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Abstract
Oxidative stress and mitochondrial dysfunction are acute consequences of status epilepticus (SE).
However, the role of mitochondrial oxidative stress and genomic instability during epileptogenesis
remains unknown. Using the kainate animal model of temporal lobe epilepsy, we investigated
oxidative mitochondrial DNA (mtDNA) damage and changes in the mitochondrial base excision
repair pathway (mtBER) in the rat hippocampus for a period of 3 months after SE. Acute seizure
activity caused a time-dependent increase in mitochondrial, but not nuclear 8-hydroxy-2-
deoxyguanosine (8-OHdG/2dG) levels and a greater frequency of mtDNA lesions. This was
accompanied by increased mitochondrial H2O2 production and a transient decrease in mtDNA repair
capacity. The mtBER proteins 8-oxoguanine glycosylase (Ogg1) and DNA polymerase gamma (Pol
γ) demonstrated elevated expression at mRNA and protein levels shortly after SE and this was
followed by a gradual improvement in mtDNA repair capacity. Recurrent seizures associated with
the chronic phase of epilepsy coincided with the accumulation of mtDNA damage, increased
mitochondrial H2O2 levels, decreased expression of Ogg1 and Pol γ and impaired mtDNA repair
capacity. Together, increased oxidative mtDNA damage, mitochondrial H2O2 production and
alterations in the mtBER pathway provide evidence for mitochondrial oxidative stress in epilepsy
and suggest that mitochondrial injury may contribute to epileptogenesis.
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Introduction
Epilepsy is a recent addition to the diverse array of acute and chronic neurological disorders
in which oxidative stress and mitochondrial dysfunction occurs and may play an important role
(Kunz, 2002; Kunz et al., 1999; Patel, 2004).
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Status epilepticus (SE) and the subsequent development of epilepsy is associated with several
detrimental cellular manifestations (Kann and Kovacs, 2007). The role of mitochondrial
genomic instability is particularly intriguing in light of the emerging role of oxidative stress,
mitochondrial DNA (mtDNA) damage and mitochondrial abnormalities in epilepsy
(Heinemann et al., 2002; Kann et al., 2005; Kovacs et al., 2002; Kudin et al., 2002; Kunz et
al., 1999; Liang et al., 2000; Liang and Patel, 2006; Patel et al., 2001; Sleven et al., 2006a).
Evidence for the mitochondria being a major site of oxidative damage in SE is supported by
the fact that acute seizure activity results in oxidative damage to mitochondrial DNA, lipids
and proteins, modulation of the mitochondrial redox status and increased reactive oxygen
species (ROS) generation (Liang and Patel, 2004; Liang and Patel, 2006; Patel et al., 2007;
Patel et al., 2001). The mitochondrial genome is a particularly vulnerable target for ROS-
induced damage (Bohr, 2002). Accordingly, mtDNA damage has been implicated as an
important mechanism underlying the cause and/or consequence of epileptic seizures (Cock,
2002; Kunz, 2002; Patel, 2004). However, in contrast to acute seizures, it remains unclear
whether, and to what extent, the mitochondrial oxidative stress and mtDNA damage is altered
during the development of chronic epilepsy.

Mitochondrial genomic instability and diminished mtDNA repair capacity have been
implicated as important factors in several neurodegenerative diseases (Bohr et al., 2002).
Epileptic seizures are the presenting sign of several mitochondrial DNA disorders arising from
mtDNA mutations and furthermore, stochastic mtDNA injury has been associated with
acquired epilepsy (Cock et al., 1999; Deschauer et al., 2003; Horvath et al., 2006; Wallace et
al., 1994; Wallace et al., 1992). It should also be emphasized that mutations that impair the
mtDNA base excision repair (mtBER) pathway have also been linked with chronic epilepsy
(Horvath et al., 2006; Hudson and Chinnery, 2006; Nguyen et al., 2006). Moreover, aging per
se is a significant risk factor for developing the epileptic phenotype with both mitochondrial
oxidative stress and oxidative mtDNA damage strongly correlated with aging (Bohr, 2002;
Bohr et al., 2002; Liang and Patel, 2004).

Previous studies have investigated the critical role of nuclear DNA repair pathways, such as
nuclear base excision repair (nBER), nonhomologous end joining repair (NHEJ) and mismatch
repair (MMR) after kainate-induced SE (Neema et al., 2005; Quach et al., 2005). However,
the importance of mtDNA repair during epileptogenesis still remains relatively unexplored.
The predominant pathway for the removal of oxidized bases in the mitochondria is the BER
and impairment and/or imbalance of this pathway has been implicated in neuronal dysfunction
(Audebert et al., 2002; Beal, 2005; Druzhyna et al., 1998; Fishel et al., 2007; Fishel et al.,
2003; Harrison et al., 2005; Neema et al., 2005; Quach et al., 2005). The mtBER pathway
involves a highly coordinated process catalyzed by the sequential actions of DNA repair
enzymes. Briefly, the mitochondrial variant of 8-oxoguanine DNA glycosylase (Ogg1) is
localized to the mitochondrial inner membrane and excises oxidatively damaged bases from
mtDNA, prior to incising the sugar 3′ to the lesion (Stuart et al., 2005). The single nucleotide
gap is processed and DNA polymerase γ (Pol γ) inserts an undamaged nucleotide and finally
the nick is sealed by DNA ligase (Wilson and Bohr, 2007). Although various reports have
demonstrated changes in BER during several neuronal disorders such as stroke, Alzheimer’s
disease and amyotrophic lateral sclerosis (Copani et al., 2006; Coppede et al., 2007; Kisby et
al., 1997; Li et al., 2006), no study has yet examined mtBER during the development of chronic
epilepsy.

We used the rat kainate model of temporal lobe epilepsy to characterize mitochondrial
oxidative stress, mtDNA damage and mtBER repair in the hippocampus during the process of
epileptogenesis. The objectives of this study were two fold; the first was to determine whether
acute epileptic seizures result in increased ROS production, damage to mtDNA, and whether
this activates mtDNA repair via mtBER. The second was to determine whether, and to what
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extent, the development of chronic epilepsy involves mitochondrial ROS production, mtDNA
damage and changes in the mtBER pathway.

Materials and methods
Kainate administration

Animal housing was conducted in compliance with University of Colorado Health Sciences
Center procedures and protocols. Adult male Sprague-Dawley rats were sub-subcutaneously
injected with either saline or kainic acid (kainate; 12mg/kg, pH 7.4) purchased from Ocean
Products International, Canada; Lot. No. OC-001-1. The dose of 12mg/kg was titrated to
produce both acute and chronic seizures as well as comparable levels of oxidative stress
observed previously with other sources of kainate (Liang et al., 2000). This resulted in
approximately 10–15% mortality. The rats were sacrificed 24h, 48h, 96h, 7d, 21d or 3m after
injection and control rats were injected with saline alone. The time points were chosen as they
encompass both the acute and chronic epileptic condition (Hellier et al., 1998). In order to
reduce the fatality rate of rats after SE, all animals were administered a saline injection (1.5ml
per 100g body weight) and the rat chow was moistened to aid recovery. Since the hippocampus
has particular significance for the propagation of epileptiform activity that occurs in temporal
lobe epilepsy, it was analyzed during this study (Gao et al., 2007; Hellier and Dudek, 1999;
Kann et al., 2005; Kunz et al., 1999). Mitochondria were isolated from the hippocampus at the
indicated time points and were either used immediately for quantifying H2O2 production,
mtDNA repair capacity or snap frozen in liquid nitrogen and stored at −80°C for biochemical
analyses.

Monitoring of behavioral seizures
The severity of the behavioral seizures following SE was evaluated after the initial injection,
every 30min during the first 4h and hourly for 8h after kainate treatment. The following rating
scale was used as previously described (Patel et al., 2001). 0, normal, 1 immobilization, and
occasional “wet-dog shakes”, 2, head nodding, unilateral forelimb clonus, frequent “wet-dog
shakes”; 3 rearing, salivation, bilateral forelimb clonus; 4, generalized limbic seizures with
falling, running and salivation; 5, continuous generalized motor seizures with tonic limbic
extension. Only rats that reached a score of ≥4 were used in future studies. Chronic seizures
in animals were monitored for at least 6h a week and the spontaneous seizure score and seizure
duration was monitored throughout the investigation, as previously described (Hellier and
Dudek, 1999; Hellier et al., 1998). It is noteworthy to mention that behavioral monitoring may
underestimate the seizure frequency and seizure scores. Rats observed to have at least ≥ 2
spontaneous seizures were defined as suffering from chronic epilepsy (Hellier and Dudek,
1999; Hellier et al., 1998).

HPLC measurement of 8-hydroxy-2-deoxyguanosine (8-OHdG) and 2-deoxyguanosine (2-
dG)

DNA was extracted from rat hippocampi by homogenization in buffer containing 1% sodium
dodecyl sulphate, 10mM Tris, 1mM EDTA (pH 7.4), and an overnight incubation in 0.5mg/
ml proteinase K at 55°C. Homogenates were incubated with RNase (0.1mg/ml) at 50°C for 10
min and extracted with chloroform/isoamyl alcohol. The extracts were mixed with 3M sodium
acetate and 2 vols of 100% ethanol to precipitate DNA at −20°C. The samples were washed
twice with 70% ethanol, air-dried for 15min and dissolved in 100μl of 10mM Tris/1mM EDTA
(pH 7.4). DNA digestion was performed as previously described (Patel et al., 2001). The adduct
8-OHdG was measured with high-performance liquid chromatography (HPLC) equipped with
a CoulArray system (Model 5600). Analytes were detected on two coulometric array modules,
each containing four electrochemical sensors attached in series, which allows identification
targets based on reduction potential. UV detection was set to 260nm. The HPLC was controlled
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and the data acquired and analyzed using CoulArray software. The mobile phase was composed
of 50mM sodium acetate/5% methanol at pH 5.2. Electrochemical detector potentials for 8-
OHdG and 2-dG were 120/230/280/420/600/750/840/900mV and the flow rate was 1ml/min.

mtDNA and nDNA damage in vivo
Genomic DNA was extracted using a commercially available Qiagen genomic-tip kit (Qiagen,
Inc., CA). The quantitative polymerase chain reaction (QPCR) assay measures the average
oxidative lesion frequency. The DNA damage was quantified by comparing the relative
efficiency of the amplification of the large mtDNA and nDNA gene fragments (13.4kb for the
mtDNA and 12.5 for the nDNA) and normalized to 250bp fragments from saline treated
controls (this small fragment has a statistically negligible chance of sustaining oxidative stress-
induced base damage). The PCR conditions used in this study were based on previously
reported sequences for mtDNA primers, with minor modifications (Ayala-Torres et al.,
2000; Jarrett and Boulton, 2005). The primer sequences were as follows for the rat
mitochondrial genome 5′-GGC AAT TAA GAG TGG GAT GGA GCG AA-3′ and 5′-AAA
ATC CCC GCA AAC AAT GAC CAC CC-3′. For the nuclear gene fragment PCR primers
were 5′-AGA CGC GTG AGA CAG CTG CAC CTT TTC-3′ and 5′-CGA GAG CAT CAA
GTG CAG GCA TTA GAC-3′. QPCR was carried out on a DNA Engine thermal cycler with
all reactions being a total volume of 100μl containing 15ng of total genomic DNA, 1unit of
XL rTth polymerase, 3.3 XL PCR buffer II (containing potassium acetate, glycerol and DMSO)
and final concentrations of 200μM dNTP’s, 1.2mM Mg(AOC)2 and 0.1μM primers.

The gene fragments were amplified using the following thermo-cycling profile: The PCR was
initiated with the addition of the 1unit of XL rTth polymerase when samples had reached a
temperature of 75°C. This was followed by an initial denaturation for 1min at 94°C, cycles of
denaturation at 94°C for 30s and primer extension at 60°C for 13min. After the PCR cycles
had been completed a final extension at 72°C for 10min was performed. The nuclear and
mitochondrial gene products underwent 28 cycles and 26 cycles of thermo-cycling,
respectively. After the completion of the QPCR, the gene products were resolved on a 1%
agarose gel and digitally photographed on a UV transilluminator (UVi Tec, UK). The intensity
of the PCR product bands was quantified with Scion Image analysis software (Scion
Corporation, Version Beta 4.0.2).

Isolation of mitochondrial fractions
Hippocampi from each rat were pooled and homogenized with a Dounce tissue grinder
(Wheaton, Milville, NJ) in a isolation buffer (70mM sucrose, 210mM mannitol, 5mM Tris-
HCL, 1mM EDTA; pH 7.4) and diluted 1:1 in 24% Percoll. Homogenates were centrifuged at
30,700g at 4°C for 10min. The sediment was subjected to Percoll gradient (19% on 40%)
centrifugation at 30700g at 4°C for 10min. The material located at the interface of the lowest
two layers was slowly diluted 1:4 with mitochondrial isolation buffer containing 1mg/ml
bovine serum albumin and centrifuged at 6700g at 4°C for 10min to obtain final pellets
consisting of respiring mitochondria. The final pellet was either used immediately for H2O2
production studies or frozen in liquid nitrogen and stored at −80°C for biochemical analyses.

Real-Time PCR analyses
An ABI Prism 770 Real-Time PCR System (Applied Biosystems, CA) was used to amplify
OGG1 and POL γ gene transcripts from isolated hippocampus (Rn01421382-m1 and
Rn01478316-g1; Applied Biosystems, CA). Amplification reactions were performed in a final
volume of 50μl containing 8% glycerol, 1X TaqMan buffer A (500mM KCl, 100mM Tris-
HCl, 0.1M EDTA, 600nM passive reference dye ROX, pH 8.3 at room temperature), 300μM
each of dATP, dGTP, dCTP and 600μM dUTP, 5.5mM MgCl2, 900nM forward primer, 300nM
reverse primer, 200nM probe, 1.25U AmpliTaq Gold DNA Polymerase (Perkin-Elmer, CA),

Jarrett et al. Page 4

Neurobiol Dis. Author manuscript; available in PMC 2009 June 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



12.5U Moloney Murine leukemia virus reverse transcriptase (Life Technologies, MD), 20U
RNAsin ribonuclease inhibitor (Promega, WI) and the template RNA. Thermal cycling
conditions were as follows: RT was performed at 48°C for 30min followed by activation of
TaqGold at 95°C for 10min. Subsequently 40 cycles of amplification were performed at 95°C
for 15s and 60°C for 1min. A standard curve was generated using the fluorescent data from
10-fold serial dilutions of HeLA RNA and quantities of either OGG1 or POL γ at the indicated
time points were normalized to the corresponding 18s rRNA.

Immunoblot analyses
Samples (50μg protein) were loaded in a 10% Tris-HCL Ready Gel (Bio-Red, Hercules, CA).
The samples were separated by SDS-PAGE and transferred to PVDF membrane (0.45μm).
The membrane blots were immunoreacted with 1μg/ml antibodies against DNA Polymerase
γ, 8-oxoguanine DNA-glycosylase and β-Actin (Santa Cruz Biotechnology, Santa Cruz, CA).
The blots were incubated with either horseradish peroxidase-conjugated anti-rabbit
immunoglobulin G (1:2,000) or horseradish peroxidase-conjugated anti-donkey
immunoglobulin G (1:25,000) and developed using Enhanced Chemiluminescence Plus
reagents (Amersham Biosciences, Buckinghamshire, England). The bands were scanned on a
Storm Optical Scanner (Molecular Dynamics, Inc., Sunnyvale, CA) and quantitative analysis
of bands performed by ImageQuant software (Amersham Biosciences, UK).

mtDNA repair capacity
To determine the extent of mtDNA repair, hippocampal mitochondria were isolated at various
time points (24h, 48h, 96h, 7d, 21d and 3m after kainate treatment or control rats were injected
with saline) and re-suspended in 50μM H2O2 dissolved in mitochondrial isolation buffer
(70mM sucrose, 210mM mannitol, 5mM Tris-HCL, 1mM EDTA; pH 7.4). Samples were
exposed to H2O2 for 30min and either harvested immediately or allowed to repair for 30min.
For the mtDNA repair capacity assessment, the oxidant was removed and the mitochondria
washed with isolation buffer. The DNA was extracted and QPCR performed as previously
reported in Materials and Methods. The data from each sample was normalized to the respective
30min DNA damage levels and designated as 0% repair and the repair efficiency was expressed
as % repair compared to 30min damage levels.

Seizure-induced mitochondrial hydrogen peroxide (H2O2) production
H2O2 formation in mitochondrial fractions was measured by using an Amplex Red reagent kit
(Molecular Probes) as previously described (Castello et al., 2007). Briefly, fluorometric
detection of H2O2 production was achieved using the horseradish peroxidase-linked Amplex
Ultra Red fluorometric assay. Cellular fractions (10μg) were added to a 96-well plate
containing 100μl of reaction buffer containing 0.1 units/ml horseradish peroxidase, 50M
Amplex UltraRed, and 2.5mM malate plus 10mM glutamate. A microplate reader equipped
for excitation in the range of 530–560nm and fluorescence emission detection at 590nm was
used to determine the production.

Aconitase and Fumurase enzyme activity
Aconitase and fumurase activities were measured spectrophotometrically as previously
described (Liang et al., 2000; Liang and Patel, 2004). Immediately prior to the addition of
aconitase and fumurase activity determinations, mitochondrial fractions were resuspended in
a reaction buffer containing 50mM Tris-HCL (pH 7.4) containing 0.6mM MnCl2. Aconitase
activity was immediately measured by monitoring the formation of cis-aconitase from
isocitrate at 240nm in reaction buffer. One unit was defined as the amount of enzyme necessary
to produce 1μmol cis-aconitase per minute (ε=3.6mM−1). Fumurase activity was measured by
monitoring the absorbance at 240nm in a reaction buffer containing 30mM potassium
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phosphate (pH 7.4)/0.1mM L-malate. One unit was defined as the amount of enzyme necessary
to produce 1 μmol fumurate per minute (ε=2.4 mM−1).

Protein determination
Protein levels were measured using a BCA protein assay kit (Pierce Chemical Co., Rockford,
USA) according to the manufacturer’s protocol using a BCA standard curve.

Statistical analysis
For comparison between three or more experimental groups, one way ANOVA with the
Bonferroni post hoc test was used. A two-tailed t test was used for comparison between two
treatments. Values of *P<0.05 or more were considered statistically significant.

Results
Development of the epileptic phenotype

We determined the epileptogenic effect of a single high dose of kainate (12mg/kg; s.c) as
measured by spontaneous motor seizures (approximately 80% of the surviving rats injected
with kainate became epileptic). A time-dependent increase in the severity of spontaneous
behavioral seizures and seizure duration following kainate administration was observed (Fig.
1). By 3m after kainate administration, the mean seizure score was 4.3 ± 0.3 and the mean
seizure duration was 62 ± 19s. Saline treated controls did not show any seizure activity or
modulation of oxidative stress indices throughout the time points of the study (data not shown).

Acute seizures induce mitochondrial but not nuclear 8-hydroxy-2-deoxyguanosine (8-OHdG)
generation

The mitochondrial genome is known to be vulnerable to the deleterious consequences of
oxidative stress (Ballinger et al., 2000; Bohr, 2002). We and others have previously shown that
kainate-induced SE produces oxidative DNA damage using the 8-OHdG as a surrogate
oxidative stress marker (Lan et al., 2000; Liang and Patel, 2004; Penkowa et al., 2005).
However, the relative contribution of the mitochondrial vs. the nuclear genome in the
accumulation of this lesion is unknown. Thus, we determined whether acute SE activity caused
differential oxidative damage to the mitochondrial and nuclear genomes (Fig. 2). Kainate-
induced SE generated a 1.8-and 2.8-fold increase in the hippocampal 8-OHdG/2-dG ratio in
mtDNA 16h and 48h post-treatment, respectively (P<0.05; one-way ANOVA). By contrast,
no change in the levels of the nDNA 8-OHdG/2-dG ratio was detected during the experimental
time course. This suggests that SE produces a greater amount of mtDNA damage in comparison
to the nDNA.

mtDNA lesions but not nDNA lesions are altered during epileptogenesis
Damage to the mitochondrial genome and mtDNA lesions are one consequence of the 8-OHdG/
2-dG ratio accumulation. To determine if this occurred, we employed a well-validated,
sensitive QPCR assay specific to a 13.4kb mitochondrial and 12.5kb nuclear fragment to
investigate whether mtDNA and nDNA damage occurred in the hippocampus during the
development of the epileptic phenotype (Fig. 3). Kainate-induced SE generated a 5.5-fold
increase in mtDNA damage in hippocampal tissue 24hr after injection and remained elevated
for 96h thereafter (P<0.01; one-way ANOVA). By 7d mtDNA lesions returned to levels that
did not differ from saline treated controls. However, at the 21d and 3m time points, mtDNA
lesions were elevated by 6.5-fold and 7.5-fold, respectively (P<0.05; one way ANOVA). By
contrast, no change in nDNA lesions were detected at any of the time points studied.
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The BER proteins 8-oxoguanine DNA-glycosylase and DNA polymerase γ demonstrate
adaptive behavior during epileptogenesis

The predominant pathway for repairing mitochondrial genomic damage is the BER (Chen et
al., 2000). Therefore, during this study components of BER were examined to determine their
role in the repair of mtDNA lesions. We chose to characterize enzymes Ogg1 and Pol γ at
mRNA and protein levels, as they have a fundamental role in BER efficiency and cellular
oxidative stress sensitivity (Fig. 4) (Bohr, 2002; Bohr et al., 2002; Harrison et al., 2007). An
increase in Ogg1 mRNA (2.4-fold) and protein (2.2-fold) levels, as well as Pol γ mRNA (3.8-
fold) and protein (3.1-fold) levels occurred 24hr following kainate administration and remained
elevated thereafter for 21d (P<0.01; one way ANOVA). However, 3m post-treatment the
mRNA and protein levels of Ogg1 and Pol γ subsided to levels not significantly different from
the respective saline treated controls.

mtDNA repair capacity is altered during epileptogenesis and severely impaired in epileptic
rats

A failure in DNA repair has been strongly implicated with various neurological disorders
(Bohr, 2002; Dogru-Abbasoglu et al., 2007; Harrison et al., 2005; Lovell et al., 2000; Weissman
et al., 2007). It should be stressed that despite the well documented role of the BER in the
nucleus, little is known about the mitochondrial BER capacity in neuronal disorders, such as
epilepsy. Since the mRNA and protein levels of Ogg1 and Pol γ are increased we asked whether
mtDNA capacity was altered during the progression of SE to chronic epilepsy (Fig. 5). The
repair capacity was defined as the ability of isolated mitochondria to repair exogenously added
H2O2-induced mtDNA damage. A 3-fold decrease in the mtDNA repair capacity occurred 24h
after kainate treatment (P<0.05; one way ANOVA). However at the 48h time-point, the repair
returned to levels that did not significantly differ from control levels up to 7d. At the 21d and
3m post-kainate time points, mtDNA repair returned to decreased levels (P<0.05; one way
ANOVA) which coincided with the decline in mtDNA repair enzymes.

Mitochondrial oxidative stress during epileptogenesis
To substantiate the mechanism underlying the mitochondrial genomic injury during
epileptogenesis, we measured two indices of mitochondrial oxidative stress (Fig. 6). First, we
asked whether steady-state mitochondrial H2O2 levels were altered throughout
epileptogenesis. Kainate-induced SE triggered an 5-fold increase in H2O2 production from
hippocampal mitochondria at the 24h time point and this continued until 96h (P<0.01; one way
ANOVA); however H2O2 returned to levels of saline treated saline treated controls by day 7.
Remarkably, coincident with the development of spontaneous seizures (associated with the
chronic phase of epileptogenesis), mitochondrial H2O2 production was elevated 2-fold at the
3m time point after kainate administration (P<0.01; one way ANOVA).

Secondly, to further provide evidence of mitochondrial oxidative stress, we measured the
enzymatic activities of mitochondrial aconitase and fumarase. The selective inactivation of
mitochondrial aconitase, an oxidatively labile enzyme can be used as a index of mitochondrial
oxidative stress (Liang et al., 2007; Liang et al., 2000; Liang and Patel, 2004). Hippocampal
mitochondrial aconitase levels decreased 2.4-fold 24hr following kainate administration and
remained depressed thereafter, recovering on day 7 (P<0.01; one way ANOVA). However, at
the 3m time point, the occurrence of chronic seizures coincided with decreased aconitase
activity 2.6-fold to levels lower than slaine treated controls (P<0.05; one way ANOVA).
Furthermore, fumarase (an oxidatively stable mitochondrial enzyme) did not demonstrate any
significant change in activity at any of the time points studied.
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Discussion
Three major findings from this investigation provide novel information regarding the role of
mitochondrial oxidative stress, mtDNA damage and mtBER in epileptogenesis. First, acute SE
caused increased oxidative mtDNA damage which coincided with mitochondrial H2O2
production, activation of the mtBER pathway and a transient decrease in mtDNA repair
capacity. Secondly, Ogg1 and Pol γ demonstrated elevated expression at mRNA and protein
levels and this coincided with reduced mtDNA damage and a gradual improvement in mtDNA
repair capacity. Finally, the chronic phase of epileptogenesis coincided with mitochondrial
ROS production, accumulation of mtDNA damage, a failure of mtBER response and impaired
mtDNA repair capacity. Together, these studies demonstrate a novel association of
mitochondrial dysfunction and oxidative stress in epileptogenesis.

Oxidative DNA damage has been mechanistically associated with acute and chronic neuronal
disorders (Beal, 2005). Previous studies have demonstrated that seizure activity increases total
cellular oxidative DNA damage (Lan et al., 2000; Liang et al., 2000; Neema et al., 2005);
however the role of oxidative stress-induced mtDNA injury in the etiology of acute and chronic
epilepsy is unknown. This study demonstrates increased mtDNA damage immediately after
SE, a recovery during the period of low seizure probability, and a recrudescence of mtDNA
damage during the chronic phase of epilepsy, during which frequent seizures occur (Hellier et
al., 1998). Acute seizure activity caused extensive 8-OHdG accumulation in the mitochondrial
genome, by contrast, no measurable damage to the nuclear DNA was observed.

This present study supports a disproportionately greater role of mitochondrial genomic injury
following SE. The increased susceptibility of the mitochondrial genome compared to the
nuclear genome to oxidative insults has been observed in a wide array of neurodegenerative
diseases (Ballinger et al., 2000; Beal, 2005; Bohr, 2002; Jarrett and Boulton, 2005; Liang and
Godley, 2003). A number of factors could explain the increased genomic sensitivity of the
mitochondria during epileptogenesis. First, oxidative stress can be both a cause and
consequence of epileptic seizures (Patel, 2004). It is also worth noting that the epileptic
condition is associated with defects in complex I of the electron transport chain, which is also
associated with increased ROS leakage (Kunz et al., 2000); Second, SE causes a
disproportionately greater decrease in mitochondrial GSH/GSSG ratios, thus depleting the
mitochondrial antioxidant capacity (Liang and Patel, 2006); Third, Pol γ is the rate limiting
enzyme in the mtBER and has a high sensitivity to oxidative-inactivation, which may hinder
successful mtDNA repair (Graziewicz et al., 2002; Harrison et al., 2005; Kemeleva et al.,
2006); Finally, mtDNA is deficient in histones which provide protection against ‘oxidative
attack’ to the nDNA (Ballinger et al., 2000). In addition, the present study suggests that
oxidative stress may have an important role in mtDNA damage following SE. This is evidenced
by increased levels of the 8-OHdG/2-dG ratio in conjunction with increased mitochondrial
H2O2 production. Furthermore, the activity of the oxidative-sensitive aconitase was markedly
decreased during SE, whereas the oxidative-insensitive fumurase was not affected.

The mtBER proteins Ogg1 and Pol γ were up-regulated immediately after SE. Presumably, the
increased expression of DNA repair proteins is a protective mechanism due to increased levels
of mitochondrial oxidative stress, 8-OHdG accumulation and an attempt to repair this lesion.
Oxidative stress has been previously shown to modulate DNA repair proteins in a variety of
pathologies (Hollensworth et al., 2000; LeDoux et al., 1999; Stuart et al., 2004). However, the
characterization of the mtBER following SE remains relatively unexplored. It is noteworthy
to mention, that after the decline of acute SE associated oxidative stress, the levels of Ogg1
and Pol γ remained elevated followed by a gradual improvement in mtDNA repair capacity.
This mtDNA repair response is reminiscent of an adaptive response (Ballinger et al., 1999;
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Jarrett and Boulton, 2005) and the up-regulation of BER proteins may be an endogenous
protective factor against pathophysiological events arising from seizure activity.

During the chronic phase of epilepsy, recurrent spontaneous seizures and longer seizure
durations were observed in conjunction with increased levels of mtDNA damage together with
a complete failure of the mtBER response. Spontaneous motor seizures occurred concurrently
with the re-emergence of mtDNA damage. It is unclear whether mtDNA damage may be an
epileptogenic event per se or the spontaneous seizures themselves cause the re-emergence of
the mtDNA damage. However, this study supports previous observations implicating
mitochondrial dysfunction during chronic epilepsy (Kann et al., 2005; Kunz et al., 2000). Of
further note, the increased mtDNA damage occurred concurrently with down-regulation of
mtBER proteins and impaired mtDNA repair capacity. It is noteworthy to emphasize that
although the up-regulated mtDNA repair mechanisms are capable of counteracting the damage
during the less severe interictal and ictal discharges that occur during the early stages of
epileptogenesis, as spontaneous seizures re-emerge, mitochondrial repair mechanisms become
incapable of keeping up with damage to the mitochondrial genome. It is likely that the failure
of the mtDNA repair mechanism(s) could, in part, contribute to the high vulnerability of
mtDNA to oxidative stress and exacerbate the progressive mitochondrial genomic decline that
occurs in the epileptic condition (Kunz, 2002; Liang and Patel, 2004; Neema et al., 2005). This
is further evidenced by the fact that chronic epilepsy in our model was accompanied by elevated
mitochondrial oxidative stress, as demonstrated by increased levels of H2O2 production and
aconitase inactivation. The specific mechanisms that result in the malfunction of the mtBER
in the chronic epileptic state remain to be elucidated. It is well documented that the components
of DNA repair pathways are sensitive to oxidative inactivation and furthermore, enzymatic
inactivation/imbalance of DNA repair proteins may be correlated with DNA repair capacity
(Ballinger et al., 1999; Graziewicz et al., 2002; Harrison et al., 2005). It is also plausible that
the increased mitochondrial oxidative stress sustained during chronic epilepsy may further
diminish the mtDNA repair capacity by preventing localization of the DNA repair proteins in
the mitochondria. This is supported by the fact that oxidative stress can inhibit the import of
mtDNA repair proteins into the mitochondria which is especially relevant to the mtBER as all
the protein components of this pathway are nuclear encoded (Nakabeppu, 2001). However,
other factors may also have contributed to the late decrease in mtDNA repair capacity such as
cell loss, reduced mitochondrial density, or a general deterioration of nuclear and mitochondrial
maintenance/repair mechanisms (Neema et al., 2005; Sleven et al., 2006b).

In summary, our findings strongly implicate a role for oxidative mitochondrial genomic
instability in epileptogenesis. This present study has uncovered a unique relationship between
seizures, mitochondrial oxidative stress and mtDNA damage (Fig. 7). Acute SE seizure activity
causes preferential oxidative damage to the mtDNA and the mtBER is induced to attempt to
repair mtDNA lesions. However, there is a failure in the mtBER during the chronic phase of
epilepsy, which may hinder the repair of mtDNA damage and may contribute to increased
mtDNA instability and mitochondrial oxidative stress. Together, increased oxidative mtDNA
damage, mitochondrial H2O2 production and alterations in the mtBER pathway provide
evidence that mitochondrial injury may contribute to epileptogenesis.
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Fig. 1.
The development of spontaneous seizures in kainate-treated rats. Rats were treated with kainate
(12mg/kg; s.c) to initiate SE and seizures scored as described in Materials and Methods.
Behavioral observations of seizure activity were monitored for 6hr a week and rats that suffered
≥ 2 spontaneous seizures were considered to be epileptic. Saline treated controls did not show
any seizure activity or modulation of oxidative stress indices throughout the study. For each
animal A) the most severe motor seizure score and B) length of each seizure was determined
at the indicated time point after kainate administration. Bars represent mean ± SEM, n=3–4
per time point.
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Fig. 2.
A comparison of 8-OHdG generation in the mitochondrial and nuclear genomes following SE.
Hippocampal tissue was harvested at the indicated time points, DNA extracted and HPLC
performed as described in Materials and Methods. DNA damage was expressed as the ratio of
oxidized DNA base (8-OHdG) to non-oxidized base (2-dG) in mtDNA and nDNA. Bars
represent mean ± SEM. *P<0.05 mtDNA vs. saline treated controls, #P<0.05 mtDNA vs.
nDNA, one way ANOVA, n= 6 per group.
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Fig. 3.
A comparison of mitochondrial and nuclear DNA damage during epileptogenesis.
Hippocampal tissue was harvested at the indicated time points, DNA extracted and QPCR
performed. The graph represents the number of DNA lesions per 10kb in a mitochondrial or
nuclear gene fragment. Data was normalized to 250bp fragments amplified from saline treated
controls. A) mtDNA and nDNA lesions per 10kb at the indicated time points after kainate
treatment. B and C) Agarose gels derived from QPCR analysis of hippocampal tissue after
kainate treatment. Lane 1, CON; lane 2, 24h; lane 3; Lane 4, 48h; Lane 5, 96h; Lane 6, 7d;
Lane 7, 21d; Lane 8, 3m. Bars represent mean ± SEM. *P<0.05; **P<0.01, vs. saline treated
controls; #P<0.05 mtDNA vs. nDNA, one way ANOVA, n= 6 per group.
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Fig. 4.
Expression of Ogg1 and Pol γ at mRNA and protein levels during epileptogenesis. To assess
the induction of the BER pathway during epileptogenesis, the levels of both Ogg1 and Pol γ
at an mRNA and protein level were monitored as described in Materials and Methods. A)
mRNA expression at the indicated time points was determined by real-time PCR performed
on a primer/probe set specific to Ogg1 and Pol γ. B) Protein expression of Ogg1 and Pol γ at
the indicated time points was determined via immunoblot analysis. C and D) Immunoblots of
Ogg1 and Pol γ, respectively from hippocampal tissue after kainate treatment. Lane 1, CON;
lane 2, 24h; lane 3; Lane 4, 48h; Lane 5, 96h; Lane 6, 7d; Lane 7, 21d; Lane 8, 3m. Bars
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represent mean ± SEM. **P<0.01, vs. saline treated controls, one way ANOVA, n= 3–5 per
group.
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Fig. 5.
A comparison of mtDNA repair capacity in isolated mitochondria during epileptogenesis.
Hippocampal mitochondria were freshly isolated at the indicated time points after kainate
administration and treated with H2O2 (50μM) for 30min and either harvested immediately or
allowed to repair for 30min. The data was normalized to the respective 30min DNA damage
levels and repair efficiency expressed as percentage repair. Bars represent mean ± SEM.
*P<0.05, vs. saline treated controls, one way ANOVA, n= 4 per group.
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Fig. 6.
Mitochondrial oxidative stress during epileptogenesis. To assess the state of mitochondrial
oxidative stress in the hippocampus during epileptogenesis the levels of A) H2O2 production
and B) mitochondrial aconitase activity were monitored as described in Materials and Methods.
H2O2 production was expressed as percentage mitochondrial H2O2 change compared to saline
treated controls. Aconitase activity was expressed as activity/g of protein. Bars represent mean
± SEM. *P<0.05; **P<0.01, vs. saline treated controls, one way ANOVA, n= 3–4 per group.
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Fig. 7.
The relationship betweens seizures, mtDNA damage, mtBER expression and H2O2 production.
Indices of the mitochondrial oxidative burden measured during this study illustrate how
mitochondrial oxidative stress and mtDNA damage could play a role in the progression from
acute seizure activity to chronic epilepsy. Acute seizure activity causes preferential oxidative
damage to the mtDNA and the mtBER is induced to attempt to repair mtDNA lesions. However,
there is a failure in the mtBER during the chronic phase of epilepsy, which may hinder the
repair of mtDNA damage and contribute to increased mitochondrial oxidative stress. The
increased mitochondrial oxidative stress burden and genomic instability may render the brain
more susceptible to subsequent chronic epileptic seizures. The (X) represents the mean seizure
score and the other data points represent the mean percentage change of mtDNA Damage,
Ogg1, Pol γ and H2O2 production compared to controls.
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