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Abstract
Aging in the brain is characterized by increased susceptibility to neuronal loss and functional
decline, and mitochondrial DNA (mtDNA) mutations are thought to play an important role in
these processes. Due to the proximity of mtDNA to the main sites of mitochondrial free radical
generation, oxidative stress is a major source of DNA mutations in mitochondria. The base
excision repair (BER) pathway removes oxidative lesions from mtDNA, thereby constituting an
important mechanism to avoid accumulation of mtDNA mutations. The complexity of the brain
implies that exposure and defence against oxidative stress varies among brain regions and hence
some regions may be particularly prone to accumulation of mtDNA damages. In the current study
we investigated the efficiency of the BER pathway throughout the murine lifespan in mitochondria
from cortex and hippocampus, regions that are central in mammalian cognition, and which are
severely affected during aging and in neurodegenerative diseases. A regional specific regulation of
mitochondrial DNA repair activities was observed with aging. In cortical mitochondria, DNA
glycosylase activities peaked at middle-age followed by a significant drop at old age. However,
only minor changes were observed in hippocampal mitochondria during the whole lifespan of the
animals. Furthermore, DNA glycosylase activities were lower in hippocampal than in cortical
mitochondria. Mitochondrial AP endonuclease activity increased in old animals in both brain
regions. Our data suggest an important regional specific regulation of mitochondrial BER during
aging.
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1. Introduction
The mitochondrial free radical theory of aging (Harman, 1972) continues to receive support
from experimental investigations, and accumulation of mitochondrial DNA mutations has
been suggested to play a determinant role in the aging process (Barja, 1999; Beckman and
Ames, 1999; Kujoth et al., 2007; Sastre et al., 2000; Trifunovic et al., 2004). As a result of
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its proximity to the main site of mitochondrial reactive oxygen species (ROS) generation,
mtDNA is subjected to continuous oxidation by free radicals. Hence, the steady-state levels
of oxidative lesions in mtDNA are several-fold higher than those found in nuclear DNA
(Barja and Herrero, 2000; Richter et al., 1988). Since many of the oxidative lesions are
mutagenic, oxidative attack by ROS is an important source of mtDNA mutations. Several
major pathways of DNA repair have been described, and the particular pathway used
depends, in part, upon the type of DNA damage that is being repaired. Separate DNA repair
mechanisms exist for the nuclear and mitochondrial compartments (Bohr and Anson, 1999),
and not all the DNA repair pathways that are present in the nucleus have been found in the
mitochondria. The main DNA repair pathway common to the two compartments is the base
excision repair (BER). However, mitochondria possess an independent BER machinery, the
components of which are coded by nuclear genes (Bohr, 2002).

BER is the main pathway for repair of small DNA modifications caused by alkylation,
deamination or oxidation and includes four distinct steps (Bohr, 2002). First, DNA
glycosylases, which have distinct substrate specificities, are responsible for recognition and
removal of the modified bases, rendering an abasic site, which is then processed by AP
endonuclease. Repair can then proceed through one of two subpathways: short- or long-
patch BER. The short-patch BER involves the incorporation of a single nucleotide into the
gap by DNA polymerase followed by strand ligation by DNA ligase. Long-patch BER
involves incorporation of several nucleotides, typically two to seven, followed by cleavage
of the resulting 5′ flap and ligation. Both subpathways of BER have been reported to occur
in nuclei, and it is well established that short-patch BER takes place in mitochondria (Bohr,
2002). Interestingly, recent investigations suggest that long-patch BER is also involved in
repairing mtDNA lesions (Akbari et al., 2008; Liu et al., 2008).

Recently, Nei-like homologues (NEILs) have been described to be present in mammalian
cells (Hazra et al., 2002a). Due to their unique preference for recognizing and cleaving
oxidatively damaged bases in bubble DNA substrates (Dou et al., 2003), NEIL glycosylases
have been proposed to play an important role in repair of oxidative damage in replicated and
transcribed DNA. NEIL mRNA has been detected in different mammalian tissues, including
brain (Hazra et al., 2002a, b), and only one previous investigation has reported the presence
of NEIL in mitochondria in liver (Hu et al., 2005a). In contrast to the lack of obvious
phenotypes when DNA glycosylases are knocked out in rodents, an important
symptomology resembling the metabolic syndrome in humans has been reported as a
consequence of deleting NEIL1 in mouse (Vartanian et al., 2006).

Mitochondrial BER capacity has been reported to be organ-specific, with the brain being
one of the tissues with lowest capacity (Karahalil et al., 2002), despite the fact that brain is
one of the tissues with the highest oxidative load. The relatively low DNA repair capacity in
brain mitochondria in mammals is critical due to the main role of the brain in homeostasis of
the organism. Oxidative modifications and mutations in mtDNA accumulate with aging in
the brain and are considered to play an important role in neuronal loss associated with aging
and neurodegenerative diseases, such as Parkinson’s and Alzheimer’s diseases and
amyotrophic lateral sclerosis (Beal, 2005; Melov, 2004; Vermulst et al., 2007). Different
studies have previously investigated the total or nuclear BER activities in relation to brain
aging and age-related neurodegenerative diseases, but only a few have attempted to
investigate how mitochondrial BER is modulated during lifespan and the importance of this
process in the functional decline in brain with aging (reviewed in Weissman et al., 2007).

The brain possesses a highly organized and complex architecture. Metabolic activities and
antioxidant levels as well as distribution of trace metals implicated in oxidative stress have
been described to vary among brain regions (Cardozo-Pelaez et al., 2000; Benkovic and
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Connor, 1993; Frederickson, 1989). Importantly, it has also been reported that some regions
are more prone to accumulate oxidative DNA modifications than others (Cardozo-Pelaez et
al., 1999; Giovannelli et al., 2003). Together with ROS, reactive nitrogen species (RNS) are
also an important source of DNA damage in the brain, due to the role that nitric oxide plays
as an intercellular messenger. RNS are mainly implicated in the formation of DNA strand
breaks and deamination of DNA bases, with deoxy-uracil representing the main product of
hydroxylative deamination of cytosine (Kilinc and Kilinc, 2005; Reddy et al., 2007).

In the present study, we have investigated the mitochondrial BER activity in cortex and
hippocampus during the murine lifespan. These regions are central in mammalian cognition
and have been reported to be severely affected during aging and in neurodegenerative
diseases (Geinisman et al., 1995; Joelving et al., 2006; West et al., 1994). We have studied
activities of individual enzymes catalyzing single steps in the mitochondrial BER pathway:
DNA glycosylases and AP endonuclease. Oxoguanine DNA glycosylase (OGG1) and uracil
DNA glycosylase (UNG1) recognize and remove 8-oxodG and deoxy-uracil (dU) from
DNA, respectively, and endonuclease III homologue 1 (NTH1) is mainly responsible for
removal of 5-hydroxy-deoxyuracil (5-OHdU). Moreover, we investigated the presence of
NEIL activity in brain mitochondria, as well as how this activity is affected during the
murine lifespan. Finally, changes in mitochondrial AP endonuclease (mtAPE) activity with
aging in the two brain regions were studied. APE is responsible for repair of AP sites, and
also single-strand DNA breaks with 3′ blocking groups generated under oxidative attack of
DNA. Moreover, APE has been described to play a central role in neuronal survival (Vasko
et al., 2005).

Our data indicate that a region specific regulation of mitochondrial BER activities takes
place in the brain during aging. They also suggest that the capability of responding to
mtDNA oxidative damage is lower in hippocampal than in cortical mitochondria, which
might contribute to higher mtDNA instability in hippocampus and hence to the higher
vulnerability reported in this region with aging.

2. Materials and methods
2.1. Animals

Male C57BL/6J mice were obtained from Taconic M&B (Denmark). Mice were fed ad
libitum and kept in a 12 h light/12 h night cycle. Breeding of the animals started at different
time points so all the animals reached the required age at the same time. All animals were
sacrificed by decapitation at Taconic M&B facilities and brains were immediately harvested
for dissection. Cortex, hippocampus and cerebellum were dissected and snap frozen. Four
age groups were investigated: 1 month (young group); 5 months (adult group); 10 months
(middle-aged group); and 15–20 months (old group).

2.2. Mitochondrial purification
Mitochondria were isolated as previously described (Hansford et al., 1999) with minor
modifications. All steps were carried out at 4 °C. Briefly, brain regions were homogenized
in MSHE buffer (210 mM mannitol, 70 mM sucrose, 10 mM HEPES, 1 mM EGTA, 1 mM
EDTA; pH 7.4) with a glass–glass homogeniser. Homogenization was carried out in the
presence of subtilisin (1.4 U/ml) in order to avoid contamination of nuclear proteins in the
mitochondrial preparation. The protease was removed by centrifugation at 8500 ×g for 8
min. Supernatant was discarded and the pellet was resuspended in MSHE buffer. All
subsequent steps were performed in the presence of protease inhibitors (0.15 mM spermine,
0.75 mM spermidine, 1 mM PMSF, 5 mM DTT, 5 μl protease inhibitor cocktail set III
(Calbiochem)). After centrifugation at 500 × g for 12 min, mitochondria were spun down by
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centrifugation of the supernatant at 10,000 × g for 9 min. The mitochondrial pellet was
resuspended in MSHE buffer and the final mitochondrial fraction was obtained after
centrifugation at 8500 × g for 9 min. Mitochondria were resuspended in Mitobuffer (20 mM
HEPES, 1 mM EDTA, 2 mM DTT, 5% glycerol; pH 7.4), aliquoted and stored at −80 °C
until use. Due to the small size, hippocampi from two mice were pooled to obtain one
preparation. Protein concentration of the mitochondrial preparations was determined by the
Lowry method (Lowry et al., 1951).

2.3. Western blotting
Absence of nuclear contamination in the mitochondrial samples was confirmed by western
blot analysis of the mitochondrial preparations from the different groups. Mitochondrial
samples (40 μg protein) were separated on 4–12% NuPAGE Novex® Bis–Tris gels
(Invitrogen) and transferred to PVDF membranes (Invitrogen). The absence of nuclear
protein lamin B was assayed by using a polyclonal goat antibody (1:1000; Santa Cruz
Biotechnology), and mitochondrial presence was assayed by detection of VDAC1
(polyclonal rabbit antibody 1:200; Abcam). AP endonuclease was detected by using a
monoclonal mouse antibody (1:2000; Novus Biologicals). Secondary anti-goat, anti-rabbit
or anti-mouse antibodies were applied at 1:3000–1:5000. Membranes were visualized using
ECL plus® (GE Healthcare, Amersham).

2.4. Oligonucleotides
All oligonucleotides were purchased from DNA Technology (Aarhus, Denmark) and were
5′-end-labeled using T4 polynucleotide kinase (PNK) and γ-32P-ATP. Mixtures of 100 μg
oligonucleotide containing the DNA lesion or an unmodified base (Table 1), 20 units of T4
PNK (Fermentas), PNK forward buffer A (Fermentas) and 333 μCi γ-32P-ATP were
incubated for 90 min at 37 °C, and then stopped with 2 μl 0.5 M EDTA. The unincorporated
γ-32P-ATP was removed by binding to G25 Microspin columns (GE Healthcare,
Amersham). Duplexing of the 5′-end-labeled oligonucleotide with the corresponding
complementary strand was carried out by heating to 90 °C followed by gradual cooling to
room temperature.

2.5. Mitochondrial DNA glycosylase activities
The activity of various DNA glycosylases in mitochondria from cortex and hippocampus
was determined in vitro by incision assays essentially as described before (Souza-Pinto et
al., 1999). After permeabilization in the presence of 0.05% Triton X-100 and 0.3 M KCl,
mitochondria were incubated at 37 °C with 90 fmol of the corresponding duplexed 32P-
labelled oligonucleotide (Table 1) in a 20 μl reaction containing 20 mM HEPES, 5 mM
EDTA, 75 mM KCl, 1 mM MgCl2, 5% glycerol, 5 mM DTT and 0.1 mg/ml BSA. The
amount of mitochondrial protein added in the reaction and the incubation time varied
depending on the oligonucleotide used. Thus, 12 μg of mitochondrial extract and 1 h
incubation time were chosen when removal of dU and 5-OHdU was investigated. Incubation
time was 3 h and 24 μg of mitochondrial extract were added in the reactions with 8-oxodG
substrate and 5-OHdU in bubble structure oligonucleotide. Moreover, 7.5 mM dNTPs were
added when 5-OHdU in bubble structure was investigated in order to avoid unspecific
cleavage of the substrate. Reactions were stopped by addition of 0.4% SDS and 0.2 μg/μl
proteinase K, followed by 30 min incubation at 55 °C. Samples were mixed with 20 μl of
formamide loading buffer (80% formamide, 10 mM EDTA, 1 mg/ml xylene cyanol FF, and
1 mg/ml Bromophenol Blue) heated to 90 °C for 5 min and loaded on a denaturing 20%
polyacrylamide gel. The radioactively labeled DNA was visualized using a Personal
Molecular Imager™ and quantified using Quantity One software (Bio-Rad).
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2.6. Mitochondrial AP endonuclease activity
Mitochondrial APE activity was measured essentially as previously described (Stuart et al.,
2004). 12 μg of mitochondrial protein were incubated for 1 h at 37 °C with a 30-mer
oligonucleotide containing a tetrahydrofuran (THF, abasic site analog (Table 1)). Reaction
conditions were identical to those described above for the DNA glycosylase assays. 20 μl of
formamide loading buffer were added to each sample and substrate and product were
resolved by electrophoresis on a denaturing 20% polyacrylamide gel.

2.7. Statistical analysis
All data are reported as mean ± standard error of the mean using three to five independent
mitochondrial preparations. For each independent sample, all assays were performed in
triplicate. Comparisons of groups were statistically analyzed by Student’s t-test.

3. Results
Brain function is modulated during the entire lifespan, with rapid cell proliferation and cell
differentiation in developing brain during embryogenesis and the first post-natal weeks; after
maturation, age-related functional decline occurs. In order to include the entire murine
lifespan, four ages were studied in the present investigation: 1 month, when brain
development processes are nearly completed; 5 months, mature adult animals; 10 months,
middle-aged animals; and 15–20 months representing old animals.

Mitochondrial preparations from cortex and hippocampus of the different age-groups were
used to investigate the activities of the two first steps in the BER pathway during lifespan.
DNA glycosylase activities were measured using double-stranded DNA oligonucleotides
containing specific base damages and AP endonuclease activity was determined by using a
tetrahydrofuran (THF) (an abasic site analogue) containing oligonucleotide (Table 1).
Mitochondria from the brain regions were purified by differential centrifugation. The outer
mitochondrial membrane protein VDAC1 was used to confirm mitochondrial presence (Fig.
1). Mitochondrial purifications were essentially devoid of nuclear contamination, as
determined by western blotting for the nuclear protein Lamin B (Fig. 1). While lamin B was
detected in whole brain extract, no signal was observed in mitochondrial fractions from any
of the age groups.

3.1. Mitochondrial DNA glycosylase activities are differentially regulated during aging in
cortex and hippocampus

First, we investigated the activities of three main DNA glycosylases in mitochondria from
hippocampus and cortex; UNG1, OGG1 and NTH1. Mitochondrial DNA glycosylase
activities showed different patterns during lifespan depending on the brain region (Fig. 2). In
cortical mitochondria, a significant increase in OGG1 and NTH1 activities occurred from
young to middle-aged animals (p ≤ 0.01). Similarly, mitochondrial UNG1 activity was
enhanced from adult to middle-aged mice (p ≤ 0.005). However, these increases were
followed by a major drop at old age in all three activities (p ≤ 0.003), suggesting a failure of
long-term up-regulation of DNA glycosylase activities in mitochondria from cortex. In
contrast, no significant changes in the activity of DNA glycosylases were observed during
the lifespan in hippocampal mitochondria, with the exception of NTH1 for which a
significant peak at middle-age was observed (p ≤ 0.05). Moreover, a significant decrease in
UNG1 activity from young to adult animals was observed in both regions (p ≤ 0.05).
Notably, hippocampal mitochondria from mature animals generally showed lower incision
activities than cortical mitochondria.
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In order to examine whether the lack of modulation in the three DNA glycosylase activities
in hippocampal mitochondria during lifespan was specific for this brain region, we further
investigated the glycosylase activities in mitochondria from cerebellum. Cerebellar
mitochondria were purified by the same procedure and checked for nuclear contamination
by western blotting (data not shown). UNG1, OGG1 and NTH1 incision activities were then
investigated. The activity of these DNA glycosylases in cerebellar mitochondria was higher
in old than in adult animals (Fig. 3) suggesting that mitochondria from this particular region
are capable of up-regulating DNA glycosylase activities to a higher extent than cortical
mitochondria. Moreover, these results indicate that the lack of age-related regulation in
mitochondrial DNA glycosylase activities was specific for hippocampus.

3.2. Presence and changes with aging in mitochondrial NEIL activity in cortex and
hippocampus

Despite the postmitotic nature of neurons, replication processes do take place in their
mitochondria. NEIL glycosylases are reported to be involved in replication, and NEIL
mRNAs have been described to be present in brain tissue (Hazra et al., 2002a, b). We
investigated NEIL activity in cortical and hippocampal mitochondria during lifespan using a
5-OHdU containing bubble substrate that is specifically recognized by these DNA
glycosylases. Indeed, NEIL activity was observed in mitochondria from both regions (Fig.
4) at a rate similar to the DNA glycosylase OGG1. Mitochondrial NEIL activity showed the
same age-related changes as the other DNA glycosylases, both in cortex and hippocampus,
with no significant changes during lifespan in the latter, and with a significant peak at
middle-age in the cortical region (p ≤ 0.05). Similar to UNG1 and OGG1, NEIL activity was
lower in hippocampal than in cortical mitochondria.

3.3. AP endonuclease activity increases with aging in mitochondria from cortex and
hippocampus

In order to investigate whether other single steps of the mitochondrial BER pathway were
affected by aging in a similar manner as the DNA glycosylases, the AP endonuclease
activity was determined in mitochondria from cortex (Fig. 5A) and hippocampus (Fig. 5B).
Although mtAPE activity declined from immature animals to adult ones in both regions (p ≤
0.033), a significant increase in mitochondrial AP activity was subsequently observed from
adult to old animals. A regional difference was observed concerning the timing of
enhancement in mtAPE activity. While hippocampal mtAPE activity was increased only in
the oldest group (p ≤ 0.001), a significant increase was observed in mitochondria from
cortex already at middle-age (p = 0.039). Moreover, and in contrast to mitochondrial DNA
glycosylases, the elevated APE activity in cortical mitochondria was maintained in old mice.
In order to determine whether the rise in mtAPE activity in old animals reflected an up-
regulation in APE protein content, we investigated the protein amount of APE in
mitochondrial extracts of the two regions. As shown in Fig. 5E, APE levels did not differ
between mitochondrial fractions from adult and old animals.

4. Discussion
Brain aging and neurodegenerative diseases have often been related to DNA instability,
particularly of mtDNA (Coskun et al., 2004; Howell et al., 2005; Smigrodzki et al., 2004)
and to increasing levels of oxidative lesions (Markesbery and Lovell, 2006; Nakabeppu et
al., 2007). Since oxidative lesions in DNA are mutagenic, mitochondrial DNA repair
mechanisms play a central role in preventing accumulation of mtDNA mutations and in the
maintenance of DNA stability. Cell survival in postmitotic tissues is critical in order to
maintain tissue functionality. Such maintenance is especially important in the brain, where
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the postmitotic neurons play a central role in the control of most of the physiological
functions of the organism.

The main aim of the current study was to investigate the mammalian DNA repair capacity
throughout lifespan in mitochondria from two different brain regions, cortex and
hippocampus. Brain function is modulated during the entire lifespan of mammals. During
brain development, cell proliferation is accelerated and robust DNA repair is required in
order to maintain DNA stability. In rodents, cell proliferation in developing brain gradually
diminishes and generally ceases after the first month after birth. Previous studies on
developing brain have reported higher activity of UNG1, OGG1 and APE in nuclear whole
brain extracts during embryonic and neonatal stages compared to mature animals (Focher et
al., 1990; Hildrestrand et al., 2007; Larsen et al., 2006). An important regulator in vertebrate
development of the central nervous system is nitric oxide (Mantelas et al., 2007; Peunova et
al., 2001), and hence the mitochondrial levels of RNS are likely to be high during brain
maturation. As a consequence hereof, mtDNA is prone to deoxy-uracil base modifications
due to deamination of cytosine induces by RNS. In agreement with that, our results showed
that UNG1 and APE activities, involved in dU removal, were higher in mitochondria from
cortex and hippocampus of young animals than in adult ones. Previous studies on nuclear
extracts are hereby extended to mitochondria, suggesting that accurate mtDNA repair
mechanisms are particularly important during the early stages of life in order to maintain
neuronal viability.

Despite the lack of general changes in DNA glycosylase activities in cortical mitochondria
from young to adult mice, we found a 1.6-fold increase in the mitochondrial activity of
UNG1 and NTH1, and a 1.7-fold increase in NEIL1 activity in this brain region from adult
to middle-aged animals. Similarly, mitochondrial OGG1 activity increased linearly 1.7-fold
from young to middle-aged animals. These results suggest the existence of a general
compensatory mechanism that leads to an up-regulation of mtDNA glycosylase activities in
order to remove the accumulating mtDNA lesions with aging in cortex. Similarly, Souza-
Pinto et al. (2001) previously reported a linear increase in OGG1 activity with aging in
mitochondria from mouse liver. However, the augmentation of DNA glycosylase activities
in cortical mitochondria at middle age was followed by a significant decrease in old mice,
suggesting that the up-regulation cannot be sustained after middle age.

In contrast to the general changes found in cortical mitochondria, we observed only minor
changes in mitochondrial DNA glycosylase activities in hippocampus during the lifespan.
Furthermore, the capacity to remove DNA lesions was generally lower in hippocampal than
in cortical mitochondria. The lack of regulation of DNA glycosylase activities during aging
was specific to hippocampal mitochondria, since investigation of cerebellum revealed that
an age-associated increase in DNA glycosylase activities also takes place in mitochondria
from that region. Thus, a cellular adaptation to increasing mtDNA damage occurs with aging
both in cortex and in cerebellum, although regional differences are observed, since in
cortical mitochondria the DNA glycosylase activities drop in the late stage of life.

In accordance with the higher mtDNA repair capacity observed in cerebellum at old age, it
has been reported that this region accumulates less mtDNA lesions with aging than other
brain regions in humans and rodents (Corral-Debrinski et al., 1992; Filburn et al., 1996).
Hippocampus has been described to be one of the brain regions most affected by aging
(Geinisman et al., 1995), and at the same time, lipofuscin and mtDNA deletions have been
described to accumulate to a higher extent in hippocampus than in cortex and cerebellum
during aging (Abd El Mohsen et al., 2005; Filburn et al., 1996). Furthermore, hippocampus
has been reported to be more vulnerable than cortex and cerebellum to oxidative stress
conditions (Brown et al., 2004; Hota et al., 2007) and it is a main target in Alzheimer’s
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disease (West et al., 2000). Our results suggest that the lack of up-regulation of
mitochondrial DNA glycosylase activities during aging in hippocampus, together with its
lower general repair activity may play a major role in the age-related accumulation of
mtDNA lesions in this region, and hence in the higher susceptibility to functional decline
when compared to other mammalian brain regions, like cortex or cerebellum.

Although mRNAs of NEIL1 and NEIL2 have been detected in brain (Hazra et al., 2002a, b),
NEIL activities have not previously been described in brain mitochondria. In the current
investigation we report a significant activity of NEILs in mitochondria from cortex and
hippocampus at a similar rate as other major DNA glycosylases, such as OGG1, described in
the present study and in previous reports on brain mitochondria (Imam et al., 2006). NEIL1
has previously been described to be present in liver mitochondria (Hu et al., 2005a), and our
results extend the location of NEILs to mitochondria of neuronal tissue. Together, these
results suggest a new role of NEILs in the removal of DNA lesions in mitochondria during
replication and transcription. Interestingly, the observed peak at middle-age in mitochondrial
NEIL activity in the cortex was comparable with previous results on mRNA expression
profiles of mitochondrial encoded genes in the same region (Manczak et al., 2005). This
provides an interesting putative link between the capacity of mtDNA repair and mtDNA
transcription in the cortex.

In order to analyze whether the efficiency of other steps of the BER pathway were also
affected during aging, we investigated mtAPE activity in cortex and hippocampus. The
results underscored the regional differences in mitochondrial BER modulation with aging.
Although both regions showed a higher mtAPE activity in old animals than in younger ones,
the increase occurred later in life in hippocampal than in cortical mitochondria, where a
significant increase in the mtAPE activity was already observed in middle-aged animals.
These results support the idea that mtDNA repair mechanisms are not as efficient in
hippocampal mitochondria as in cortex during aging, leading to a higher instability of
mtDNA in hippocampus (Filburn et al., 1996).

Despite the higher APE activity observed in mitochondria from old animals, no changes in
APE protein levels were detected between adult and old groups in any of the regions. This
result is in agreement with an earlier study on mtAPE levels during aging in brain regions
(Imam et al., 2006). Our results point towards post-translational modification as the potential
mechanism responsible for the increased mitochondrial activity with aging. Post-
translational modifications have been described to modulate various aspects of the DNA
damage response, including the activity of various DNA repair proteins (Hu et al., 2005b).
APE has been described to be acetylated as well as phosphorylated (Bhakat et al., 2003; Luo
et al., 2007). While acetylation of APE has been related to the action of the protein in
transcriptional regulation (Bhakat et al., 2003), the phosphorylation of APE has been shown
to modulate its DNA repair function (Luo et al., 2007). AP endonuclease has previously
been reported to be essential for neuronal survival in part via apoptosis signalling (Vasko et
al., 2005). The observed elevated mtAPE activity with aging in the current investigation
might be a response mechanism to maintain cellular viability in both cortex and
hippocampus, suggesting an important role of APE in mitochondria during aging.

In summary, our study denotes an important heterogeneity in the modulation of mtDNA
repair enzymes with aging in the brain. The age-related mtDNA instability observed in
hippocampus and the elevated susceptibility to neurodegenerative diseases in comparison to
other brain regions might partly be due to a generally lower capacity to remove modified
DNA bases and the incapacity of enhancing DNA glycosylase activities during aging. Up-
regulation of APE activity in mitochondria from cortex and hippocampus occurs with aging
and is maintained in old animals, supporting the essential role of this enzyme in mtDNA
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stability and cellular survival with aging through its role in the mitochondrial BER pathway.
Finally, we have reported for the first time that brain mitochondria contain NEIL activity,
supporting the role of NEIL glycosylases in the stability of mtDNA in brain mitochondria.
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Fig. 1.
Western blot analysis of Lamin B and VDAC1 in whole brain extract and mitochondrial
fractions isolated from cortex and hippocampus. 40 μg of mitochondrial protein from
hippocampus (A) and cortex (B) were loaded and resolved on a SDS-PAGE gel as described
in Materials and Methods. Representative blot images are shown. Lane 1: young group; lane
2: adult group; lane 3: middle-aged group; lane 4: old group; lane 5: whole brain extract.
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Fig. 2.
Changes in DNA glycosylase activities in mitochondria from cortex and hippocampus with
aging. Top panels show quantification of DNA glycosylase activities and bottom panels
show representative gels from cortical mitochondria. Incision activities were calculated from
the amount of radioactivity in the products relative to the total radioactivity in the lane. Each
lane in the gels represents one animal. Values presented are means ± S.E.M. of triplicate
measurements from three to five mitochondrial preparations and are expressed as fmol per
hour per 10 μg of mitochondrial protein for UNG1 and NTH1 and fmol per 3 h per 30 μg of
mitochondrial protein for OGG1 activity. Filled bars represent cortical mitochondrial
activities; Open bars represent hippocampal mitochondrial activities. (A) UNG1 activity; (B)
NTH1 activity; (C) OGG1 activity. (a) Indicates significant difference versus adult group;
(b) indicates significant difference versus middle-aged group; (c) indicates significant
difference versus young group. Significant changes in cortical mitochondria: *p ≤ 0.06; **p
≤ 0.01; ***p ≤ 0.001; significant changes in hippocampal mitochondria: #p ≤ 0.06; ##p ≤
0.01.
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Fig. 3.
Changes in DNA glycosylase activities in mitochondria from cerebellum with aging.
Quantification of DNA glycosylase activities as described for Fig. 2. Values presented are
means ± S.E.M. of triplicate measurements from three to five mitochondrial preparations
and are expressed as fmol per hour per 10 μg of mitochondrial protein for UNG1 and NTH1
and fmol per 3 h per 30 μg of mitochondrial protein for OGG1 activity. Asterisk (*)
indicates significant difference versus middle-aged group; **p ≤ 0.01.
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Fig. 4.
NEIL activity in mitochondria from cortex and hippocampus in different age groups. Top
panel shows quantification of NEIL activity and bottom panel shows representative gel.
Quantification of NEIL activities as described for Fig. 2. Each lane in the gels represents one
animal. Values presented are means ± S.E.M. of triplicate measurements from three to five
mitochondrial preparations and are expressed as fmol per 3 h per 30 μg of mitochondrial
protein. Filled bars represent cortical mitochondrial activities; Open bars represent
hippocampal mitochondrial activities. (a) Indicates significant difference versus adult group;
(b) indicates significant difference versus middle-aged group; *p ≤ 0.06.
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Fig. 5.
MtAPE activity in cortical and hippocampal mitochondria with aging. Quantification of
mtAPE activity in cortical (A) and hippocampal (B) mitochondria. Values presented are
means ± S.E.M. of triplicate measurements from three to four mitochondrial preparations
and are expressed as fmol per hour per 10 μg of mitochondrial protein. (C and D)
Representative gels of AP incision in cortical and hippocampal mitochondria respectively.
Each lane in the gels represents one animal. (E) Western blot analyses of APE in cortical
and hippocampal mitochondria from adult and old groups. Representative blot image is
shown. (a) Denotes significant difference versus adult group; (b) indicates significant
difference versus middle-aged group; *p ≤ 0.06; **p ≤ 0.01; ***p ≤ 0.001.

Gredilla et al. Page 17

Neurobiol Aging. Author manuscript; available in PMC 2010 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Gredilla et al. Page 18

Table 1

Oligonucleotides used in assays for DNA repair activities

Name bp Sequence

8-oxodG 30 5′-ATA
TAC CGC
G8C CGG
CCG ATC
AAG CTT
ATT

3′-TAT
ATG GCG
CCG GCC
GGC TAG
TTC GAA
TAA

dUracil 30 5′-ATA
TAC CGC
GUC
CGG
CCG ATC
AAG CTT
ATT

3′-TAT
ATG GCG
CGG
GCC
GGC TAG
TTC GAA
TAA

5-OHdU 30 5′-ATA
TAC CGC
G5C CGG
CCG ATC
AAG CTT
ATT

3′-TAT
ATG GCG
CGG
GCC
GGC TAG
TTC GAA
TAA

5-OHdU bubble 51 5′-GCT
TAG CTT
GGA ATC
GTA TCA
TGT A5A
CTC GTG
TGC CGT
GTA GAC
CGT GCC

3′-CGA
ATC GAA
CCT TAG
CAT AGG
CAC CCG
ACA
AAC
ACG
GCA CAT
CTG GCA
CGG

AP 30 5′-ATA
TAC CGC
GGF CGG
CCG ATC
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Name bp Sequence
AAG CTT
ATT

3′-TAT
ATG GCG
CCG GCC
GGC TAG
TTC GAA
TAA

The modified bases are shown in bold letters. Underlined bases indicate unpaired area. bp: base pairs. (8) 8-oxodG; (U) dU; (5) 5-OHdU; (F)
tetrahy-drofuran.
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