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The mitochondrial DNA (mtDNA) of neural stem cells (NSCs) is vulnerable to oxidation damage. Subtle manipulations of the cellular
redox state affect mtDNA integrity in addition to regulating the NSC differentiation lineage, suggesting a molecular link between mtDNA
integrity and regulation of differentiation. Here we show that 8-oxoguanine DNA glycosylase (OGG1) is essential for repair of mtDNA
damage and NSC viability during mitochondrial oxidative stress. Differentiating neural cells from ogg1�/� knock-out mice spontane-
ously accumulate mtDNA damage and concomitantly shift their differentiation direction toward an astrocytic lineage, similar to wt NSCs
subjected to mtDNA damaging insults. Antioxidant treatments reversed mtDNA damage accumulation and separately increased neuro-
genesis in ogg1�/� cells. NSCs from a transgenic ogg1�/� mouse expressing mitochondrially targeted human OGG1 were protected from
mtDNA damage during differentiation, and displayed elevated neurogenesis. The underlying mechanisms for this shift in differentiation
direction involve the astrogenesis promoting Sirt1 via an increased NAD/NADH ratio in ogg1�/� cells. Redox manipulations to alter
mtDNA damage level correspondingly activated Sirt1 in both cell types. Our results demonstrate for the first time the interdependence
between mtDNA integrity and NSC differentiation fate, suggesting that mtDNA damage is the primary signal for the elevated astrogliosis
and lack of neurogenesis seen during repair of neuronal injury.

Introduction
Neural stem cells (NSCs) with multipotent and self-renewing
abilities are critical in maintaining brain functions and in brain
repair process after acute or chronic injuries (Reynolds and
Weiss, 1992; Björklund and Lindvall, 2000; Gage, 2000; Ming and
Song, 2005). In the adult mammalian brain, there are two distinct
germinal areas containing the multipotent NSCs: the subven-
tricular zone of the lateral ventricles and the subgranular layer of
the hippocampal dentate gyrus (Gage et al., 1998; Doetsch et al.,
1999; Gage, 2000). Generation and expansion of in vitro free-
floating neurospheres containing NSCs becomes a promising
therapeutic potential for a variety of neurodegenerative disor-
ders, but is hampered by excessive astrocyte formation in neuro-
degeneration and brain injuries characterized by oxidative stress
and inflammation. It becomes evident that the NSC differentia-
tion fate is determined by interplay between extracellular signal

modification and intrinsic intracellular machinery, leading to the
activation of lineage-specific pathways determining the differen-
tiation fate being neurons or astrocytes (Guillemot, 2007).
Interestingly, reactive oxygen species (ROS) levels can alter
differentiation fate of mouse progenitor cells toward either neu-
ronal or astroglial lineages by a mechanism involving Sirt1 and
Mash1 (Prozorovski et al., 2008).

Mitochondria can regulate cellular ROS levels, and we have
recently shown that the increased aerobic activity during differ-
entiation generates oxidative damage to mtDNA (Wang et al.,
2010). The potential risk of DNA damage in NSCs is envi-
sioned by the enhanced expression of the DNA repair protein
8-oxoguanine DNA glycosylase (OGG1) during early embryonic
development (Hildrestrand et al., 2007). OGG1 removes oxi-
dized purine lesions, such as 8-oxoguanine and formamidopy-
rimidines from both nuclear and mitochondrial DNA. The
OGG1 incision represents the first step in a multienzyme DNA
repair cascade known as the base excision repair. This repair
pathway is held as the major pathway for maintaining mtDNA.
The ogg1�/� mouse accumulates 8-oxoguanine particularly in
mtDNA but is otherwise normal under normal breeding con-
ditions (de Souza-Pinto et al., 2001; Klungland et al., 1999).
However, OGG1 has been shown to protect cells during mito-
chondrial oxidative stress (Oka et al., 2008), and we recently dis-
covered that OGG1 was essential for protecting mtDNA from
differentiation-mediated oxidation damage (Wang et al., 2010).
Hence, OGG1 deficiency appears to be manifested as reduced
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mtDNA integrity under conditions with elevated ROS, such as
increased respiration activity.

The functional importance of mitochondria and mtDNA in
the NSC biology has been largely neglected. However, we have
recently found evidence that mtDNA is readily modified by sub-
tle changes in intracellular redox ratios that independently alter
differentiation direction of NSCs. We tested the hypothesis that
differentiation fate depends on the mtDNA integrity, using an
established in vitro differentiation system with primary NSCs
from dentate gyrus of hippocampus from wt and ogg1�/� mouse.
NSCs from the latter progressively accumulate spontaneous
mtDNA damage during differentiation.

Materials and Methods
NSCs and differentiation. Primary NSCs were prepared from hippocam-
pal dentate gyrus of C57BL/6 and C57BL/6 ogg1�/� knock-out mice (of
either sex, not littermates) at postnatal day 5 and propagated as previ-
ously described (Wang et al., 2010). Briefly, initial passages of cells were
cultured for 7 d as floating neurospheres in proliferation medium con-
sisting of serum-free Neurobasal-A medium with 2% B27 supplement,
20 ng/ml basic fibroblast growth factor, 10 ng/ml epidermal growth fac-
tor, 2 mM L-glutamine, and penicillin/streptomycin. Subsequently neu-
rospheres were plated onto poly-L-lysine-coated plates or flasks in
differentiation medium (proliferation medium without epidermal
growth factor) until further experiments.

To generate transgenic mouse expressing isoform 1a of human OGG1
(mtOGG1), the hOGG1 gene was fused to a mitochondrial translocation
signal similarly as described previously (Dobson et al., 2000) and provided

with a kozak sequence and set under the control
of a CMV/AG promoter. Positive carriers from
pronuclei injection (performed by Norsk Trans-
gen Senter) were crossed with ogg1�/� knock-
out mice to provide homozygote C57BL/6
ogg1 �/�/mtOGG1. mtOGG1 carriers were
identified by PCR amplification of transgenic
fragment using the 5�-TGGCGTGTGACC-
GGCGGCTCTA and 5�-GCAGAAGCGCGC-
GGGCAGGCAT primers.

To evaluate pro-oxidant/antioxidant effect
on differentiation parameters, buthionine sul-
foxide (BSO; 2.5 �M), lipoic acid (LA; 5 �M),
and N-acetylcysteine (NAC; 0.75 mM) were
added to the differentiation medium.
2-Methyl-1,4-naphthoquinone (menadione;
25 �M) exposure was limited to 1 h, after NSCs
have adhered to the plate for 4 h.

Immunocytochemistry. Immunocytochem-
istry was performed as described previously
(Wang et al., 2010). Following blocking with
5% BSA, 5% goat serum, and 0.1 Triton X-100
in PBS for 30 min, the cells were incubated with
monoclonal anti-neuron-specific �-III tubulin
(Tuj-1, 1:200, clone Tuj-1, R&D Systems), rab-
bit polyclonal astrocyte-specific anti-glial
fibrillary acidic protein (GFAP, 1:500, clone
G-A-5, Sigma), or monoclonal anti-nestin (1:
200, clone rat-401, Millipore Bioscience Re-
search Reagents) in PBS containing 0.5% BSA,
0.5% goat serum, and 0.1% Tween 20 at 4°C
overnight. Anti-mouse secondary antibody
was Alexa 594 (1:500, Invitrogen). To obtain
the percentage of each cell type, 1300 –1500
cells that were morphologically identified in 10
random fields of each treatment from three dif-
ferent cultures were counted under a 10� objec-
tive. Percentage of positive cells was calculated in
relation to total number of cells, visualized by
DAPI nuclear staining (1 �g/ml: Invitrogen).

Quantitative real-time PCR. Total RNA from cultured cells was isolated
using the RNeasy Kit from Qiagen and cDNA was prepared using Omnis-
cript RT Kit (Qiagen). Quantitative real-time PCR was performed with a
7900HT Fast Real-Time PCR System (Applied Biosystems) using the Power
SYBR green PCR Master mix (AB Applied Biosystems). Oligonucleotides
used were as follows: Tuj-1, forward 5�-ccaagacaagcagcatctgt, reverse 5�-
cagagccaagtggactcaca (Kamnasaran et al., 2008); GFAP, forward 5=-
tcctggaacagcaaaacaag, reverse 5�-cagcctcaggttggtttcat (Sandhir et al., 2008);
Sirt1, forward 5�-gatgacgatgacagaacgtcaca, reverse 5�-ggatcggtgccaatcatgag
(Prozorovski et al., 2008); GAPDH, forward 5�-tcgtcccgtagacaaaatggt, re-
verse 5�-cgcccaatacggccaaa (Hildrestrand et al., 2007).

mtDNA damage detection. mtDNA damage in NSCs was detected by the
following: (1) quantitative PCR-based amplification of a large mtDNA frag-
ment (Santos et al., 2002) and (2) mtDNA damage-mediated inhibition of
restriction enzyme cleavage (Vermulst et al., 2007; Wang et al., 2010).

mtOGG1 DNA glycosylase assay. Mitochondrial OGG1 measurement
in brain mitochondrial extract was measured as described previously (de
Souza-Pinto et al., 2001). Briefly, crude brain mitochondrial extracts
were incubated with 1 fmol of 32P-end-labeled duplex DNA containing
8-oxoguanine in a defined position for 3 h at 37°C. The incised product
was separated by denaturing PAGE and subjected to phosphoimaging by
a Typhoon scanner. Recombinant hOGG1 was from our collection.

MTT viability assay. Cell viability was determined with Cell Prolifera-
tion kit (Roche Diagnostics) and absorbance was measured on a Wallac
1420 Multilabel Counter at a wavelength of 570 nm and reference wave-
length of 630 nm. The cell viability was calculated as percentage relative
to control cells set as 100%.

NAD/NADH assessment. The NAD � and NADH levels were deter-
mined using a NAD/NADH assay kit from Abcam according to the

Figure 1. DNA glycosylase OGG1 is essential for protection against mtDNA damage in NSCs. A, Sensitivity of wt and ogg1�/�

NSCs to pro-oxidants. Single NSCs were plated in differentiation medium for 4 h before exposure. B, mtDNA damage detection by
the relative quantitative amplification of a small (117 bp) and large (10 kb) of mtDNA. Top, A representative result. Bottom,
The mean with SD from more than three independent experiments. C, mtDNA damage detection by the ability to inhibit
restriction cleavage, quantified by real-time PCR. Data are mean with SD from more than three independent experiments.
*p � 0.05; **p � 0.01.
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manufacturer’s instructions. Absorbance was
measured within a linear range on a Wallac
1420 Multilabel Counter at a wavelength of 450
nm. A standard curve was established and pro-
tein concentrations of cell lysates were deter-
mined using Bio-Rad protein assay kit.

Statistical analysis. All data are presented as
the mean � SD. The mean values between two
groups were compared by two-tailed paired
Student’s t test. Differences were considered to
be statistically significant at a p value of �0.05.

Results
To address the role of OGG1 protein in
genome maintenance and NSC survival,
we exposed NSCs derived from hip-
pocampus of wt and ogg1�/� mice to two
different types of pro-oxidants: BSO,
which is an inhibitor of glutathione synthe-
sis, and menadione, which is a superoxide
anion inducer. While BSO generally
heightens cellular peroxyl species via glu-
tathione (millimolar range) depletion,
menadione more specifically targets mi-
tochondrial compartments. These two
agents exert distinct effects on wt and
ogg1�/� cells. BSO killed both types of
NSCs equally efficient, whereas ogg1�/�

NSCs were significantly more sensitive to
menadione than to wt NSCs (Fig. 1A).
Thus, OGG1 is essential to restore NSC re-
sistance to mitochondrial oxidation. The
mtDNA damaging potential of menadione
was evaluated by two distinct methods. The
mtDNA damage level was similar in the
nontreated wt and ogg1�/� NSCs. Both
methods demonstrate significant mtDNA
damage formation in ogg1�/� NSCs that
were exposed to menadione at concentra-
tions �25 �M (Fig. 1B,C). Interestingly,
increased mtDNA damage was not ob-
served in wt NSC, implying that the repair
capacity of OGG1 is sufficient to continu-
ously remove menadione-induced mtDNA
damage.

We have recently shown that mtDNA
suffers from damaging insults after the
first day in differentiation medium, and
that OGG1 is essential for removal of
these spontaneously formed mtDNA
damages (Wang et al., 2010). Given the
protective role of OGG1 against ROS-
induced mtDNA damage and NSC sensi-
tivity as well as the reported impact of
ROS on NSC differentiation fate, we were
prompted to analyze differentiation ca-
pacity in ogg1�/� NSCs cells that fail
to protect mtDNA from spontaneously
formed oxidation damage. The differen-
tiation in vitro can be assessed by ability
to express nestin, a precursor filament
protein expressed in NSC and neural pro-
genitor cells. The fraction of wt cells ex-
pressing nestin dropped from 95% to

Figure 2. Differentiation of wt and ogg1�/� NSCs. A, Growth factor removal-induced differentiation of NSCs is manifested as
reduced levels of nestin and corresponding elevations in the neuronal Tuj-1 and astrocytic GFAP markers. B, Progressive reduction
of neurogenesis and increased astrogenesis from ogg1�/� NSCs. Left, Differentiating cells from wt and ogg1�/� NSCs are
morphological similar (B-W, black and white phase-contrast images). Neurons and astrocytes at differentiation day 1 and 5 were
identified by immunocytochemistry using antibodies against Tuj-1 (middle) and GFAP (right). C, Quantitative analysis of neurons
and astrocytes at day 1 and day 5 in differentiation. Gene expression analyses, presented relative to wt at day 1. Data are mean with
SD from more than three independent experiments. *p � 0.05; **p � 0.01.
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�10% in 4 d (data not shown) upon initiation of differentiation
as reported (Reynolds and Weiss, 1992; Kunke et al., 2009). The
decrease in NSCs with the corresponding generation of neurons
and astrocytes was evaluated by gene expression analyses of nes-
tin, Tuj-1, and GFAP, respectively (Fig. 2A). Expression of Tuj-1
was relatively more active than GFAP for the first 24 h, indicating
that neurogenesis precedes the development of astrocytes.

To determine whether the mtDNA damage accumulation in
ogg1�/� cells (Fig. 1B,C) affects NSCs, differentiation patterns of
wt and ogg1�/� NSCs were compared using Tuj-1 and GFAP
antibodies to identify neurons and astrocytes. Differentiating
NSCs were morphological similar in both cell types (Fig. 2B). At
the first day in differentiation medium, at the time when mtDNA
was intact in both cells, the number of neurons was equal in wt
and ogg1�/� (16.3 � 4.1% vs 16.8 � 4.7%) (Fig. 2C). Further
formation of ogg1�/� neurons, however, was significantly atten-
uated compared to wt neurons (27.5 � 4.6% in ogg1�/� vs 34.6 �
3.9% in wt cells at day 5). It can be inferred from Figure 2B that
neurogenesis from ogg1�/� NSCs is only 60% [(27.5 � 16.5)/
(34.6 � 16.5)] of that in wt NSC after the first day. In contrast,
astrocytic development was promoted during ogg1�/� differen-
tiation, and ogg1�/� astrocytes (GFAP-positive cells) were evi-
dent already on the first day (2.7 � 2.3% vs 0.4 � 0.7% in wt).
After additional 4 d in differentiation medium, ogg1�/� astro-
cytes yielded 20.4 � 3.8% compared with 15.4 � 3.5% in wt (Fig.
2B). The altered differentiation lineage identified by immunocy-
tochemistry was confirmed by gene expression analyses (Fig. 2C).
The total differentiation capacity (total frequency of neurons and
astrocytes) was similar, suggesting that the OGG1 deficiency in-
volves mtDNA damage accumulation that results in a shifted
differentiation lineage, with more astrocytes being formed.

Sirt1 plays a critical role in the regulation of neural stem/
progenitor cell differentiation (Prozorovski et al., 2008) and is
sensitive to changes of intracellular NAD� levels (Imai et al.,
2000; Landry et al., 2000; Fulco et al., 2003). Possible Sirt1 acti-
vation in ogg1�/� cells was supported by elevated NAD during
differentiation along with increased expression of Sirt1 (Fig.
3A,B), which previously has been shown to support Mash1-
mediated astrogliosis (Prozorovski et al., 2008). Importantly,
there was no difference in Sirt1 expression in wt and ogg1�/�

NSCs before differentiation (Fig. 3B, D0), at the time when
mtDNA integrity is similar in the two cells (Wang et al., 2010). In
coherence with the shifted differentiation, Sirt1 expression was
reduced by reducing agents in the ogg1�/� cells, whereas oxidants
increased expression (Fig. 3C). Together, this implies that
mtDNA damage accumulation alters cellular redox levels that are
sufficient to shift differentiation lineage via Sirt1 signaling.

Since mtDNA is readily damaged by both endogenous and
exogenous factors, we aimed to investigate whether manipula-
tion of NSC mtDNA integrity exogenously by exposure to either
pro-oxidants or antioxidants would correspondingly influence
on differentiation. As demonstrated in Figure 1, menadione, like
BSO, induces mtDNA damage in NSCs, while reducing agents
like N-acetylcysteine and lipoic acid protect NSC mtDNA as
shown in our previous report (Wang et al., 2010). Cells in differ-
entiation medium containing BSO formed apparent normal neu-
rons and astrocytes, but the proportion of neurons was shifted
toward astrocytes (Fig. 4A, top), confirming previous reports on
other types of NSCs (Prozorovski et al., 2008). Menadione in-
duced a similar shifting of differentiation pattern but exerted a
stronger suppressive effect on neuronal differentiation than BSO,
and resulted in a lower proportion of total recovered differenti-
ated cells (neurons � astrocytes) (43.9% vs 50.0% of nontreated

wt cells) (Fig. 4A, top). In the ogg1�/� NSC, an even more prom-
inent inhibitory effect on neuronal differentiation was observed
following both BSO and menadione treatments. In these cells,
BSO treatment reduced neuronal differentiation without signif-
icant concomitant increase in astrocytic lineage, while menadi-
one deteriorated the differentiation capacity even further,
resulting in 39.5% and 29.1% recovered cells (Fig. 4A, bottom).
The reversible phenomenon was demonstrated as exposure to
reducing agents reduced astrogliosis and simultaneous increased
neurogenesis in ogg1�/� NSCs (Fig. 4B). LA or NAC, which re-

Figure 3. Altered redox levels and Sirt1 activation in ogg1�/� cells. A, Cellular redox levels
were analyzed as NAD/NADH ratio in differentiation cells, as described in Materials and Meth-
ods. B, Sirt1 expression in cell cultures from wt and ogg1�/� NSC during differentiation. C,
Redox manipulations correspondingly involve Sirt1. Sirt1 expression levels after treatment with
oxidants [BSO and menadione (MEN)] and antioxidants (NAC and LA) were assessed by RT-PCR.
All data are mean with SD from more than three independent experiments *p � 0.05.
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duce mtDNA damage accumulation (Wang et al., 2010), in-
creased the fraction of neurons by 12.6% and 16.8%, respectively,
and in parallel reduced astrocytic fraction by 18.4% and 25.8%,
respectively (numbers estimated with neurons/astrocytes in non-
treated cultures cells set as 100%).

To confirm the important role of mtDNA integrity in NSC
differentiation, we generated a transgenic ogg1�/� mouse that
expresses a mitochondrially targeted human OGG1 (mtOGG1).
Brain mitochondria from mtOGG1 displayed strong OGG1 ac-
tivity, compared to wt (Fig. 4C). Differentiating NSCs from
mtOGG1 were protected from spontaneous mtDNA damage ac-
cumulation, and this resulted in increased neurogenesis (Fig.
4D). As expected, increased astrogenesis in ogg1�/� coincided
with increased mtDNA damage (Fig. 4D). The apparent en-
hanced astrogenesis in mtOGG1 compared to wt between day 1
and day 5 (Fig. 4E and Fig. 4D, respectively) could be due to
increased astrocytic proliferation promoted by elevated mtDNA
repair capacity. Finally, we wanted to evaluate the impact of
mtDNA damage in NSC while still in the proliferation state.
mtDNA damage was induced by menadione in proliferation me-

dium (Fig. 4E). The mtDNA was repaired in wt and mtOGG1 cells
after 4 h, but not in ogg1�/� cells. When differentiation was initiated
at this time, astrocyte generation was significantly increased in
ogg1�/� cells, thereby demonstrating the interrelation between
mtDNA damage and preferential astrocytic development. Although
not statistically significant, neurogenesis potential was elevated in
nontreated cells and especially mtOGG1 even at day 1. At this point
(day 1), neurogenesis was higher in nontreated than in menadione-
treated cells and highest in mtOGG1, although the differences were
not statistically significant. Thus, increased astrogenesis can result
from spontaneously formed mtDNA damage in NSCs during differ-
entiation or from accumulated mtDNA damage in the NSCs popu-
lation before differentiation initiation.

Discussion
This report demonstrates a novel link between mtDNA damage
and differentiation fate of NSC. In the in vitro model, the initial
differentiation from NSCs to neurons and astrocytes is indepen-
dent of OGG1. However along with differentiation progression,
differentiation shifts toward astrocytic lineage in ogg1�/� cells

Figure 4. NSC mtDNA integrity determines differentiation capacity. A, Pro-oxidants shift differentiation toward astrogenesis in wt cells, but suppress total differentiation capacity in ogg1�/�

NSCs. Cells were treated with BSO or menadione and astrocytes/neurons determined by immunocytochemistry at day 5. B, Antioxidants suppress generation of astrocytes in ogg1�/� NSCs with
corresponding increase in neurogenesis. Cell were treated with NAC, LA and astrocytes/neurons identified by immunocytochemistry at day 5. C, Strong 8-oxoguanine DNA glycosylase activity in brain
mitochondria from transgenic ogg1�/� mice overexpressing mitochondrial hOGG1 (mtOGG1). Brain mitochondrial extracts (6 �g) from six different P5 littermates of mtOGG1 (1– 6), adult wt (wt),
and adult ogg1�/� (ogg1�/�) mice were assayed for OGG1 DNA glycosylase activity as described. Recombinant human OGG1 (25 ng) is used as positive control. D, Reversal of spontaneous mtDNA
damage by mitochondrial hOGG1 results in increased neurogenesis. Top, mtDNA integrity in cells from differentiation day 1 and 5 (D1 and D5, respectively) was determined as in Figure 1 B. Numbers
are average with SD from three independent experiments. Bottom, Spontaneous differentiation pattern in wt and ogg1�/� cells and ogg1�/� cells expressing mtOGG1, determined as in Figure
2D. E, Induced mtDNA damage in NSCs increases astrogliosis. Top, NSCs were treated with menadione and mtDNA integrity was examined as in D, after (1 h) and 4 h after treatment. Bottom, Different
NSCs treated with menadione and recovered for 4 h as above, were cultivated in differentiation medium and the differentiation pattern determined after 1 d, as in Figure 2 D. Results shown are
experiments from two independent cultures. *p � 0.05, **p � 0.01.
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that accumulate mtDNA damage, compared to wt cells. Antioxidant
treatment that reduced damage accumulation correspondingly shifted
differentiation direction toward neurons on the expense of astrocytes in
ogg1�/� cells, thereby manifesting the link between mtDNA integ-
rity and differentiation direction. The parallel alterations in
redox levels and mtDNA damage accumulation in wt and
ogg1�/� cells were mirrored by corresponding responses on
Sirt1 expression levels, unraveling underlying mechanisms for
how mtDNA integrity influences differentiation fate.

We have previously demonstrated that mtDNA damage forms
along with differentiation and that OGG1 is important for main-
taining the integrity of mtDNA. The accumulated mtDNA dam-
age secondarily suppressed normal mitochondrial maturation in
ogg1�/� cells, resulting in reduced mitochondrial activity in these
cells (Wang et al., 2010). Mitochondrial activity is important for
cellular NAD/NADH ratio, which in turn is a key regulator of
Sirt1. Thus, the underlying mechanism for how mtDNA damage
influences on differentiation lineage might originate from mito-
chondrial alterations producing redox-altered regulation of
Sirt1. It is not likely that OGG1’s role in repair of nuclear DNA is
responsible for the shifted differentiation in ogg1�/� NSCs, since
there are several backup functions for removal of oxidative base
damage in nuclear DNA (Robertson et al., 2009). In contrast,
OGG1 was found to be essential for repair of mtDNA (Fig. 1).
Like menadione, BSO is capable of inducing NSC mtDNA dam-
age (Wang et al., 2010), which may seem contradictory to the fact
that ogg1�/� cells are not hypersensitive to BSO as to menadione.
The explanation probably resides in the distinct oxidation mech-
anism by the two agents, and that BSO via its glutathione deple-
tion kills cells by mtDNA damage-independent mechanisms.

Oxidative stress and mitochondrial dysfunction are hall-
marks of aging and a number of neurodegenerative disorders
(Wallace, 2002). Emerging evidence demonstrates the impact
of mitochondria-affected DNA damage and neurodegenerative dis-
ease, including accumulation of damage in promoter regions of nu-
clear genes related to mitochondrial function as well as damage to
mtDNA (Lu et al., 2004; Lee and Wei, 2007). Damaged mtDNA is
repaired by specific repair systems in the neurons and astrocytes, and
excessive damage has been hypothesized to give neuronal death
(Harrison et al., 2005). However, our results hereby provide an al-
ternative explanation for the connection between oxidative stress,
mtDNA damage formation and neurodegeneration. The presence of
NSC even in adult animals (Ahlenius et al., 2009) implies that con-
tinuous replenishment of neurons is a normal property of the brain.
In the extension of this, neurodegeneration may therefore not necessar-
ily be the consequence of increased apoptosis but rather insufficient
neuronalrenewalbecauseofmtDNAdamageaccumulationintheNSC
population hampering differentiation fate. The results also suggest that
antioxidant treatment could reverse the biased differentiation. It re-
mains to evaluate the potential of Sirt1 inhibitors to circumvent the
effect of accumulated mtDNA damage in the aging brain.
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