´-deoxyguanosine 
triphosphate (8-oxo-dGTP) generated in the nucleotide pool to 8-oxo-dGMP and pyrophosphate, 
avoiding incorporation of 8-oxo-dGTP into cellular DNA during DNA replication. Conversely, OGG1 with 
8-oxoG DNA glycosylase activity, excises 8-oxoG opposite cytosine in DNA, thus initiating base excision 
repair (BER) to eliminate 8-oxoG in DNA. In humans and mice, both MTH1 and OGG1 proteins are 
highly expressed in neurons throughout the brain, particularly in the cortex, hippocampal formation, 
hypothalamus and other regions. In the brains of patients with various neurodegenerative diseases, 
altered expression of MTH1 and OGG1 has been documented [13-19], thus suggesting that MTH1 and 
OGG1 play important roles in maintaining neural functions by suppressing 8-oxoG accumulation in 
neurons. Indeed, mice deficient in MTH1 and/or OGG1 exhibit increased vulnerability to oxidative 
stress-induced neurodegeneration [20-24]. Moreover, it has been demonstrated that transgenic mice 
expressing human MTH1 (hMTH1) protein are resistant to neurodegenerative conditions with reduced 
accumulation of 8-oxoG in the brain [25-27], and exhibit improved behavioral and cognitive function [28].  

The repair capacity of 8-oxoG in the human brain is thought to decline with age [29,30], and 
accumulation of 8-oxoG in the brains of non-human animals has been reported to increase during aging 
[31-33]. We previously reported that neurons isolated from the brains of adult Mth1/Ogg1-double 
knockout (TO-DKO) mice exhibit impaired neuritogenesis and poor arborization, particularly in the 
absence of anti-oxidants accompanied by increased accumulation of 8-oxoG in mitochondrial DNA [19], 
suggesting TO-DKO mice may develop aging-related brain dysfunction.  

In the present study, we conducted a battery of behavioral analyses of Ogg1-knockout (Ogg1-KO), 
TO-DKO and hMTH1-transgenic (hMTH1-Tg) mice, compared with wild-type mice, during aging. The 
results revealed that spontaneous locomotor activity in the home cage was significantly decreased in 
wild-type mice during aging, and female mice consistently exhibited greater locomotor activity than male 
mice. However, the decrease was significantly suppressed in female but not male TO-DKO mice, and 
was markedly enhanced in female hMTH1-Tg mice. Moreover, middle-aged female TO-DKO mice 
exhibited mild cognitive impairment compared with wild-type mice. Examining 8-oxoG accumulation, 
neurogenesis, and histopathology in the mouse brain revealed that the accumulated 8-oxoG in the 
nuclear DNA of neural progenitors during aging of female mice is mainly caused by 8-oxo-dGTP 
accumulating in the nucleotide pool, which causes impaired neurogenesis in the aging brain and alters 
spontaneous locomotor and cognitive functions, as sexually dimorphic phenotypes. 
 
 
Material and methods 
 
Mice 
We developed Mth1+/– [34] and Ogg1+/– mice [35], which were backcrossed onto C57BL/6J for more 
than 20 generations. First, Mth1+/–/Ogg1+/– mice were obtained by mating with heterozygous mice. 
Those Mth1+/–/Ogg1+/– mice were then crossed with each other to obtain Mth1–/–/Ogg1–/– (TO-DKO) and 
Mth1+/+/Ogg1+/+ (wild type) mice. Ogg1–/– (Ogg1-KO) mice and corresponding wild-type mice were 
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obtained by mating between heterozygous mice. TO-DKO, Ogg1-KO and wild-type controls were in-
bred to yield offspring for the experiments, for only two generations except wild-type controls. The 
genotyping of offspring was determined by polymerase chain reaction (PCR) using tail DNA, as 
described previously [19]. A hMTH1-Tg hemizygous mouse was previously established [25]. To 
determine the genotype and examine the copy number of hMTH1 cDNA in the offspring, quantitative 
real-time PCR was performed using tail DNA with Thunderbird qPCR kit (Toyobo, Osaka, Japan) and a 
Thermal Cycler Dice Real Time System Single (Takara Bio, Shiga, Japan). The primer pairs were as 
follows: hMTH1: forward; 5´-TTGAGTTCGTGGGCGAGC-3´ and reverse; 5´-GCATGGGCGCATTTCG-
3´, RNaseP (for housekeeping gene): forward; 5´-GCCGGAGCTTGGAACAGA-3´ and reverse; 5´-
GGTGCCTCACCTCAGCCAT-3´. The reactions were performed in triplicate and the relative standard 
curve method was used to calculate relative values. Young (8.5 ± 0.1 weeks of age), middle-aged (33.7 
± 0.1 weeks of age), and old (82.3 ± 0.3 weeks of age) mice of both sexes were transferred to the 
behavior analysis room. After performing behavior analysis, mice were used for pathological analyses. 
For experiments with injection of 5-bromo-2´-deoxyuridine (BrdU) and dopamine receptor D1 (DRD1) 
antagonist, we used female mice aged 55 ± 1 and 58 ± 2 weeks, respectively. Mice with any tumor 
identified macroscopically in the visceral organs during brain dissection were excluded from analysis. 
Mice were maintained in an air-conditioned specific-pathogen-free room at 22°C with a 12:12-h light 
and dark cycle (lights on 08:00, off at 20:00), and given ad libitum access to food and water. All behavior 
analyses, except continuous measurement of spontaneous locomotor activity, were performed from 
12:00 to 20:00.  
 
Spontaneous locomotor activity  
Mice were individually housed for at least 1 week before monitoring spontaneous locomotor activity in 
the home cage (27 × 14 × 15 cm). The locomotor activity was measured as a count of infrared-beam 
break using an infrared beam sensor (NS-AS01; Neuroscience Inc., Japan) for 3 days, and analyzed 
with DAS-008 software, as described previously [23]. 
 
Morris water maze 
The water maze consisted of a circular pool with diameter of 100 cm and a 30 cm depth, filled to depth 
of 15 cm with room-temperature tap water (22°C). Several visual cues were placed on the interior of 
the pool. Performance was scored using a video tracking system, WaterMaze (Actimetrics Inc., 
Evanston, UK). To evaluate spatial working memory, mice were trained to escape onto a 15-cm diameter, 
circular, clear, Plexiglas platform submerged 1 cm beneath the surface of the water that was invisible 
to the mice while swimming. Mice were given four consecutive trials per day for 6 (male) or 7 (female) 
days, 2 weeks after the last BrdU injection. Initial latency to escape onto the platform and total swimming 
distance were measured. To evaluate memory retrieval, a probe test was conducted in the pool without 
the platform for 60 s, 1.5 and 24 h after the last acquisition trial. The parameters measured during the 
probe test were as follows: (1) initial latency to reach the virtual platform location, (2) time spent in target 
quadrant during the test period, and (3) number of crossings of the virtual platform. 
 
Novel object recognition test 
The novel object recognition test was performed as described previously [36]. The open field box (50 × 
50 × 40 cm, white) was placed in a dark room illuminated by a dim light (50 lux). The day before the 
test (Day 0), each middle-aged female mouse was habituated in the apparatus for 15 min. On the next 
day (Day 1), the mouse was allowed to explore the two identical objects (animal mascot, Lego blocks) 
placed in the arena for 10 min (experiment for short term retrieval) or 15 min (experiment for long term 
retrieval) as sample object exposure. Each object was placed in a symmetrical position within the box, 
at the same distance (12 cm) from the side wall, and separated by 20 cm. For novel object recognition, 
1.5 or 16 h after the sample object exposure, the mouse was exposed to two different objects, one of 
the sample objects as a familiar object and the novel object, placed within the arena, for 10 min (short 
term retrieval) or 15 min (long term retrieval). The time spent exploring each object was determined and 
calculated as the preference index: Timenovel / (Timenovel + Timefamiliar). 
 
Other behavioral analyses 
Methods for the open field test, elevated plus maze, light and dark transition box test and rotarod test 
are described in the Supplementary material. 
 
Brain sample preparation 
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After the final behavioral analysis, the mouse was anesthetized with a combination of medetomidine 
(0.3 mg/kg), midazolam (4.0 mg/kg), and butorphanol (5.0 mg/kg), then perfused transcardially with 20 
mL of saline and 1 mL/g of 4% paraformaldehyde in 1 × phosphate buffered saline (PBS). The brain 
was removed, post-fixed with 4% paraformaldehyde at 4°C for 24 h, then cryoprotected in 20% and 
30% sucrose in 1 × PBS at 4°C for 24 h each. For immunostaining of dopamine D3 receptor (DRD3), 
the brain was post-fixed in 4% paraformaldehyde for 1 h at room temperature before cryoprotection. 
Sagittal or coronal blocks were prepared using a Mouse Brain Slicer (MK-MC-01, Muromachi Kikai Co., 
Ltd., Tokyo, Japan), mounted in FSC 22 Frozen Section Media (Leica Microsystems K.K., Tokyo, Japan), 
frozen in liquid nitrogen and stored at –80°C until use. Brain blocks were cut on a cryostat at a thickness 
of 40 μm and collected as free-floating sections in PBS. 
 
Primary antibodies 
Mouse anti-8-oxo-dG (NS45.1, Japan Institute for the Control of Aging, Nikken Seil Co., Ltd., Fukuroi, 
Shizuoka, Japan), mouse anti-FOSB antibody (1:500, 5G4, Cell Signaling Technology), mouse anti-
BrdU antibody (1:800, Roche), rabbit anti-NeuN antibody (1:1000, ABN-78, Millipore), rabbit anti-
GAD67 antibody (1:150, sc-5602, Santa Cruz), goat anti-doublecortin (DCX) antibody (1:200, sc-8066, 
Santa Cruz), goat anti-SOX2 antibody (1:250, sc-17320, Santa Cruz), rabbit anti-DRD3 antibody (1:100, 
ab42114, Abcam), and mouse anti-calretinin antibody (1:2000, clone 6B8.2, MAB1568, Millipore) were 
used as the primary antibodies for immunohistochemistry and immunofluorescence. 
 
Immunohistochemistry 
Immunohistochemical analyses were performed as described previously [21]. The prepared free-
floating sections were processed immediately for immunohistochemistry (IHC), with an appropriate 
pretreatment and reaction with a primary antibody, then processed using a Vector ABC kit (Vector 
Laboratories, Burlingame, CA, USA) with the proper biotinylated secondary antibody. The 3,3´-
diaminobenzidine (DAB)/nickel (Vector Laboratories) reaction was then used to visualize the bound 
secondary antibody. Digital images were acquired using an AxioImager microscope, equipped with an 
AxioCam 503 color CCD camera. Axiovision SE64 imaging software (Carl Zeiss Microscopy, Tokyo, 
Japan) was used. 
 
Quantitative immunodetection of 8-oxoguanine in DNA 
For immunodetection of 8-oxoG in mitochondrial or nuclear DNA, the free-floating sections were 
pretreated as described previously [21]. Briefly, to detect 8-oxoG in the mitochondrial DNA, sections 
were pretreated only with RNase (5 mg/ml; Sigma-Aldrich Japan, Tokyo, Japan) and were directly 
subjected to IHC with the anti-8-oxo-dG antibody. To detect 8-oxoG in nuclear DNA, RNase-treated 
sections were further pretreated with 2N HCl to denature the nuclear DNA. These pretreated sections 
were subjected to IHC with an anti-8-oxo-dG antibody. Digital images of 8-oxo-dG IHC were converted 
to gray scale, then the signal intensity of 8-oxo-dG immunoreactivity was quantified using ImageJ 1.80 
(NIH, Bethesda, MD, USA). The region of interest was defined manually, and integrated pixel densities 
were determined using a fixed threshold for each experiment with reference to the results of negative 
control sections (e.g., minimum displayed value, 0; maximum displayed value, 100 for detection of 
signal 8-oxo-dG in nucleus) to obtain the 8-oxoG index.  
 
Laser-scanning confocal immunofluorescence microscopy 
The free-floating sections were incubated with appropriate primary antibodies diluted in 10% Block Ace 
(Dainippon Pharmaceutical, Osaka, Japan) at 4°C overnight. The sections were incubated with 
appropriate Alexa Fluor-labeled secondary antibodies (Thermo Fisher Scientific K.K, Tokyo, Japan) at 
RT for 45 min. To quench autofluorescence derived from lipofuscin, the sections were incubated with 
0.3% of Sudan Black B in 50% ethanol at room temperature for 45 min. Digitized images were captured 
using a laser scanning confocal microscope system (LSM 700, Carl Zeiss Microscopy) attached to an 
inverted microscope (Axio Observer Z1). Z-series of 25 optical sections of 1 µm were converted into a 
single image using maximum intensity projection. 
 
BrdU labeling and stereology 
To identify proliferating cells in brains of middle-aged and female mice, BrdU (50 mg/kg/day, Sigma-
Aldrich Japan) was intraperitoneally injected once a day for 5 consecutive days. Either 24 h or 28 days 
after the last injection, brain samples were prepared, as described above. To detect BrdU-labeled cells, 
the free-floating sections were pretreated as previously described [37,38], then subjected to multiple 
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immunofluorescence labeling for BrdU together with NeuN, DCX, DRD3 or calretinin. BrdU-labeled cells 
in subventricular zone (SVZ) adjacent to the accumbens (NAcc) or in the shell of the NAcc (NAccSh) 
and the major island of Calleja (ICjM) of brains dissected 24 h or 28 days after the last injection of BrdU, 
respectively, were counted in every second coronal section, 40 µm apart (SVZ: bregma from +0.745 to 
+1.245 mm, eight sections, wild type [n = 5], TO-DKO [n = 7]; NAccSh+ICjM: bregma from +0.745 to 
+1.245 mm; eight sections, wild type [n = 4], TO-DKO [n = 4], Supplementary Figure S12D), using a 
semiautomatic stereology system (Stereoinvestigator, MBF Bioscience, Williston, VT, USA). BrdU-
labeled cells in dentate gyrus (DG) of brains dissected 24 h after the last injection of BrdU were also 
counted in every fourth coronal section, 120 µm apart (bregma from −1.355 to −3.38 mm; 11 sections, 
wild type [n = 4], TO-DKO [n = 4]), using the semiautomatic stereology system. The total number of 
BrdU-labeled cells in each brain region was estimated using an optical fractionator. The height of the 
optical disector was 21 µm, and the guard zone was 1.5 µm. The thickness of the sections was manually 
measured at every fifth counting frame. Total volume of SVZ, DG, and NAccSh including ICjM was 
estimated using Cavalieri’s principle. The total number of NeuN-positive neurons in ICjM and its volume 
were also stereologically estimated using every second coronal section of the forebrain (bregma from 
+0.845 to +1.245 mm, seven to 10 sections) with an optical fractionator.  
 
Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining 
Apoptotic cells in ventral SVZ adjacent to NAcc were detected by standard TUNEL staining using the 
TACS2 TdT-DAB In Situ Apoptosis Detection Kit (Trevigen, Gaithersburg, MD, USA). Twenty-
micrometer-thick coronal sections of forebrain containing NAcc and ICjM (bregma from +0.745 to 
+0.1045 mm) were prepared, and every fourth section (three sections per sample, number of mice in 
each genotype: n = 4) was subjected to TUNEL staining, according to the manufacturer’s instructions. 
The labeled sections were incubated with horseradish peroxidase-Streptavidin at 37°C for 10 min and 
reacted with DAB solution for 5 min. Nuclei were counterstained with methyl green. The area of SVZ 
adjacent to NAcc in both hemispheres was measured using ImageJ 1.80. The TUNEL-positive cells 
were then manually counted to estimate the density.  
 
Statistics 
All values are expressed as mean ± standard error of the mean (SEM). Statistical significance was 
assessed using JMP Pro 12.2 (SAS Institute Japan Ltd., Tokyo, Japan). The Wilcoxon test was used 
as a non-parametric method, and Student’s t-test were used as a parametric method. For comparisons 
between genotypes, age, and sex, three-way ANOVA and two-way multiple ANOVA were used. When 
significant interactions were detected, post hoc multiple comparisons were performed with the Tukey-
Kramer HSD test and Student’s t-test. Differences in continuous locomotor activity and training for 
acquisition in the Morris water maze between genotypes were examined using repeated measures 
ANOVA. P-values of < 0.05 were considered statistically significant.  
 
Study approval 
All animal experimental procedures were conducted with the approval of the ethics committee for animal 
research at Kyushu University (Approval numbers: A26-011-2, A29-116-0). 
 
 
Results 
 
MTH1/OGG1-double deficiency suppresses the age-dependent decline of spontaneous 
locomotor activity only in female mice 
Daily monitoring of spontaneous locomotor activity of young, middle-aged and old wild-type mice in the 
home cage revealed that activity in the dark phase declined significantly during aging, and female mice 
consistently exhibited almost twice as much activity as male mice (Figure 1). Male TO-DKO mice 
exhibited the same levels of spontaneous locomotor activity in the dark phase compared with male wild-
type mice at young age, and a similar degree of decline during aging. Although young female TO-DKO 
mice showed the same level of activity as young female wild-type mice, middle-aged and old female 
TO-DKO mice exhibited significantly more spontaneous locomotor activity than the corresponding wild-
type female mice (Figure 1). Middle-aged TO-heterozygous mice of both sexes exhibited intermediate 
levels of spontaneous locomotor activity between wild-type and TO-DKO mice, suggesting hetero-
insufficiency of MTH1/OGG1 (Supplementary Figure S1). As shown in Supplementary Figure S2, young, 
middle-aged, and old TO-DKO mice of both sexes showed no difference in body weight compared with 
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the corresponding wild-type mice, confirming that the observed behavioral changes in female TO-DKO 
mice were independent of body weight. 

In wild-type and TO-DKO mice of both sexes, total distance and amount of rearing in the open field 
test tended to slightly decrease during aging, with no significant differences between genotypes or 
sexes (Supplementary Figure S3A and B), indicating that wild-type and TO-DKO mice of both sexes 
maintained essentially the same basic locomotor function during aging. Moreover, there were no 
significant differences between genotypes, sexes or ages in terms of the time spent in the center of the 
open field apparatus (Supplementary Figure S3C). We also conducted the elevated plus maze test, 
light and dark transition box test, and rotarod test with middle-aged mice (Supplementary Figure S4). 
Middle-aged TO-DKO mice of both sexes showed no differences in the elevated plus maze, light and 
dark transition test and rotarod test, compared with the corresponding wild-type mice. These results 
indicate that TO-DKO mice did not exhibit anxiety-related behaviors or motor deficits.  

Importantly, we found that the spontaneous locomotor activity in the home cage was not altered by 
OGG1 deficiency in middle-aged and old mice of both sexes, compared with the corresponding wild-
type mice (Supplementary Figure S5).  

 
Transgenic expression of human MTH1 accelerates the decline of spontaneous locomotor 
activity during aging 
Next, we examined the effects of transgenic expression of human MTH1 on locomotor activity. In the 
home cage, middle-aged and old female but not male hMTH1-Tg mice exhibited much less locomotor 
activity in the dark phase compared with the corresponding wild-type female mice (Figure 2).  

As shown in Supplementary Figure S6A and B, middle-aged and old hMTH1-Tg mice of both sexes 
showed no differences in body weight compared with the corresponding wild-type mice, confirming that 
the observed behavioral changes in female hMTH1-Tg mice were independent of body weight. Wild-
type and hMTH1-Tg mice of both sexes exhibited similar levels of total distance and amount of rearing 
in the open field test during aging (Supplementary Figure S6C and D), indicating that transgenic 
expression of hMTH1 did not alter basic locomotor functions during aging. In addition, there were no 
significant differences between genotypes, sexes or ages in terms of the time spent in the center of the 
open field apparatus (Supplementary Figure S6E). 

 
MTH1/OGG1-double deficiency impairs long-term memory during aging only in female mice 
To examine whether MTH1/OGG1-double deficiency affects the cognitive function of mice during aging, 
we conducted the Morris water maze (MWM) and novel object recognition tests using young and 
middle-aged wild-type and TO-DKO mice of both sexes. Spatial working memory testing in the MWM 
revealed no significant differences in performance between wild-type and TO-DKO mice of both sexes, 
regardless of age (Figure 3A, Supplementary Figure S7 left panels). Memory retrieval testing in the 
MWM revealed that both middle-aged and young TO-DKO mice of both sexes exhibited no differences 
in short-term (1.5 h after the last trial) memory retrieval compared with the corresponding wild type mice 
(Figure 3B, Supplementary Figure S7 right panels). However, we found that middle-aged female TO-
DKO mice exhibited significantly impaired long-term memory retrieval (24 h after the last acquisition) 
(Figure 3B). Moreover, the novel object recognition test also confirmed that middle-aged TO-DKO 
female mice exhibited a significant impairment in long-term memory (16 h after the sample object 
exposure) (Figure 3C). 
 
MTH1/OGG1-double deficiency increases nuclear 8-oxoguanine levels in the olfactory bulb, 
gyrus, and ventral striatum 
Next, we compared levels of 8-oxoG accumulation in the brains of wild-type and TO-DKO female mice 
during aging. As shown in Figure 4A, strong immunoreactivity of nuclear 8-oxoG was evident in the 
olfactory bulb, DG and SVZ, where postnatal and adult neurogenesis occur, and in young and middle-
aged TO-DKO mice, compared with wild-type mice. In addition, the NAcc, especially the NAccSh 
containing the ICjM, and to a lesser extent NAccCo in middle-aged female TO-DKO brains also 
exhibited substantially increased immunoreactivity of nuclear 8-oxoG (Figure 4B). These levels were 
decreased in middle-aged female hMTH1-Tg brains (Figure 4C). In contrast, no apparent difference of 
8-oxoG immunoreactivity was detected in mitochondrial DNA between middle-aged wild-type and TO-
DKO female brains (Supplementary Figure S8A). Immunofluorescence microscopy confirmed that the 
8-oxoG immunofluorescence signal in mitochondrial DNA was only marginally detectable in the brains 
of middle-aged female TO-DKO mice (Supplementary Figure S8B). 8-OxoG immunofluorescence 
signals in mitochondrial DNA and cytoplasmic RNA were also only marginally detectable in the brains 
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of old female TO-DKO mice (Supplementary Figure S8C). 
Quantification of 8-oxoG immunoreactivity in NAcc, including NAccSh, with ICjM and NAccCo 

revealed that levels of nuclear but not mitochondrial 8-oxoG in NAcc were significantly increased in 
middle-aged TO-DKO mice and decreased in female hMTH1-Tg mice, compared with corresponding 
wild-type mice (Figure 4D, Supplementary Figure S9). As shown in Figure 4E, levels of nuclear 8-oxoG 
in ICjM and NAccSh were most markedly affected by MTH1/OGG1-double deficiency or by transgenic 
expression of hMTH1. Laser scanning confocal immunofluorescence microscopy revealed that nuclear 
8-oxoG was highly accumulated in GAD67-positive GABAergic neurons in middle-aged female TO-
DKO ICjM and NAccSh (Figure 4F). Levels of nuclear 8-oxoG in other brain regions, such as the 
midbrain, including the ventral tegmental area (VTA), substantia nigra, and prefrontal cortex, were not 
significantly different between TO-DKO and wild-type brains (Supplementary Figure S10).  

These results indicate that nuclear 8-oxoG predominantly accumulates in the GABAergic neurons 
of the NAcc and ICjM in the female TO-DKO mouse brain during aging. In addition, these findings 
indicate that 8-oxoG is efficiently suppressed by transgenic expression of hMTH1, suggesting that 
oxidation of a free nucleotide, dGTP, rather than direct oxidation of guanine in DNA is responsible for 
the nuclear 8-oxoG accumulation in ICjM and NAccSh, as well as the increased spontaneous locomotor 
activity in aged female TO-DKO mice. 

Consistent with the behavioral results, we found no significant difference in nuclear 8-oxoG levels 
between middle-aged male TO-DKO and wild-type mouse brains (Supplementary Figure S11). Thus, 
only female brains were examined further. 

 
8-Oxoguanine accumulates in the nuclei of immature and migrating neurons in ventral SVZ, 
NAccSh, and ICjM in TO-DKO brains 
In adult rodent brains, it has been shown that a small number of newborn neurons originating in the 
adult SVZ migrate to the ventral striatum, such as the NAcc including the ICjM [39,40], as well as to the 
olfactory bulb. Since 8-oxo-dGTP can be incorporated into nuclear DNA during proliferation of neural 
progenitors, we examined the levels of nuclear 8-oxoG accumulated in neural progenitors and newborn 
neurons migrating to the ventral striatum from the ventral SVZ in middle-aged female wild-type and TO-
DKO mouse brains (Figure 5). 

In the TO-DKO mouse brain, 8-oxoG accumulated in the nuclei of Sox2- or DCX-positive neural 
progenitor cells located in SVZ, but was only marginally detectable in the corresponding region of the 
wild-type brain (Figure 5A and B). In addition, we observed migrating DCX-positive cells outside the 
SVZ, which also accumulated higher levels of nuclear 8-oxoG (Figure 5B, Supplementary Figure S12A). 
In addition, DCX/NeuN-double positive immature neurons were also detected in the NAccSh and ICjM 
in the middle-aged female mouse brain, and the ICjM in the TO-DKO brain exhibited significantly higher 
levels of nuclear 8-oxoG compared with the wild type mouse brain (Figure 5C and D).  

These results indicate that newborn neurons from either SVZ or local progenitors, if any, were 
present in the NAcc, particularly in the ICjM, even in the middle-aged mouse brain. Such immature 
neurons appear to accumulate high levels of 8-oxoG in their nuclear genome in the absence of MTH1 
and OGG1. 

 
The number of newly-generated neurons in NAccSh and ICjM was smaller in TO-DKO owing to 
nuclear 8-oxoG-induced cell death 
To examine whether MTH1/OGG1-double deficiency increasing nuclear 8-oxoG accumulation in neural 
progenitors or immature neurons in ventral SVZ and NAcc impairs adult neurogenesis in SVZ, we 
labeled newborn neurons in 55-week-old wild-type and TO-DKO female mouse brains with BrdU. 
Twenty-four hours after the last injection of BrdU, the density of BrdU-labeled cells in the ventral SVZ 
was significantly decreased in the TO-DKO brain compared with wild type mice (bregma from +0.745 
to +1.245 mm, Figure 6A and B). In the ventral SVZ, a substantial number of BrdU-labeled cells were 
detected, particularly in the section containing the ICjM (Supplementary Figure S12B, sections #2 to 
#8). In addition, BrdU-positive neurons were also detected in a region between the ventral SVZ and 
ICjM (Figure 6A). Twenty-eight days after the last injection of BrdU, the number of BrdU-labeled neurons 
detected in NAccSh and ICjM of TO-DKO brain was much smaller than that of wild type (Figure 6C and 
D).  

Because BrdU-labeled neurons were apparently detected in the tangential direction from ventral 
SVZ to ICjM in the wild-type mouse brain (Supplementary Figure S12C), newborn neurons originating 
in the ventral SVZ appeared to be lost, probably through increased cell death in the middle-aged female 
TO-DKO mouse brain. To detect dying cells, we carried out TUNEL staining of middle-aged, female 
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wild-type and TO-DKO mouse brains. As shown in Figure 7, the density of TUNEL-positive cells in the 
ventral SVZ of TO-DKO brain was almost twice that in the wild-type brain, demonstrating increased 
apoptosis in the ventral SVZ of middle-aged female TO-DKO brain. 

These results demonstrated that MTH1/OGG1-double deficiency significantly increased nuclear 8-
oxoG accumulation in proliferating neural progenitors, especially in the ventral SVZ, resulting in 
apoptotic elimination of newborn neurons. 

 
MTH1/OGG1-double deficiency caused atrophy of ICjM in middle-aged female mouse brain, 
impairing locomotor function 
The current results strongly suggest that newborn neurons originating in ventral SVZ migrate and 
contribute to the formation of the ICjM in the middle-aged mouse brain. If this is the case, apoptotic 
elimination of newborn neurons in the middle-aged female TO-DKO brain might result in impaired ICjM 
formation. Thus, we examined the number of mature neurons in the ICjM using sequential sections 
prepared from middle-aged female wild-type and TO-DKO mouse brains (Figure 8A). We found that 
sequential areas of ICjM in TO-DKO brain sections were smaller than those in wild type mice (Figure 
8B). Moreover, we stereologically estimated that the total number of small granule neurons (5 – 7 µm 
in diameter) was significantly smaller in the ICjM of TO-DKO compared with wild type mice (Figure 8C, 
left). The estimated volume of the ICjM in TO-DKO mice was also significantly smaller than that of wild 
type mice (Figure 8C, right), confirming substantial atrophy of the ICjM in middle-aged female TO-DKO 
brains. 

We then examined the effects of transgenic expression of hMTH1 on the formation of the ICjM 
(Figure 8D). Both the total number of ICjM neurons and their estimated volume were significantly greater 
in old hMTH1-Tg brains compared with wild type mice, consistent with the effects of MTH1 on 
spontaneous locomotor function and nuclear 8-oxoG accumulation in the NAcc.  

In addition, there was a significant positive correlation between the intensity of nuclear 8-oxoG in 
the NAccSh, including the ICjM, and to a lesser extent in the whole NAcc, with the locomotor counts in 
24 h obtained from three groups of mice (hMTH1-Tg, wild type, TO-DKO). However, the intensity of 
nuclear 8-oxoG in NAccCo was not correlated with the locomotor counts (Figure 9A). Moreover, we 
found that the total number of mature neurons in the ICjM and, to a lesser extent, the estimated volume 
of the ICjM obtained from two groups of mice (wild type, TO-DKO) exhibited significant negative 
correlations with the locomotor counts in 24 h (Figure 9B). These results are consistent with the pivotal 
roles of the ICjM in the motivational and limbic systems, related to spontaneous locomotor activity. 

 
In aged female TO-DKO mice, depletion of newborn dopamine receptor D3-positive neurons in 
NAccSh and ICjM enhanced expression of FOSB/ΔFOSB in the NAccCo through disinhibition of 
dopaminergic neurons projected from the ventral tegmental area 
It has been reported that neurons in the ICjM, and to a lesser extent in the NAccSh, express DRD3 
[41,42], constituting GABAergic inhibitory neurons which negatively regulate dopaminergic neurons in 
the VTA [43,44]. In the aged female TO-DKO brain, it is likely that DRD3-positive neurons in ICjM were 
depleted and dopaminergic neurons in VTA were disinhibited, inducing hyperlocomotor activity through 
activation of DRD1-positive GABAergic medium spiny neurons (MSNs) in the NAccCo [45]. 

As shown in Supplementary Figure S13, we detected DRD3 expression in BrdU-positive newborn 
neurons in the wild-type ICjM, confirming that the ICjM contains DRD3-positive newborn neurons which 
are depleted in the middle-aged TO-DKO mouse brain. To examine whether DRD1-positive neurons 
contribute to the hyperlocomotor activity observed in middle-aged female TO-DKO mice, we 
administered a DRD1 antagonist, SCH23390 (1.0 mg/kg, i.p.) to middle-aged wild-type and TO-DKO 
female mice and measured locomotor activity in the home cage compared with saline-injected mice 
(Supplementary Figure S14A). SCH23390 significantly decreased locomotor activity only in TO-DKO 
mice (Supplementary Figure S14B and C) indicating that hyperlocomotor activity in these mice was 
dependent on DRD1.  

In the NAcc, particularly the NAccCo, DRD1-positive MSNs express FOSB/ΔFOSB upon stimulation 
from dopaminergic neurons in VTA, enhancing locomotor activity [46-48]. Immunohistochemistry of 
FOSB/ΔFOSB using anti-FOSB (5G4), which detects both FOSB and ΔFOSB proteins, revealed that 
the number of FOSB/ΔFOSB-positive cells in the NAccCo was greater in the brains of middle-aged 
female TO-DKO mice, compared with wild-type mice (Supplementary Figure S15A). In the brains of 
middle-aged female TO-DKO mice, the density of FOSB/ΔFOSB-positive cells in the NAccCo exhibited 
a significant positive correlation with the level of nuclear 8-oxoG in NAccSh, but not in NAccCo itself 
(Supplementary Figure S15B). 
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In contrast, the number of FOSB/ΔFOSB-positive cells in the NAccCo was not changed in the brains 
of middle-aged female hMTH1-Tg mice compared with the corresponding wild-type mice. We found no 
correlation between the density of these cells and the levels of nuclear 8-oxoG in the NAccSh or the 
NAccCo (Supplementary Figure S15C and D).  

Locomotor activity among middle-aged female wild-type and TO-DKO mice exhibited a significant 
positive correlation with the densities of FOSB/ΔFOSB-positive cells in the NAccCo (Supplementary 
Figure S15E). Taken together, our results revealed that increased nuclear 8-oxoG accumulation in 
neural progenitors in SVZ during aging in female TO-DKO mice causes depletion of newborn DRD3-
positive neurons in the NAccSh and ICjM, enhancing expression of FOSB/ΔFOSB in the NAccCo 
through disinhibition of dopaminergic neurons projected from VTA. 

It has been shown that calretinin-positive interneurons are also continuously supplied into the adult 
striatum from SVZ [39], suggesting that MTH1/OGG1-double deficiency may also cause their depletion 
in ICjM or islands of Calleja (ICj), thus contributing to impaired locomotor function. However, as shown 
in Supplementary Figure S16, calretinin/BrdU-double positive interneurons were barely detected in both 
ICjM and ICj of middle aged wild-type female mice (Supplementary Figures S16, S17). These results 
also suggest that the impaired locomotor function observed in TO-DKO mice was mainly caused by 
depletion of DRD3-positive interneurons.  

 
Increased nuclear 8-oxoG accumulation in the dentate gyrus of middle-aged female TO-DKO 
mouse hippocampus impaired neurogenesis, leading to dentate gyrus atrophy 
In addition to the ventral SVZ and striatum, we found that the intensity of nuclear but not mitochondrial 
8-oxoG in the DG of the middle-aged female TO-DKO hippocampus was significantly greater than that 
in the corresponding wild-type hippocampus (Figure 10A, Supplementary Figure S18A). As anticipated, 
the intensity of nuclear 8-oxoG in the DG of middle-aged hMTH1-Tg hippocampus was significantly 
lower than that of the corresponding wild-type hippocampus (Figure 10B). When FOSB/ΔFOSB 
expression was measured in the DG, we found that the density of FOSB/ΔFOSB-positive cells was 
significantly increased in the TO-DKO hippocampus (Supplementary Figure S18B) while no changes 
were observed in the middle-aged female hMTH1-Tg hippocampus compared with the corresponding 
wild type mice. We then measured the area of the DG using differential interference contrast microscope 
(DIC) images, and found that the mean area in middle-aged female TO-DKO, but not hMTH1-Tg mice, 
was significantly smaller than that in the corresponding wild-type hippocampus (Supplementary Figure 
S18B and C).  

We also found that intensities of nuclear 8-oxoG among middle-aged female wild-type and TO-DKO 
DG mice exhibited significant positive correlations with densities of FOSB/ΔFOSB-positive cells in DG 
(Supplementary Figure S18D, left). In contrast, the 8-oxoG intensities exhibited significant negative 
correlations with areas of DG (Supplementary Figure S18D, right). 

Twenty-four hours after the last injection of BrdU, we found that total number of BrdU+, BrdU+/DCX+, 
and BrdU+/DCX+/NeuN+ cells in the DG of middle-aged female TO-DKO hippocampus were significantly 
lower compared with the corresponding wild type mice (Figure 10C and D). Moreover, the estimated 
DG volume in middle-aged TO-DKO mice was significantly smaller than that of wild type mice (Figure 
10E), indicating DG atrophy. 
 
 
Discussion 
 
Overall, the current findings revealed that MTH1/OGG1-double deficiency, in combination with 
increased oxidative stress occurring during aging, impairs neurogenesis in both SVZ and DG through 
incorporation of 8-oxo-dGTP into the nuclear genome of proliferating neural progenitors. This reduces 
the functional supply of newborn neurons to the ICjM and DG, leading to atrophy of both the ICjM and 
DG, particularly in female mice. The former is most likely to be involved in suppressing the age-
dependent decline of spontaneous locomotor activity, and the latter is likely to cause mild impairment 
of long-term memory retrieval, as observed in aged female TO-DKO mice, as sexually dimorphic 
phenotypes. 

Older animals have been reported to exhibit higher nuclear levels of oxidatively damaged DNA, 
measured as 8-oxoG, 8-oxo-dG and formamidopyrimidine DNA glycosylase sensitive sites in several 
organs, particularly in the brain, kidney, liver, and lung. The accumulation of oxidatively damaged DNA 
is likely to be present in most, if not all, organs containing mainly terminally differentiated cells, since 
organs with highly proliferating cells, such as the intestine, spleen, and testis, were reported to show 
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more equivocal or an absence of effects of age on the nuclear levels of damage [31]. It is likely that 
levels of 8-oxoG accumulation in nuclear DNA increase throughout the brain during aging in wild-type 
mice, with the levels in the DG, olfactory bulb, cerebellum and NAcc showing a tendency to be higher 
compared with surrounding areas throughout life. Compared with the wild-type brain, the brains of TO-
DKO mice with MTH1/OGG1-double deficiency, particularly females, exhibited significantly increased 
levels of 8-oxoG in nuclear DNA of neurons in the ICjM, NAccSh, and DG during aging, while transgenic 
expression of hMTH1 significantly reduced the levels of 8-oxoG in nuclear DNA of newborn neurons in 
these regions during aging (Figures 4B-F and 5A). These results indicate that neurons in specific 
regions of the aging female brain have incorporated 8-oxo-dGTP into their nuclear genomes during their 
replication, suggesting that those neurons were newly supplied by adult neurogenesis during aging.  

By tracing newborn neurons incorporating BrdU, we demonstrated for the first time that newborn 
neurons are consistently supplied to the NAcc, particularly the ICjM, which contains mostly DRD3-
positive neurons, from SVZ, in addition to the granule neurons in DG supplied from SGZ. Previous 
studies reported intrastriatal migration of new GABAergic granule cell-like interneurons from the early 
postnatal SVZ into the striatum, forming the ventral migratory mass [49, 50]. The findings of the present 
study indicate that this process occurs throughout life in the mouse brain, consistent with adult 
neurogenesis of GABAergic interneurons in the human striatum/caudate nucleus [51]. We found that 
MTH1/OGG1-double deficiency in female mice significantly reduced the density of BrdU-positive 
newborn cells in the SVZ and BrdU-positive neurons in the NAcc. Densities of TUNEL-positive cells in 
the SVZ of female TO-DKO mice were significantly higher than those of wild type mice, suggesting that 
apoptotic elimination of neural progenitors or newborn neurons significantly increased in the absence 
of MTH1 and OGG1. Indeed, the brains of female TO-DKO mice exhibited apparent atrophy of both 
ICjM and DG (Figures 8A–C, 10C-E). 

We previously reported that proliferating cells accumulating increased levels of 8-oxoG in nuclear 
DNA undergo apoptosis that is dependent on MUTYH, poly(ADP) ribose polymerase (PARP), and 
apoptosis-inducing factor (AIF). The DNA glycosylase activity of MUTYH, by excising the adenine 
inserted opposite template 8-oxoG during the next round of replication, increases the formation of 
single-strand breaks (SSBs), particularly during the futile cycles of BER, because adenine as well as 
cytosine can be reinserted opposite 8-oxoG during repair replication. Accumulation of SSBs in the 
nuclear genome might chronically activate PARP and induce PARP-AIF dependent apoptosis [10,11]. 
In the absence of MTH1, the level of 8-oxo-dGTP in the nucleotide pool must be highly increased, and 
thus proliferating neural progenitors will incorporate increased levels of 8-oxo-dGTP into their genome. 
In the absence of OGG1, unrepaired 8-oxoG in the nuclear genome will induce apoptosis, as observed 
in TO-DKO brains of female mice with ICjM and DG atrophy. 

The ICjM mainly contains DRD3-positive GABAergic neurons projecting into VTA, from where 
dopamine neurons project into NAccCo with DRD1-positive postsynaptic MSNs constituting 
accumbens/striatal circuitry [41,42,52,53]. Therefore, ICjM atrophy would reduce inhibitory regulation 
of the dopaminergic VTA neurons, increasing dopamine release in NAccCo, which in turn stimulates 
DRD1-positive MSNs in NAccCo. We observed an increased number of NAccCo neurons expressing 
FOSB/ΔFOSB, a marker for chronic neural activation [54-56], in middle-aged female TO-DKO mice. 
This increase was positively correlated with levels of 8-oxoG in nuclear DNA in NAccSh, but not in 
NAccCo, indicating that dopaminergic neurons in NAccCo are hyperactive in the TO-DKO brain.  

During aging, spontaneous locomotor activity of mice in the home cage significantly decreased, 
particularly in the dark phase. MTH1/OGG1-double deficiency, especially in female mice, significantly 
suppressed this age-dependent decline of locomotor activity. Because locomotor activity is positively 
correlated with the levels of 8-oxoG in nuclear DNA in NAccSh and ICjM, and negatively correlated with 
the total number of neurons in the ICjM (Figure 9), ICjM atrophy is most likely to constitute the causative 
lesion for the hyperlocomotor phenotype in female TO-DKO mice, as seen in DRD3-KO mice [57,58]. 
Administration of a DRD1 antagonist, SH23390, to middle-aged female TO-DKO mice significantly 
decreased locomotor activity during the dark phase but did not affect wild-type mice. We conclude that 
DRD1-positive neurons in the NAccCo, whose activity is stimulated by dopamine released from 
dopaminergic neurons projecting from VTA, are responsible for hyperlocomotor activity under 
dysfunction of DRD3-positive GABAergic neurons in ICjM, as seen in aged female TO-DKO mice.  

Mild impairment of long-term memory retention in TO-DKO female mice, as revealed by the probe 
test in the MWM and the novel object recognition test, is likely to result from DG atrophy, which was 
likely to be caused by apoptotic elimination of proliferating neural progenitors because of the 
accumulation of 8-oxoG in nuclear DNA in this area. 

Importantly, the current results revealed that MTH1/OGG1-double deficiency caused a female-
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specific impairment in adult neurogenesis in both DG and SVZ, resulting in mild memory impairment 
and a hyperlocomotor phenotype only in females during aging, as novel sexually dimorphic phenotypes. 
Sex-related differences in the neurobiology of social behavior have been well documented in memory, 
emotion, and recovery from brain injury across the animal kingdom, and are mostly attributed to sex 
hormones [59]. Regarding neurogenesis, sex hormones are known to regulate neurogenesis in both 
DG and SVZ throughout life, although the main sex hormones, estrogens, androgens and progestogens, 
act on different steps of neurogenesis. Thus, cell proliferation seems to be increased by estrogens only, 
while androgens and progestogens favor neural renewal by increasing cell survival; differentiation is a 
common target [60-65]. Moreover, aging is characterized by a decrease in the rate of neural renewal 
and in the levels of circulating sex hormones [64]. Thus, sex-related differences in brain function may 
be more prominent in the aging brain.  

The current results revealed that female mice consistently exhibited higher locomotor activity in the 
home cage than male mice throughout life, and the activity decreased gradually during aging in both 
sexes. In addition, we found that transgenic expression of hMTH1 decreased locomotor activity, 
particularly in aged female mice with reduced 8-oxoG accumulation in nuclear DNA of newborn neurons 
in SVZ and DG, indicating that part of the hyperlocomotor phenotype seen in wild-type female mice is 
caused by incorporation of 8-oxo-dGTP into nuclear DNA in newborn neurons during neurogenesis. 
This observation suggests that female mice are more prone to generating 8-oxo-dGTP, particularly 
during neurogenesis, compared with male mice. Previous studies reported that estrogen stimulates 
proliferation and differentiation of neural stem/progenitor cells [66,67], regulating neurogenesis in a 
female-specific manner during the estrus cycle [61,65,68].  

Estrogen activates estrogen receptors (ERs), and regulates the transcription of downstream target 
genes, either directly via dimerization and binding to estrogen response element (ERE) of DNA, or 
indirectly through interaction with co-factors such as AP-1 and Sp-1. In addition, some of the effects of 
estrogen via ERs are rapid, and are known to be mediated through membrane-associated ERs [67]. 
Estrogen-dependent induction of ERs-regulated targets requires specific histone lysine demethylases, 
LSD1 which catalyzes FAD-dependent histone demethylation from mono- and dimethylated Lys4 of 
histone H3 (H3K4me1/2), and possibly H3K9me1/2 [69,70]. It has been shown that LSD1 regulates 
neural stem cell proliferation [71] and neurogenesis [72-74], as does estrogen. Because LSD1 catalyzes 
demethylation of H3K4me1/2 or H3K9me1/2 as a FAD-dependent amine oxidase, hydrogen peroxide 
(H2O2) is inevitably produced: [H3-Lys-CH3 + O2 + H2O → H3-Lys + H2O2 + HCHO] [75]. This may cause 
8-oxoG accumulation in nuclear DNA [69,76]. These findings indicate that the estrogen-ER-LSD1 axis 
is a unique source for nuclear ROS production in neural stem/progenitor cells. 

It has been proposed that H2O2 production dependent on LSD1 might directly oxidize guanine in 
DNA to which ERs bind together with LSD1 [69,76]. However, the current results indicate that 8-oxoG 
levels in nuclear DNA in both NAcc and DG of middle-aged hMTH1-Tg female mice were significantly 
lower than those in wild-type female mice (Figures 4D and 6A). This indicates that nuclear 8-oxoG in 
both NAcc and DG in wild-type female mice is derived from 8-oxo-dGTP generated in the nucleotide 
pool. It is possible that proliferating neural stem/progenitor cells in the female brain, particularly in the 
proestrus cycle, produce significant levels of H2O2 through the estrogen-ER-LSD1 axis and dGTP and 
other dNTPs adjacent to the replication forks are at high risk of oxidation by H2O2 or hydroxy radicals, 
generating increased levels of 8-oxo-dGTP. Transgenic expression of hMTH1 efficiently hydrolyzes 8-
oxo-dGTP to monophosphate, minimizing 8-oxoG accumulation in nuclear DNA.  

Single deficiency of OGG1 did not suppress the age-dependent decline of locomotor activity in 
middle-aged female mice, indicating that there may only be a small amount of 8-oxoG forming opposite 
cytosine in DNA by direct oxidation of guanine [77,78]. In contrast, MTH1/OGG1-double deficiency 
abolished both 8-oxo-dGTP hydrolysis and 8-oxoG excision repair once incorporated into DNA, 
increasing its accumulation in nuclear DNA in proliferating neural stem/progenitor cells, particularly in 
female mice. 

In conclusion, sexual dimorphism in spontaneous locomotor activity may be at least partially 
attributed to 8-oxo-dGTP generated in neural stem/progenitor cells through the estrogen-ER-LSD1 axis. 
Moreover, MTH1 and OGG1 together efficiently minimize 8-oxoG accumulation in the nuclear DNA, 
maintaining brain architecture during aging. 
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Figure 1. Age-dependent alteration of spontaneous locomotor activity by MTH1/OGG1-double 
deficiency. (A) Daily spontaneous locomotor activity in home cages of wild-type and Mth1/Ogg1-double 
knockout (TO-DKO) mice of different ages. Locomotor activity in home cages (counts per h, mean ± 
SEM) of each group of mice are plotted. Top, male; bottom, female. Left, young; center, middle-aged; 
right, old. Black circles, wild-type; red triangles, TO-DKO mice. Numbers of young mice in each group 
are: wild-type male (n = 18); TO-DKO male (n = 16); wild-type female (n = 16); TO-DKO female (n = 
17). Numbers of middle-aged mice in each group: wild-type male (n = 19); TO-DKO male (n = 24); wild-
type female (n = 33); TO-DKO female (n = 27). Numbers of old mice in each group: wild-type male (n = 
16); TO-DKO male (n = 15); wild-type female (n = 12); TO-DKO female (n = 14). Statistical analysis was 
performed with MANOVA. P-values for genotype and interaction of genotype and time are shown. (B) 
Nighttime spontaneous locomotor activities of wild-type and TO-DKO mice of different ages. Locomotor 
activity in home cages (counts in dark phase, mean ± SEM) of each group of mice are shown in bar 
graphs. Left, male; right, female mice. Black bars, wild-type; red bars, TO-DKO mice. Statistical analysis 
was performed with three-way ANOVA, and bars without the same letter were significantly different in 
a post-hoc Tukey-Kramer HSD test.  
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Figure 2. Age-dependent alteration of spontaneous locomotor activity by transgenic expression 
of human MTH1. (A) Daily spontaneous locomotor activity of wild-type and human MTH1 transgenic 
(hMTH1-Tg) mice of different ages in home cages. Locomotor activity in home cages (counts per h, 
mean ± SEM) of each group of mice are plotted. Top, male; bottom, female. Left, middle-aged; right, 
old. Black circles, wild-type; blue rhombuses, hMTH1-Tg mice. Numbers of middle-aged mice in each 
group: wild-type male (n = 19); hMTH1-Tg male (n = 17); wild-type female (n = 12); hMTH1-Tg female 
(n = 16). Numbers of old mice in each group: wild-type male (n = 9); hMTH1-Tg male (n = 16); wild-type 
female (n =9); hMTH1-Tg female (n = 15). Statistical analysis was performed with MANOVA. P-values 
for genotype and interaction of genotype and time are shown. (B) Nighttime spontaneous locomotor 
activities of wild-type and hMTH1-Tg mice of different ages. Locomotor activity in home cages (counts 
in dark phase, mean ± SEM) of each group of mice are shown in bar graphs. Left, male; right, female. 
Black bars, wild-type; blue bars, hMTH1-Tg mice. Statistical analysis was performed with three-way 
ANOVA, and bars without the same letter were significantly different in post-hoc comparisons with 
Tukey-Kramer HSD test (capital letters) and Student’s t-test (small letters). P-values from the post-hoc 
Student’s t-test are shown.  
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Figure 3. Age-dependent alteration of cognitive function by MTH1/OGG1-double deficiency. (A) 
Hidden-platform acquisition training in Morris water maze. Escape latencies of middle-aged female mice 
to the hidden platform (sec, mean ± SEM) are plotted. Black circles, wild-type; red triangles, TO-DKO 
mice. Numbers of mice in each group: wild-type (n = 8); TO-DKO (n = 9). Statistical analysis was 
performed with repeated-measures ANOVA. (B) Probe tests in Morris water maze 1.5 and 24 h after 
the last acquisition training. Time spent in the target quadrant for middle-aged female mice (time in 
target zone, sec, mean ± SEM) are shown in bar graphs. Black bars, wild-type; red bars, TO-DKO mice. 
Statistical analysis was performed with Student’s t-test. (C) Novel object recognition tests 1 and 16 h 
after the sample object exposure. Preference indices for middle-aged female mice (%, mean ± SEM) 
are shown in bar graphs. Black bars, wild-type; red bars, TO-DKO mice. Numbers of mice in each 
group: wild-type (n = 7), TO-DKO (n = 11) in left (1 h); wild-type (n = 8), TO-DKO (n = 11) in right (16 h). 
Statistical analysis was performed with Student’s t-test.  
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Figure 4. MTH1/OGG1-deficiency increased 8-oxoguanine accumulation in nuclear genomes of 
brain, especially neurogenic regions, during aging. (A) Immunohistochemical detection of 8-oxoG 
in nuclear DNA in sagittal sections (+0.875 mm lateral from the midline) of wild-type (top) and TO-DKO 
(bottom) female brains. Representative images from young, middle-aged, and old mice are shown. (B) 
Increased accumulation of 8-oxoG in nuclear DNA in the nucleus accumbens (NAcc) of middle-aged 
female TO-DKO brain (bottom), compared with wild-type (top). Left, the shell of NAcc (NAccSh); right, 
the core of NAcc (NAccCo). An arrow indicates the major island of Calleja (ICjM) located in NAccSh 
(traced with a dotted red line in the bottom left). The NAccCo is also shown with a dotted red line on the 
bottom right. Scale bar = 500 µm. (C) Transgenic expression of hMTH1 suppressed 8-oxoG 
accumulation in nuclear DNA in NAcc of middle-aged female mice. Top, wild-type; bottom, hMTH1-Tg 
mice. Left, NAccSh; right, NAccCo. Scale bar = 500 µm. (D) Quantitative measurement of 8-oxoG in 
nuclear DNA in NAcc. 8-OxoG indices (mean ± SEM) in the NAcc, including the NAccSh and NAccCo 
(every other three sagittal sections from the NAccSh [0.225 – 0.475 mm from midline] and every other 
three sagittal sections from NAccCo [1.725 – 2.150 mm from midline]) are shown in bar graphs. 
Numbers of mice in each group: n = 6 on left (wild-type and TO-DKO), n = 4 on right (wild-type and 
hMTH1-Tg). Statistical analysis was performed with a one-tailed t-test. (E) Magnified images of 8-oxoG 
immunohistochemistry in nuclear DNA in NAccSh (upper) and ICjM (lower) of middle-aged brains from 
female wild-type, TO-DKO and hMTH1-Tg mice. Sagittal sections, lateral 0.475 mm from the midline. 
Scale bar = 50 µm. (F) Immunofluorescent detection of 8-oxoG in nuclear DNA in GABAergic neurons 
in the middle-aged, female TO-DKO brain. Top, NAccSh; bottom, ICjM. Orthogonal views of confocal 
Z-stacked images for GAD67 (red, a marker for GABAergic neuron), 8-oxoG (green), and DAPI (blue)-
positive cells (arrow) in a coronal section are shown. Scale bar = 10 µm.   
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Figure 5. MTH1/OGG1-deficiency increased accumulation of 8-oxoG in nuclear DNA of neural 
stem and progenitor cells in the ventral striatum of middle-aged female mice. (A) 
Immunofluorescent detection of 8-oxoG in nuclear DNA of neural stem cells in the ventral SVZ of 
middle-aged female wild-type and TO-DKO mice. Orthogonal views of confocal Z-stack images for DAPI 
(blue), 8-oxoG (green) and a neural stem cell marker, Sox2 (red)-positive cells (arrow) detected in SVZ 
adjacent to NAcc (coronal sections at +0.945 mm from bregma) are shown. Scale bar = 10 µm. (B) 
Immunofluorescent detection of 8-oxoG in nuclear DNA of migrating immature neurons from the ventral 
SVZ. Orthogonal views of confocal Z-stack images for a marker for immature neurons, DCX (white) and 
8-oxoG in nuclear DNA (green)-positive cells in SVZ adjacent to NAcc (coronal sections at +0.945 mm 
from bregma) are shown. A few DCX-positive cells (arrow) were observed migrating from the SVZ to 
NAcc. Scale bar = 20 µm. (C) Immature neurons identified in the NAccSh of a middle-aged female 
mouse. Orthogonal views of confocal Z-stacked images for a neural marker, NeuN (red), DAPI (blue), 
8-oxoG in nuclear DNA (green) and DCX (white)-positive cells are shown. Scale bar = 10 µm. Arrow 
indicates a DCX/NeuN-double positive immature neuron in NAccSh. (D) Immature neurons identified in 
ICjM of a middle-aged female mouse. Maximum intensity projections of confocal Z-stacked images for 
NeuN (red), 8-oxoG in nuclear DNA (green), DAPI (blue) and DCX (white)-positive cells in a coronal 
section (bregma +0.845 mm) of a middle-aged, female mouse brain are shown. Arrows indicate 
DCX/NeuN-double positive immature neurons in ICjM. 8-OxoG in nuclear DNA was accumulated in 
ICjM neurons of TO-DKO mice. Scale bar = 20 µm. 
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Figure 6. MTH1/OGG1-deficiency impaired neurogenesis in the ventral striatum of middle-aged 
female mice. (A) Immunofluorescent detection of BrdU-positive cells in SVZ (24 h after the last injection 
of BrdU). Confocal Z-stacked images for NeuN (blue), BrdU (green) and DCX (red)-positive cells in 
coronal sections (at +0.945 mm from bregma) from female wild-type and TO-DKO brains 24 h after the 
last injection of BrdU are shown. Scale bar = 50 µm. (B) Density of BrdU-positive cells in SVZ adjacent 
to NAcc of middle-aged female mice (24 h after the last injection of BrdU). Number of BrdU-positive 
(BrdU+) cells in SVZ and volume of the SVZ were determined stereologically, using brain samples (8 
sections) collected 24 h after the last injection of BrdU. Numbers of mice in each group: wild-type (n = 
5), TO-DKO (n = 7). Statistical analysis was performed with the Wilcoxon test. (C) Immunofluorescent 
detection of BrdU-positive cells in SVZ (28 days after the last injection of BrdU). Confocal Z-stacked 
images for NeuN (blue), BrdU (green) and DCX (red)-positive cells in coronal sections (at +0.945 mm 
from bregma) from female wild-type and TO-DKO brains 28 days after the last injection of BrdU are 
shown. Scale bar = 50 µm. (D) Density of BrdU/NeuN-double positive neurons in NAccSh and ICjM of 
female mice in each genotype (28 days after the last injection of BrdU). Number of BrdU/NeuN-double 
positive (BrdU+/NeuN+) neurons in NAccSh and ICjM and its volume were determined stereologically 
using brain samples (eight sections) collected 28 days after the last injection of BrdU. Number of mice 
in each group: n = 4. Statistical analysis was performed with the Wilcoxon test.  
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Figure 7. Detection of apoptotic cells in SVZ of middle-aged female mice. (A) TUNEL-positive cells 
were identified only in the SVZ. Middle-aged, female TO-DKO brain. Scale bar = 200 µm. (B) Magnified 
view of the region indicated by the square in Figure 7A. A TUNEL-positive cell was shown by an arrow 
at high magnification. Scale bar = 20 µm. (C) Apoptotic cells in the SVZ adjacent to the NAcc detected 
by TUNEL staining of brain sections from middle-aged female wild-type and TO-DKO mice. Methyl 
green was used for nuclear counterstaining. Scale bar = 100 µm. (D) Density of TUNEL-positive cells 
in the SVZ adjacent to the NAcc. Number of mice in each genotype, n = 4. Statistical analysis was 
performed using the Wilcoxon test. 
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Figure 8. MTH1/OGG1-double deficiency caused atrophy of ICjM and transgenic expression of 
hMTH1 results in its hypertrophy. (A) Immunofluorescent detection of NeuN-positive ICjM neurons in 
sequential coronal sections prepared from middle-aged female mouse brains. The ICjM is shown with 
dotted line. Scale bar = 100 µm. (B) Areas of ICjM in sequential sections from middle-aged, female TO-
DKO and wild-type mice. Black-dotted (wild-type) and red-dotted (TO-DKO) lines show means of ICjM 
areas in the numbered sections. Statistical analysis was performed with MANOVA. Genotype, p = 
0.0090; section number, p < 0.0001; interaction, p = 0.5618. P-values of univariate test were corrected 
by Greenhouse-Geisser epsilon (0.291). (C) MTH1/OGG1-double deficiency reduced the total numbers 
of mature neurons and volumes of ICjM in middle-aged female mouse brains. Number of NeuN-positive 
neurons in ICjM and its volume were determined stereologically, in every second section (40 μm interval, 
bregma +0.845 – +1.245 mm) containing ICjM prepared from wild-type and TO-DKO mice. Number of 
mice in each genotype, n = 5. Statistical analysis was performed with the Wilcoxon test. (D) Transgenic 
expression of hMTH1 increased total numbers of mature neurons and volumes of ICjM in old female 
mouse brains. Number of NeuN-positive neurons in ICjM and its volume in wild-type and hMTH1-Tg 
mice were determined as described above. Number of mice in each genotype, n = 4. Statistical analysis 
was performed with the Wilcoxon test.  
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Figure 9. Correlation between altered spontaneous locomotor activity, 8-oxoG accumulation, 
and ICjM atrophy. (A) Correlation between locomotor activity and levels of 8-oxoG in nuclear DNA in 
various NAcc regions in middle-aged female mice. Mean 8-oxoG index values in nuclear DNA from 
three sagittal sections containing NAccSh + ICjM (center panel, 8-oxoG index in NAccSh + ICjM, 0.225 
– 0.475 mm from midline) and those from three sagittal sections containing the NAccCo (right panel, 8-
oxoG index in nuclear DNA in the NAccCo, 1.725 – 2.150 mm from midline), and those from all six 
sections (left panel, 8-oxoG index in nuclear DNA in NAcc total [NAccSh + ICjM and NAccCo]) were 
compared with locomotor counts per 24 h in the home cage for each mouse. Numbers of mice in each 
group: TO-DKO and their wild-type (n = 6); hMTH1-Tg and their wild-type (n = 4). Statistical analysis 
was performed with Pearson’s correlation coefficient; R2 and p values are shown. (B) Correlation 
between locomotor activities and various measurements of ICjM obtained from middle-aged female 
mice. The total numbers of ICjM neurons (left) and estimated volumes of ICjM (right) obtained from 
every second coronal section from bregma +0.845 to +1.245 mm were compared with locomotor counts 
per 24 h in home cage for each mouse (wild-type and TO-DKO mice, n = 5). Statistical analysis was 
performed with Pearson’s correlation coefficient test; R2 and p values are shown. 
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Figure 10. Increased accumulation of 8-oxoG in nuclear DNA in the dentate gyrus of middle-
aged female TO-DKO mice was associated with impaired adult neurogenesis. (A) 
Immunohistochemical detection of 8-oxoG in nuclear DNA in dentate gyrus (DG) of middle-aged female 
mice. DIC images are shown. Scale bar = 200 µm. (B) 8-OxoG index in nuclear DNA in unilateral DG 
was determined from the three sagittal sections (1.725 – 2.150 mm from midline). Upper, wild-type and 
TO-DKO mice (n = 6); lower, wild-type and hMTH1-Tg mice (n = 4). Statistical analysis was performed 
with a one-tailed t-test. (C) Immunofluorescent detection of BrdU-positive cells in DG (24 h after the last 
injection of BrdU). Confocal Z-stacked images for NeuN (blue), BrdU (green) and DCX (red)-positive 
cells in coronal sections (at −2.155 mm from the bregma), female wild-type and TO-DKO brains 24 h 
after the last injection of BrdU are shown. Scale bar = 100 µm. (D) Total number of various BrdU-positive 
populations in the DG of female mice. The number of BrdU-positive (BrdU+) cells expressing DCX 
and/or NeuN in DG was determined stereologically using every four coronal sections (120 μm interval, 
bregma −1.355 – −3.38 mm). Number of mice in each group, n = 4. Statistical analysis was performed 
with the Wilcoxon test. (E) Estimated DG volumes in female mice. DG volumes of wild-type and TO-
DKO brains (n = 4) were determined stereologically, as described in D. Statistical analysis was 
performed using Student’s t-test. 


