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Abstract
Many forms of neurodegeneration are associated with oxidative stress and mitochondrial
dysfunction. Mitochondria are prominent targets of oxidative damage, however, it is not clear
whether mitochondrial DNA (mtDNA) damage and/or its lack of repair are primary events in the
delayed onset observed in Huntington’s disease (HD). We hypothesize that an age-dependent
increase in mtDNA damage contributes to mitochondrial dysfunction in HD. Two HD mouse
models were studied, the 3-nitropropionic acid (3-NPA) chemically induced model and the HD
transgenic mice of the R6/2 strain containing 115–150 CAG repeats in the huntingtin gene. The
mitochondrial toxin 3-NPA inhibits complex II of the electron transport system and causes
neurodegeneration that resembles HD in the striatum of human and experimental animals. We
measured nuclear and mtDNA damage by quantitative PCR (QPCR) in striatum of 5- and 24-
month-old untreated and 3-NPA treated C57BL/6 mice. Aging caused an increase in damage in
both nuclear and mitochondrial genomes. 3-NPA induced 4–6 more damage in mtDNA than
nuclear DNA in 5-month-old mice, and this damage was repaired by 48 h in the mtDNA. In 24-
month-old mice 3NPA caused equal amounts of nuclear and mitochondrial damage and this
damage persistent in both genomes for 48 h. QPCR analysis showed a progressive increase in the
levels of mtDNA damage in the striatum and cerebral cortex of 7–12-week-old R6/2 mice.
Striatum exhibited eight-fold more damage to the mtDNA compared with a nuclear gene. These
data suggest that mtDNA damage is an early biomarker for HD-associated neurodegeneration and
supports the hypothesis that mtDNA lesions may contribute to the pathogenesis observed in HD.
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1. Introduction
Huntington’s disease (HD) is a late-onset, autosomal dominant neurodegenerative disorder
caused by a mutation that results in an abnormal expansion of CAG repeats in the huntingtin
gene [1]. HD is characterized at the pathological level by marked neuronal loss in the
striatum with involvement of the cerebral cortex soon after disease progression [2]. It has
been hypothesized that mitochondrial dysfunction and oxidative stress are involved in the
neurodegeneration associated with HD. For example, increased levels of 8-hydroxy-2′-
deoxyguanosine (8-OHdG) from frontal and parietal cerebral cortex and caudate nucleus
have been reported in nuclear DNA (nDNA) from HD patients [3,4]. Transgenic models of
HD also exhibit increased levels of 8-OHdG in nuclear DNA [5] and increased levels in
lipid peroxidation that correlate with disease progression [6]. Similarly, increased levels of
8-OHdG in mitochondrial DNA (mtDNA) have been documented in the parietal cortex of
HD patients [4], however, the fundamental question of whether mtDNA damage plays a
critical role in the mechanisms of neuronal degeneration in HD has not been addressed.
Evidence demonstrating that mitochondrial dysfunction may contribute to the neuronal loss
in HD shows decreases in the activities of electron transport chain complexes in HD brains
[3,7–9]. Moreover, the expression of mutant huntingtin in striatal neurons has been shown to
induced a decrease in complex II activity and over-expression of complex II prevents
mitochondrial dysfunction [10].

Systemic administration of 3-nitropropionic acid (3-NPA), a neurotoxin that replicates the
neurodegenerative phenotype of HD in humans, primates, and other experimental animal
models, induces the loss of mitochondrial function by selectively inhibiting the activity of
complex II of the respiratory chain [11–16]. Consequently, 3-NPA increases the generation
of reactive oxygen species (ROS) in striatal neurons from HD transgenic mice and in rat
striatum [17,18]. In addition, 3-NPA induces in rats an age-dependent increase in striatal
lesions [13].

Base excision repair (BER) is the repair mechanism that has been demonstrated to occur in
mitochondria of mammalian cells and is mainly responsible for the repair of most of the
ROS-induced damage in both the nuclear and mitochondrial genomes [19–22]. During BER,
specific glycosylases catalyse the hydrolysis of the N-glycosylic bond lining the damaged
base to the deoxyribose phosphate backbone, thus generating an apurinic/apyrimidinic (AP)
site. AP sites are highly mutagenic intermediates and they must be repaired in order to
ensure proper cell function. Repair of AP sites requires class II endonucleases that cleave the
phosphodiester backbone on the 5′-side of the AP site, generating a 3′-hydroxyl group and a
5′-baseless deoxyribose 5′-phosphate residue. Further removal of the 5′-phosphate residue
followed by DNA repair synthesis and ligation complete the repair process [23,24].

While substantial evidence suggests that oxidative stress and mitochondrial dysfunction may
be involved in neurodegeneration associated with HD, the fundamental question of whether
mtDNA damage plays a critical role in the mechanisms of neuronal degeneration in HD has
not been addressed. Moreover, the contributions of aging in the mechanisms involved in the
late-onset of the disease are not known. In the present study we employed quantitative PCR
(QPCR) to test the hypothesis that persistent mtDNA damage contributes to mitochondrial
dysfunction in HD. We examined the formation and repair of 3-NPA-induced DNA lesions
in the mitochondrial and nuclear genomes of 5- and 24-month-old mice and the R6/2
transgenic mouse model of HD at 7–12 weeks of age. We show that in the 3-NPA-induced
model of HD there is an increase in mtDNA lesions in striatum of young and aged mice and
that mtDNA lesions are repaired by 48 h after treatment. In the striatum from aged mice 3-
NPA causes mtDNA damage above that caused by aging only and this damage persists in
the aged mice. In addition, 3-NPA did not induce DNA lesions in a nuclear fragment from
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young striatum, suggesting that mtDNA is more susceptible than nuclear DNA (nDNA) to
3-NPA-induced lesions. Furthermore, analysis of the R6/2 transgenic mouse model of HD at
7–12 weeks of age shows that there is a significant progressive accumulation of mtDNA
lesions in striatum and cerebral cortex but damage is less extensive in a nDNA fragment.
These data revealed that in both the 3-NPA and the R6/2 transgenic models of HD mtDNA
is more sensitive to damage than nDNA and suggest that persistent mtDNA damage in aging
may contribute to the pathogenesis of the disease.

2. Materials and methods
2.1. Mice

Male transgenic HD mice of the R6/2 strain and littermate controls were obtained from
Jackson Laboratory (Bar Harbor, ME). R6/2 transgenic mice express exon 1 of the human
HD gene and exhibit a progressive neurological phenotype similar to HD with the
occurrence of intranuclear inclusions by 6 weeks of age, the onset of HD phenotype between
9 and 11 weeks, and premature death between 10 and 13 weeks of age [25]. Genotyping of
the R6/2 mice showed the presence of 135–146 CAG repeat expansions. In addition, the
R6/2 mice showed the expected progressive loss of body weight and onset of HD phenotype
as originally reported [25]. Male C57BL/6 mice of 5 and 24 months of age were obtained
from the National Institute on Aging. Mice were housed five per cage with a 12 h light-dark
cycle and ad libitum access to food and water. The Institutional Animal Care and Use
Committee approved all experiments that were conducted.

2.2. 3-NPA treatment and tissue isolation
C57BL/6 mice were injected intraperitoneally with 100 mg/kg 3-NPA and sacrificed at 6,
12, 24, and 48 h after treatment. Brains were dissected to obtain striatum, cerebral cortex
and cerebellum from 5- and 24-month-old C57BL/6 mice, frozen immediately in liquid
nitrogen and stored at −80 °C for DNA isolation. Tissues were also obtained from age-
matched controls. Striatum and cerebral cortex was obtained from 7-, 10-, and 12-week-old
R6/2 transgenic mice and wild type controls and used for DNA isolation.

2.3. DNA isolation and quantitation
Tissues were homogenized and DNA isolation was performed using a high molecular
weight genomic DNA purification kit according to the protocol provided by the
manufacturer (Qiagen). DNA quantitation was performed using the Picogreen dsDNA
quantitation assay as suggested by the manufacturer (Molecular Probes). Picogreen
fluorescence was measured using a microplate reader (Wallac 1420 VICTOR F) with a 485
nm emission filter and a 535 nm excitation filter. Lambda DNA was used to construct a
standard curve and to determine the concentration of the unknown samples. We verified the
quality/integrity of the genomic DNA samples prior to performing the QPCR analysis by
running the DNA in 1% ethidium bromide-stained agarose gels. For all our samples we
obtained a single band of intact, high molecular weight genomic DNA without evidence of
degradation products or small fragments that could amplify in the QPCR assay with higher
efficiency than the intact, coiled DNA structures (Fig. 1, Supplementary material).

2.4. Quantitative polymerase chain reaction (QPCR)
The QPCR assay was performed as previously described [26] with the following
modifications: the quantification of PCR products was performed using Picogreen and the
PCR amplification was done using the Master Amp XL Polymerase with the appropriate
premixes (Epicentre). The QPCR assay is based on the principle that lesions that block the
thermostable DNA polymerase on the DNA template will lead to a decrease in amplification
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of the fragment of interest. These lesions include oxidative DNA damage such as AP sites,
strand breaks, and thymine glycol, all of which block the thermostable polymerase [26–28].
To ensure that the QPCR assays were performed within the linear range of amplification, we
performed cycle and template tests to establish the optimal conditions of amplification for a
10.0 kilobase pair (kb) and a 91 base pair (bp) mtDNA fragments and a 6.9 kb nuclear DNA
fragment prior to the analysis of the DNA samples. Since the optimal number of cycles to
run is dependent on the initial amount of DNA, we performed a cycle test using various
amounts of initial genomic DNA from striatum and cerebral cortex. Our optimization assays
show that a 50% reduction in the amount of template reduces amplification to ~50%. In our
experiments we consider a decrease of 40–60% in the amplification of the target sequence
adequate (within the linear range) after using 50% of the starting material (Fig. 2,
Supplementary material). The 10.0 kb PCR products were resolved on 1% agarose gels,
while the 91 bp PCR products were resolved on 6% polyacrylamide gels. Ethidium bromide-
stained gels were visualized under UV-light.

2.5. QPCR of a large mtDNA fragment
The PCR amplification profile for a 10 kb mouse mitochondrial fragment was as follows: an
initial denaturation for 45 s at 94 °C, followed by 22 cycles of denaturation for 15 s at 94 °C,
and annealing/extension at 68 °C for 12 min. A final extension at 72 °C was performed for
10 min at the completion of the profile. The primer nucleotide sequences used for the
amplification of the 10 kb mouse mitochondrial fragments are the following: 5′-
CCAGTCCATGCAGGAGCATC-3′ (5733 sense) and 5′-
CGAGAAGAGGGGCATTGGTG-3′ (15733 antisense).

2.6. QPCR of a small mtDNA fragment
Since the amplification of a small DNA fragment will be independent of damage, we
amplified a small, 91 bp mtDNA fragment and used its amplification to correct the
amplification of the large, 10 kb fragment, for possible changes in mtDNA steady state
levels. The PCR amplification profile for a 91 bp mouse mitochondrial fragment was as
follows: an initial denaturation for 45 s at 94 °C, followed by 24 cycles of denaturation for
15 s at 94 °C, and annealing/extension at 64 °C for 45 s and 45 s at 72 °C. A final extension
at 72 °C was performed for 10 min at the completion of the profile. The primer nucleotide
sequences used for the amplification of the 91 bp mouse mitochondrial fragments are the
following: 5′-CCCAGCTACTACCATCATTCAAGT-3′ (13597 sense) and 5′-
GATGGTTTGGGAGATTGGTTGATGT-3′ (13688 antisense).

2.7. QPCR of a large nuclear DNA (nDNA) fragment
The PCR amplification profile for a 6.9 kb mouse nuclear fragment from the hypoxanthine
phosphoribosyltransferase (HPRT) gene was as follows: an initial denaturation for 45 s at 94
°C, followed by 28 cycles of denaturation for 15 s at 94 °C, and annealing/extension at 68
°C for 12 min. A final extension at 72 °C was performed for 10 min at the completion of the
profile. The primer nucleotide sequences (Invitrogen) used for the amplification of the 6.9
kb mouse nDNA fragment are the following: 5′-CCACCAGGCGTCACCCTTGA-3′ (9349
sense) and 5′-TGGGAGGCAGGGATCTGAAGC-3′ (16246 antisense).

2.8. Calculation of DNA lesion frequencies
Lesions were calculated using the Poisson equation as previously described [26–28]. Briefly,
assuming a random distribution of lesions, and using the Poisson equation which is defined
as f(x) = e−λ λx/x! for the zero class molecules; x = 0 (molecules exhibiting no damage),
amplification is directly proportional to the fraction of undamaged DNA templates.
Therefore, the average lesion frequency per strand can be calculated as λ = −ln AD/AO,
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where AD represents the amount of amplification of the damaged template and AO is the
amount of amplification product from undamaged DNA. The results are expressed as a
relative amplification ratio (AD/AO) and as lesion frequency per strand.

2.9. Immunocytochemical detection of 8-hydroxyguanosine and 8-
hydroxy-2′deoxyguanosine in nucleic acids

Mice were anesthetized with cloralhydrate (100 mg/kg i.p.) and perfused through the left
cardiac ventricle with phosphate buffered saline followed by 4% paraformaldehyde, 0.05%
glutaraldehyde, and 0.2% picric acid in phosphate buffer (pH 7.4). Brains were removed and
post-fixed for 24 h at 4 °C. Using a vibroslicer, 40 μm coronal sections were obtained
through the striatum (Allen Brain Atlas online; coronal levels 43–57; www.brain-map.org)
and processed for immunocytochemical detection of 8-hydroxyguanosine (8-OHG) and 8-
hydroxy-2′-deoxyguanosine (8-OHdG), since the samples were not treated with RNAase.
Free floating sections were pretreated with 1% sodium borohydride in PBS for 15 min and
subsequently permeabilized with 0.3% Triton X-100 for 30 min. Brain sections were treated
with primary antibody (10 μg/μl; Alpha Diagnostic) for 48 h at 4 °C. This antibody
recognizes both 8-OHG and 8-OHdG and has been successfully used for
immunocytochemical detection of these modified bases in mouse brain [29]. Sections were
treated with secondary (biotinylated rabbit anti-goat IgG; 1:2000; Open Biosystems) for 18
h and with an ABC complex (Vectastin Elite; 1:1000; Vector Laboratories) for 6 h.
Peroxidase activity was revealed using a DAB kit with nickel enhancement per the
manufacture’s instructions (Vector Laboratories). Negative controls were processed in the
same way without addition of primary antibody and these sections did not display any
reaction product. Cells were counted in two areas within the striatum in two slices per
animal per time point. Cell counting was performed as a blind study.

2.10. Statistical analysis
Data of mtDNA damage and repair were compared using one-way ANOVA. The descriptive
and inferential analyses were performed using SigmaStat.

3. Results
3.1. Age-dependent increase in basal levels of mitochondrial and nuclear DNA damage in
C57BL/6 mouse striatum

To first get an assessment of age-dependent increase in DNA damage we measured basal
levels of mitochondrial and nuclear DNA damage in the striatum from 4-, 17-, and 24-
month-old mice and determined that there is an age-dependent decrease in the relative
amplification of a 10 kb mtDNA fragment (Fig. 1, panels A and D). The QPCR assay is
based on the principle that lesions that block the thermostable DNA polymerase on the DNA
template will lead to a decrease in amplification of the fragment of interest. Because the
DNA polymerase amplifies only undamaged templates, amplification is inversely
proportional to the presence of damage. Damage to the mtDNA is observed in the striatum
from 17-month-old mice as a significant 20.4% decrease in the relative amplification of the
mitochondrial fragment as compared to the striatum from the 4-month-old mice. The
maximum decrease in relative amplification is detected in the striatum from 24-month-old
mice, with a highly significant 35% decrease in amplification as compared to striatum from
the 4-month-old mice. The frequency of mtDNA lesions in the striatum from 17- and 24-
month-old mice are 0.23 lesions/10 kb and 0.43 lesions/10 kb, respectively (Fig. 1, panel D).
To exclude the possibility that the decrease in the amplification of the 10 kb mtDNA
fragment resulted from the loss of mtDNA molecules, we amplify a small (91 bp) mtDNA
fragment. Because the probability of introducing a lesion in a small fragment is low, the
amplification of a small mtDNA fragment is independent of the presence of lesions and
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provides an accurate determination of the steady-state levels of mtDNA molecules. We
show that amplification of a 91 bp mtDNA fragment is similar between samples and shows
that the age-dependent decrease in the amplification of the 10.0 kb mtDNA fragment results
from the presence of lesions in the mtDNA (Fig. 1, panel B). Therefore, these data indicate
that there is an extensive accumulation of basal mtDNA lesions in the 24-month-old mouse
striatum.

We sought to test the hypothesis that, similarly to mtDNA, nDNA from aged mice already
contains persistent levels of damage. We measured the formation of age-induced nDNA
lesions in the HPRT gene of striatum from 4-, 17-, and 24-month-old mice using QPCR. Fig.
1, panel C shows an age-dependent decrease in the amplification of a 6.9 kb nDNA fragment
of 10.1% and 25% in the striatum from 17- and 24-month-old mice, respectively, as
compared to the 4-month-old mice. The number of lesions in the nDNA fragment per 10 kb
was 0.16 and 0.41 in the 17- and 24-month-old mice, respectively (Fig. 1, panel D). Taken
together these data show that there are age-dependent increases of damage in both the
mitochondrial and nuclear genomes.

3.2. Age-dependent decrease in the repair of 3-NPA-induced mitochondrial DNA lesions in
C57BL/6 mouse striatum

Systemic administration of 3-NPA results in a neurodegenerative phenotype that replicates
HD and thus 3-NPA has been extensively used as an experimental model of HD [30]. By
using the 3-NPA model of HD, we sought to test the hypothesis that repair of mtDNA
damage is relevant to the pathogenesis of HD. We exposed 5- and 24-month-old C57BL/6
mice to 100 mg/kg 3-NPA, followed by DNA isolation at 6, 12, 24, and 48 h after treatment
and DNA damage and repair was determined using QPCR. 3-NPA has been shown to induce
oxidative damage in vivo [17,31] and to induce the generation of mitochondrial superoxide
in cells [32]. Since oxidants such as hydrogen peroxide cause a large spectrum of oxidative
DNA lesions of which ~50% are adducts that represent strong blocks to the thermostable
polymerase, most likely the QPCR assay is detecting most of the oxidative lesions produced
by 3-NPA. In addition, others have extensively used the QPCR assay to measure oxidative
DNA damage [33–36].

Fig. 2, panel A shows that DNA from striatum of 5-month-old mice exhibit a time-
dependent decrease in the amplification of a 10 kb mtDNA fragment up to 24 h, indicating
the induction of DNA lesions by 3-NPA. The relative amount of amplification shows a
significant 14.4%, 30.2%, and 32% reduction after 6, 12, and 24 h, respectively, of 3-NPA
treatment (Fig. 2, panel C). Our results also show that at 48 h after 3-NPA, the amplification
of the mtDNA fragment in striatum from 5-month-old mice is back to levels similar to the
controls. Thus, the recovery in the amplification of the 10 kb fragment to levels comparable
to the DNA from untreated mice represents DNA repair activity. We conclude that the
decrease in the relative amplification of the 10 kb mtDNA fragment is due to the presence of
mtDNA damage since we find no changes in the amplification of a small (91 bp) mtDNA
fragment, whose amplification is independent of the presence of lesions and represents
steady-state levels of mtDNA molecules (Fig. 2, panel B). 3-NPA induced damage to
mtDNA in the 5-month-old mice which peaked at 24 h and was almost completely repaired
by and 48 h.

We also determined the relative amplification of the 10 kb mtDNA fragment in striatum
from 24-month-old mice after 3-NPA treatment. We observe a 10, 30, 32, and 33% decrease
in amplification of the mtDNA fragment 6, 12, 24 and 48 h after exposure to 3-NPA,
respectively (Fig. 2, panel C). In contrast to the 5-month-old mice, the mtDNA damage
induced by 3-NPA was not repaired in the 24-month-old animals, as shown by a 30%
decrease in the relative amplification of the mtDNA fragment 48 h after 3-NPA. mtDNA
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damage in the striatum of 24-month-old mice reached a peak by 24 h and unlike 5-month-
old mice, the damage continued to persist at high levels at 48 h (Fig. 2, panel C). It is
important to note that the 3-NPA-induced increment in the number of mtDNA lesions in the
aged striatum represents an increase beyond the age-associated lesions present in the
striatum (Fig. 1). These data indicate that 3-NPA treatment leads to persistent mtDNA
lesions in the striatum of 24-month-old mice.

3.3. Repair of 3-NPA-induced damage of a nuclear fragment in C57BL/6 mice
To determine levels of damage and the repair kinetics in a nDNA fragment, we amplified a
6.9 kb fragment of the HPRT gene from 5- and 24-month-old mice treated with 3-NPA.
Treatment of young mice with 3-NPA did not result in the induction of lesions to nDNA
(Fig. 3, panels A and B), therefore, in the 5-month-old mice, mtDNA was more susceptible
to the effects of 3-NPA than nDNA. 3-NPA-induced lesions are only detected in the aged
mice as shown by a 12%, 24.1%, 26.4%, and 31.4% reduction in the amplifiction of a 6.9 kb
nDNA fragment at 12, 24, and 48 h after 3-NPA exposure, respectively (Fig. 3, panel B).
Similar to mtDNA, the 3-NPA-induced damage was not repaired in nDNA from aged mice.
Taken together these data suggest that in striatum from 5-month-old mice mtDNA is more
sensitive to 3-NPA-induced lesions than nDNA but that striatum from old mice exhibited
persistent DNA lesions in both the mitochondrial and nuclear genomes.

3.4. Exposure to 3-NPA induces an age-dependent increase in the formation of 8-
hydroxyguanosine (8-OHG) and 8-hydroxy-2′-deoxyguanosine (8-OHdG) in the nucleic
acids of C57BL/6 mouse striatum

We sought to test the hypothesis that 3-NPA-induced neuronal toxicity involves the
formation of 8-OHG and 8-OHdG, two oxidative lesions that accumulate in nucleic acids
after oxidative stress. Since 8-OHdG represents less than 10% of the total oxidative DNA
damage [37] and it has not been tested whether it blocks the movement of the PCR
thermostable polymerase, we do not know if it is detected by our QPCR assay. We therefore
used immunocytochemistry to follow the levels of 8-OHG/8-OHdG after treatment with 3-
NPA. We injected 5- and 24-month-old mice with 100 mg/kg of 3-NPA, a concentration
known to induce mtDNA damage in striatum of 5- and 24-month-old mice (Fig. 2). Brain
sections were obtained at 0, 6, 12, 24, and 48 h after 3-NPA injection and 8-OHG/8-OHdG
immunopositive cells were counted. Our immunostaining results show an age- and time-
dependent increase in the levels of 8-OHG/8-OHdG in neurons throughout the striatum (Fig.
4). We observe that in 5-month-old mice the number of OHG/8-OHdG positive striatal
neurons increased at 6 and 12 h after 3-NPA treatment, but returns to levels similar to the
untreated mice by 24 h. The number of OHG/8-OHdG positive cells in the 24-month-old
mice also increases in a time-dependent fashion, however, the OHG/8-OHdG lesions
accumulate even up to 48 h after treatment, suggesting that these lesions persist in the
striatum of aged mice. Furthermore, the 24-month-old mice exhibit higher basal levels of
OHG/8-OHdG positive cells as compared with the 5-month-old mice. These data show that
8-OHG/8-OHdG are induced in nucleic acids by 3-NPA in the striatum, an area known to be
affected by the neurotoxin and support our hypothesis that persistent oxidative damage may
contribute to the loss of neurons in aging and HD.

3.5. Mitochondrial and nuclear DNA damage in striatum and cerebral cortex from R6/2
mice

Evidence suggests a role for oxidative stress in the pathogenesis of HD [4,38], however,
there is little evidence suggesting that mtDNA damage plays a critical role in the
mechanisms of neuronal degeneration in HD. The purpose of this experiment was to
determine the levels of mtDNA damage in striatum and cerebral cortex obtained from the
R6/2 mouse model of HD. HD is characterized by a significant loss of neurons particularly
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in the striatum, followed by the cerebral cortex. Mice were sacrificed at 7, 10, and 12 weeks
of age and DNA obtained from wild type and HD transgenic mice was analyzed by QPCR.
Fig. 5 shows that there is an age-dependent decrease in the relative amplification of a 10 kb
mtDNA fragment from both striatum and cerebral cortex. Damage to mtDNA from cerebral
cortex was observed in the 10- and 12-week-old mice as a significant 16% decrease in
relative amplification of the mitochondrial fragment as compared to the wild type, age-
matched controls (Fig. 5, panels A and D). The striatum of 10- and 12-week-old mice
showed a 49% decrease in the amplification of the large mtDNA fragment as compared to
age-matched wild type controls. The decrease in the relative amplification of the 10 kb
mtDNA fragment is due to the presence of mtDNA damage and not to a decrease in the
steady state levels of the mitochondrial genome, as shown by the lack of change in the
amplification of a small mtDNA fragment (Fig. 5, panel B). We also measured levels of
damage in a nDNA fragment and found that in 12-week-old mice there is a significant 8%
and 20% decrease in the amplification of a 6.9 kb nDNA fragment from striatum and
cerebral cortex, respectively (Fig. 5, panels C and E). MtDNA sustained eight-fold more
lesions than the nuclear fragment in striatum of R6/2 mice (Fig. 5, panels D and E). Nuclear
DNA damage from cerebral cortex was similar to mtDNA damage in 12-week-old mice.
Taken together these results show that in the R6/2 mice mtDNA is more susceptible to
damage than nDNA, and is consistent with mtDNA damage playing a role in the
pathogenesis of HD.

4. Discussion
Increasing evidence suggests that oxidative stress may play a role in aging and in
neurodegenerative diseases. In this study we compared the formation of DNA damage in the
nuclear and mitochondrial genomes of two models of HD, the chemically induced 3-NPA
model and the R6/2 transgenic mouse model. We found that: (1) 3-NPA causes an increase
in mtDNA lesions in young and aged C57BL/6 mice; (2) mtDNA lesions induced by 3-NPA
in young mice was repaired by 48 h after treatment – this is in marked contrast to 24-month-
old mice which showed that 3-NPA causes increased damage above that caused by aging
alone and this damage persisted in the aged mice; (3) 3-NPA did not induce damage in a
nDNA fragment from young mice, but damage was observed in the nucleus of older mice;
4) mtDNA damage increases in striatum and cerebral cortex from the R6/2 transgenic mouse
model of HD at 7–12 weeks of age; (5) mtDNA damage was more extensive in the striatum
of R6/2 mice than damage to a nDNA fragment.

An age-dependent increase in mt and nuclear DNA damage in the mouse striatum, extends
previous observations that aging causes DNA damage in the caudate nucleus and cerebellum
of brain mitochondria [39]. It is possible that the age-dependent accumulation of mtDNA
lesions in the striatum may explain the late onset of HD when mutated huntingtin is present.
Our results are consistent with the “toxic oxidation model” proposed by McMurray and co-
workers in which the accumulation of somatic mutations coupled with overwhelmed repair
processes may contribute to the onset and progression of HD [40]. In contrast to striatum,
the cerebellum did not show an age-dependent increase in endogenous mtDNA damage
(data not shown).

Chronic inhibition of mitochondrial complex II by 3-NPA has been extensively used as an
animal model for HD [12,14,15,41]. It has been demonstrated that 3-NPA leads to the
generation of hydrogen peroxide and mtDNA damage in PC12 cells [34]. In mouse striatum
3-NPA induces early oxidative stress that increases in an age-dependent fashion [42]. We
demonstrate that 3-NPA-induced mtDNA damage was repaired in 5-month-old mice,
whereas mtDNA damage was not repaired in striatum from 24-month-old mice. The lesions
that 3-NPA induced in the aged striatum represent damage above the already present in the
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DNA. These data suggest that aging exacerbates the 3-NPA treatment and that removal of
mtDNA damage depends on the number of lesions that have accumulated over time. The
age-dependent accumulation of mtDNA lesions that we show in striatal neurons may have
perturbed the mtDNA-encoded electron transport complexes with consequent increase in the
generation of ROS, which in turn aggravates the damage to mtDNA. The persistent
accumulation of mtDNA lesions in the aged striatum may have overwhelmed the
mitochondrial repair mechanisms resulting in increased levels of mtDNA lesions. It is also
possible that in the 3-NPA model of HD the persistent mtDNA damage we observe in aged
striatum results from the loss of mtDNA repair capacity. This hypothesis is consistent with
the observations that aged brains exhibit reduced levels and decreased activities of BER
enzymes [43–45]. Another possibility is that the DNA repair may be good in aged striatal
neurons from 3-NPA treated mice but the continuous ROS production by damaged
mitochondria may lead to persistent mtDNA damage. These data are consistent with mtDNA
damage causing mitochondrial dysfunction in brains from 3-NPA treated animals.
Cerebellum of young mice exhibited low, undetectable levels of mtDNA lesions after 3-
NPA treatment, however, 3-NPA induced persistent mtDNA damage in the cerebellum of
aged mice (data not shown).

The age-dependent increase in mtDNA lesions that we observe in the striatum of R6/2 mice
is consistent with our hypothesis that the accumulation of oxidative damage to DNA may be
contributing to the progression of the disease. Consistent with our findings is recent data
demonstrating that the age-dependent increase in CAG repeats in the R6/1 HD mouse strain
is associated to the accumulation of oxidative nuclear DNA damage [40]. We found that
levels of mtDNA lesions in striatum and cerebral cortex of R6/2 mice were significantly
increased at 10 and 12 weeks of age as compared to littermate controls. Therefore, the R6/2
mice sustained significant levels of mtDNA lesions particularly in the striatum. Increased
levels in striatal lipid peroxidation that correlate with disease progression have been shown
in the R6/1 mouse model of HD [6]. Similarly, increased levels of 8-OHG/8-OHdG in
mtDNA have been documented in the parietal cortex of HD patients [4]. The R6/2 mice
show loss of striatal neurons after 12 weeks of age [46,47]. Therefore, the mtDNA lesions
we detect in R6/2 striatum at 10 weeks of age precede the loss of striatal neurons observed
in this mouse model. Consistent with these results is the observation that administration of
coenzyme Q10, an electron carrier in the mitochondrial respiratory chain and antioxidant,
results in beneficial effects to HD mice [48]. Our results that oxidative mtDNA damage
correlates with HD pathology are supported by reports of decreases in aconitase activity due
to ROS production in cortex of 12-week-old R6/2 mice and decreases in complex IV activity
in both striatum and cortex [49].

In summary our present study provides support for a role for mtDNA damage in the
pathogenesis of HD (Fig. 6). In the 3-NPA model of HD, young mice repaired mtDNA
damage, whereas aged mice showed persistent lesions to the mitochondrial genome.
Persistent damage to mtDNA may result from increased ROS production and/or from loss of
repair capacity. Defective mitochondria in HD may be generating high levels of ROS that
may be responsible for the mtDNA damage in both the 3-NPA and R6/2 models of HD. The
extensive age-associated accumulation of mtDNA lesions in the striatum and modest levels
of mtDNA damage in the cerebral cortex are consistent with the damage observed in HD
patients. These data implicate mtDNA damage as an early biomarker of HD and a relevant
event in the molecular cascade leading to neurodegeneration. Targeting oxidative damage
and mitochondrial DNA repair processes may provide new pharmacological therapies to
slow or prevent the progression of HD.
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Fig. 1.
Mitochondrial and nuclear DNA damage in mouse striatum increases with age. Total DNA
was isolated from striatum obtained from 4-, 17-, and 24-month-old C57BL/6 mice for
QPCR analysis. (A) Representative gel showing the amplification of a 10 kb mtDNA
fragment. (B) Representative gel showing a 91 bp mtDNA fragment from 4, 17, and 24-
month-old mice, respectively. (C) Representative gel showing a 6.9 kb fragment from the
nuclear HPRT gene. (D) Comparison of the relative levels of amplification of the
mitochondrial and nuclear DNA fragments during aging. Amplification of the 10 kb mtDNA
fragment was normalized to the amplification of a 91 bp mtDNA fragment. Results are
expressed as mean ± SEM values for three QPCRs performed for each DNA per age group,
n = 6 mice per age groups. (*) Statistical differences as compared to 4- month-old mice; *p
≤ 0.05 were considered significant. Insets represent the mean lesion frequency per 10 kb per
strand that were calculated using the Poisson equation as described under Section 2.
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Fig. 2.
Repair of mitochondrial DNA lesions induced by 3-NPA in striatum from young and aged
C57BL/6 mice. Total DNA was isolated from striatum of 5- and 24-month-old mice and
analyzed by QPCR. (A) Left and right panels, representative gels showing the amplification
of a 10 kb mtDNA fragment from striatum of 5- and 24-month-old control mice (0 h) and
striatum obtained from mice at 6, 12, 24, and 48 h after 3-NPA, respectively. (B) Left and
right panels, representative gels showing a 91 bp mtDNA fragment from 5- and 24-month-
old mice, respectively. (C) Relative levels of amplification of a 10 kb mtDNA fragment
from 5- and 24-month-old mice, respectively, after 0 h (controls) and 6, 12, 24, and 48 h
after 3-NPA treatment. Results are expressed as mean ± SEM values for six QPCRs
performed for each DNA per age group. *p ≤ 0.05 were considered significant; n = 6 mice
per age and treatment groups. Insets represent the mean lesion frequency per 10 kb per
strand that were calculated using the Poisson equation as described under Section 2.
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Fig. 3.
Repair of nuclear DNA lesions induced by 3-NPA in striatum from young and aged C57BL/
6 mice. Total DNA was isolated from striatum of 5- and 24-month-old mice and analyzed by
QPCR. (A) Left and right panels, representative gels showing the amplification of a 6.9 kb
nDNA from 5- and 24-month-old mice, respectively, after 0 h (controls) and 6, 12, 24, and
48 h after 3-NPA. (B) Relative levels of amplification of a 6.9 kb nDNA fragment. Results
are expressed as mean ± SEM values for three QPCRs performed for each DNA per age
group; n = 6 mice per age and treatment groups. *p ≤ 0.05 were considered significant.
Insets represent the mean lesion frequency per 10 kb per strand that were calculated using
the Poisson equation as described under Section 2.
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Fig. 4.
Striatal cells from aged mice exhibit higher levels of 8-OHG and 8-OHdG and delayed
repair kinetics. 5- and 24-month-old C57BL/6 mice were injected with 100 mg/kg of 3-NPA
and brain sections were obtained at 0 (control), 6, 12, 24, and 48 h after treatment. The
number of 8-OHG and 8-OHdG positive cells were determined by immunocytochemistry.
Panel A represents striatal sections from 5- and 24-month-old mice at 0 (untreated/controls)
and 24 h after 3-NPA. Panel B represents the number of 8-OHG and 8-OHdG positive cells
at 0, 6, 12, 24, 48 h after 3-NPA; n = 2 mice per age and treatment groups.
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Fig. 5.
Mitochondrial and nuclear DNA damage in striatum and cerebral cortex of R6/2 mice. Total
DNA was isolated from cerebral cortex and striatum of 7, 10, and 12-week-old R6/2 mice
and analyzed by QPCR. Panel A, left and right panels, representative gels showing the
amplification of a 10.0 kb mtDNA fragment from cerebral cortex and striatum, respectively,
of 12-week-old wild type and R6/2 mice. Panel B, left and right panels, representative gels
showing a 91 bp mtDNA fragment from cerebral cortex and striatum, respectively, of 12-
week-old wild type and R6/2 mice. Panel C, left and right panels, relative amplification of a
6.9 kb nDNA fragment from cerebral cortex and striatum, respectively, of 12-week-old
wild-type and R6/2 mice. Panel D, relative levels of amplification of a 10.0 kb
mitochondrial fragment after normalization to the 91 bp mtDNA fragment. Panel E, relative
levels of amplification of a 6.9 kb nDNA fragment. Results are expressed as mean ± SEM
values for three QPCRs performed for each DNA per age group, n = 6 per group in the 7-
week-old wild type and HD mice, n = 4 per group in the 10-week-old wild type and HD
mice; n = 4 per group in the 12-week-old wild type and HD mice. (*) Statistical differences
between age-matched controls; (**) statistical differences between striatum and cortex. p ≤
0.05 were considered significant. Insets represent the mean lesion frequency per 10 kb per
strand that were calculated using the Poisson equation as described under Section 2.
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Fig. 6.
Mitochondrial DNA damage caused by 3-NPA and mutant huntingtin. 3-NPA and mutant
hutingtin lead to defective mitochondria, which in turn can lead to increased generation of
ROS and extensive mtDNA damage. An age-dependent increase in mtDNA damage and/or a
decline in mtDNA repair capacity could lead to persistent mtDNA damage and exacerbate
the chemical or huntigntin induced problems, ultimately leading to a marked decline in
mitochondrial function, resulting in neuronal death.
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