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Abstract
Oxidative DNA damage is implicated in brain aging, neurodegeneration and neurological diseases.
Damage can be created by normal cellular metabolism, which accumulates with age, or by acute
cellular stress conditions which create bursts of oxidative damage. Brain cells have a particularly
high basal level of metabolic activity and use distinct oxidative damage repair mechanisms to
remove oxidative damage from DNA and dNTP pools. Accumulation of this damage in the
background of a functional DNA repair response is associated with normal aging, but defective
repair in brain cells can contribute to neurological dysfunction. Emerging research strongly
associates three common neurodegenerative conditions, Alzheimer’s, Parkinson’s and stroke, with
defects in the ability to repair chronic or acute oxidative damage in neurons. This review explores
the current knowledge of the role of oxidative damage repair in preserving brain function and
highlights the emerging models and methods being used to advance our knowledge of the
pathology of neurodegenerative disease.

I. Introduction
DNA damage leads to genomic instability and cellular dysfunction. Oxidative damage is
particularly harmful; as over 100 oxidative modifications to DNA have been identified.
Many adducts are mutagenic while others block replication or transcription, leading to
cancer or cell death (1). Though oxidative damage can arise from external sources such as
chemical agents and ionizing radiation, the majority of oxidative damage is caused from
internally sourced superoxide anions, hydroxyl radicals and hydrogen peroxide (collectively
called reactive oxygen species; ROS), produced through normal cellular respiration and
metabolism (2). To protect against their own destructive byproducts, cells have evolved an
anti-oxidant defense system consisting of enzymes, such as those involved with base
excision repair (BER), and scavenging molecules such as superoxide dismutase, glutathione
peroxidase, peroxyredoxins and glutathione (1, 3).

The brain is well protected from external insults due to the presence of factors such as
cranium and the blood brain barrier. Presumably, DNA damage in the brain is caused by
endogenous metabolic activity. Oxidative damage is particularly prevalent in the brain. The
continuous electrochemical transmission between cells in the brain requires a great deal of
energy. Brain tissue therefore maintains a particularly high basal metabolic rate to meet the
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high-energy demand, meaning that brain cells produce high levels of ROS. Interestingly,
several factors make the brain additionally vulnerable to oxidative damage. Because of its
high metabolic rate, the brain has a decreased ratio of anti-oxidant to pro-oxidant enzymes
(4, 5). This imbalance amplifies the level of oxidative damage within brain cells, which
increases the demand on DNA repair activity, which in turn requires additional energy,
creating a perpetual state of oxidative stress. Add to this the fact that post-mitotic terminally
differentiated brain cells lack robust replication-associated DNA damage detection and
DNA repair machinery (6). This results in a heavy reliance on the BER mechanism to
maintain genetic homeostasis in the brain.

Although brain cells have highly efficient BER mechanisms to deal with the elevated
oxidation stress, oxidative DNA damage accumulates with age and is implicated in normal
aging. Additionally, excess oxidative damage is implicated in neurodegenerative disorders,
and emerging research suggests that deficiencies specifically in the BER pathway perpetuate
neuronal dysfunction (3). In this review, we discuss oxidative DNA damage in neurons,
focusing on current research with BER glycosylase-deficient mouse models that are being
used to explore the role of BER in three neurodegenerative diseases (AD, PD and stroke). In
addition, we highlight the potential in applying neuroscience techniques in animal behavior
testing with DNA repair models to advance brain neurodegeneration research in the future.

II. Oxidative DNA damage in brain, neurodegeneration and aging
Recent work has demonstrated that abnormal BER protein function may be involved in the
pathology of three clinical neurodegenerative conditions: Alzheimer’s disease (AD),
Parkinson’s disease (PD) and stroke. Among twelve common neurological diseases analyzed
in a recent epidemiological review, AD, PD and stroke had the highest incidence in
individuals over 65 years of age (7). Interestingly, what also sets these three
neurodegenerative conditions apart from others is that their onset and progression are
believed to result from internal sources of oxidative stress, where both AD and PD result
from a chronic accumulation of excess oxidative damage and stroke results from an acute
burst of oxidative stress. The three conditions are, however, individually distinct in the
pathophysiological pathways linking the underlying oxidative stress to the
neurodegenerative phenotype.

Alzheimer’s and Parkinson’s disease
Clinically, AD is a form of senile dementia characterized by loss of brain functions affecting
memory, thought processing and general behavior (8). The histological hallmarks of AD are
oligomerized amyloid-β precursor protein (AβPP) deposits and tau tangles caused by
abnormal post-translational processing of AβPP and hyper-phosphorylation of tau peptide,
respectively (9). PD is a degenerative disorder of the central nervous system and is
associated with the death of substantia nigra cells in the mid brain that produce dopamine
(10, 11), leading to motor dysfunction and dementia as the disease progresses. A histological
hallmark of PD is the accumulation of Lewy bodies in neuronal cells and these are often
proportional to the severity of clinical symptoms (12).

While the etiology of either disease is currently undetermined, much research suggests that
both AD and PD have an etiology linked to oxidative stress and dysfunction of the
mitochondria and endoplasmic reticulum (ER) (13, 14). Mitochondria are the organelles that
produce ATP (chemical energy) and have a critical role in energy metabolism, redox state
and Ca2+ homeostasis within the cell and are therefore critical for cell survival. Intracellular
Ca2+ stimulates the electron transport chain in mitochondria, producing ATP and, as a
byproduct, ROS. The ER is a quality control organelle that oversees protein synthesis,
folding and transport. Crosstalk between the two organelles is increased with oxidative
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stress, and mitochondrial stress can cause ER dysfunction. Specifically in AD, oxidative
stress is enhanced by AβPP stimulation of N-methyl-D-aspartate receptor-mediated
glutamatergic neurotransmission (15–17), which in turn can create intracellular Ca2+

overload and lead to mitochondrial dysfunction, neuronal excitotoxicity, and ultimately
neuronal death (18). In PD, research with post-mortem tissues shows impaired
mitochondrial function and elevated oxidative stress caused by alpha-synuclein aggregates,
dopamine auto-oxidation and degradation in the substantia nigra(10, 19, 20). Additional
factors shared between PD and AD that may contribute to chronic oxidative stress are
altered levels of iron and antioxidants (superoxide dismutase and glutathione) in brain cells.
Interestingly, ROS has been shown to promote protein aggregation (21), and therefore one
theory is that ER dysfunction may lead to increased accumulation of abnormally folded
proteins as seen with AβPP in AD and alpha-synuclein in PD cells (21–24).

Stroke
Stroke is defined as a cerebrovascular accident (25), where there is loss of blood flow to the
brain as a result of either a blood clot (ischemic stroke) or leakage from a damaged blood
vessel (hemorrhagic stroke). In either case, there is rapid neurological damage that causes
severe loss of brain function and ultimately cell death in the affected area. With ischemic
stroke, neurological damage is caused initially by loss of blood flow (ischemia) which cuts
off oxygen supply, followed by the rapid return of the blood supply (reperfusion) to the
specific area, creating an influx of ROS and interleukins associated with inflammatory
response (26). Thus unlike in AD and PD where neurodegeneration is caused by a slow
chronic accumulation of oxidative damage, neurological damage in ischemic stroke is
caused by this acute burst of ROS during reperfusion.

III. Neuronal oxidative damage repair
Due to their high rate of energy production and consumption, neurons exist in a state of
continuous oxidative stress. Oxidative damage can cause a variety of lesions in DNA (1).
These include base modifications, abasic sites, single and double strand breaks in DNA.
Aside from double strand breaks, these other modifications are largely repaired by BER (3).

The first step in BER is recognition and removal of the damaged DNA base. DNA base
modifications are first recognized and removed by DNA glycosylases and abasic sites are
removed by apurinic/apyrimidinicendonucleases (APE)(27). Following additional
processing by APE or dRPase, gap filling and nick sealing are completed by polymerases
and ligases, respectively. Single strand breaks are processed by DNA polymerase beta
(Polβ) in association with a scaffolding enzyme, X-ray repair cross-complementing protein
(XRCC1) (Fig 1).

The BER glycosylases – a team effort
DNA glycosylases are the first DNA repair enzymes recruited to oxidative lesions (28), and
there are 11 glycosylases in humans (29); of these, three central glycosylases recognize
oxidative damage: 8-oxoguanine DNA glycosylase (OGG1), endonuclease III-like 1
(NTH1), and endonuclease VIII-like 1 (NEIL1) (29). Knockout mouse models have been
developed for all three, as well as a NEIL1/NTH1 double knockout model. From these
models and cell culture studies combined with in vitro biochemical assays, the type of
damage repaired by each glycosylase has been well studied (Table 1). Several lesions are
produced from the radical attack on pyrimidine and purine bases (Fig 2). Some of the
common oxidative pyrimidine lesions produced include 5-hydroxyuracil (5OHU), 5,6-
dihydroxyuracil (DHU), 5-hydroxycytosine (5OHC), thymine glycol (Tg) and
formamidopyrimidine (FAPY) lesions (Fig 2). The major oxidative purine base lesions are
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8-hydroxyguanine (8OHG) and its metabolic derivatives 8-oxoguanine and FAPY lesions
(Fig 2). The pyrimidine base lesions are mainly recognized and repaired by NTH1, a human
homolog of endonuclease III in E. coli, whereas the purine base lesions are primarily
repaired by OGG1. However, there is some overlap among the enzymes, indicating that
multiple glycosylases cooperate with or compensate for each other to maintain genomic
stability, particularly during oxidative damage overload. For example, while OGG1 shows
specificity for 8-oxoguanine lesions, mutY homolog, MYH, can cleave a mis-paired adenine
from across the 8-oxoguanine lesion to suppress mutagenicity (30). There is greater overlap
of lesion specificity among the glycosylases for oxidative pyrimidine lesions such as 5-
hydroxyuracil (5OHU), 5-hydroxycytosine (5OHC), thymine glycol (TG) and FAPY lesions
(30). FAPY lesions, for example, are primarily recognized and repaired by NTH1 and
NEIL1, but they may also be repaired by OGG1 (2,6-diamino 5-hydroxy 5-
formamidopyrimidine (FAPY G)), NEIL2 (4,6-diamino 5-formamidopyrimidine (FAPY A))
and NEIL3 (FAPY G and FAPY A) (31, 32). Among all of the glycosylases that target
oxidative DNA damage, NEIL1, the human homolog of endonuclease VIII in E. coli, seems
to have the widest substrate recognition and repair capacity ranging from pyrimidine lesions
to purine lesions. Though NEIL1 can recognize a number of oxidized lesions, the most
physiologically relevant substrates for NEIL1 are FAPY A, FAPY G, 5OHU, 5OHC, and
Tg. Based on this substrate specificity, NEIL1 was originally thought to simply backup
NTH1 and OGG1 enzymes. However, emerging research on its splice variants and protein
interacting partners indicates that NEIL1 has an ever increasing substrate specificity towards
complex substrates such as 2,2,4-triamino-5(2H)-oxazolone, bulky lesions such as 5-(S) or
5-(R) cyclo-2 deoxyadenosines, and that NEIL1 may also be a crucial enzyme in more than
one DNA repair pathway, suggesting that NEIL1 has a critical rather than redundant
function in oxidative damage repair (33).

While ROS produce a variety of oxidative lesions, the incidence of each lesion can vary due
to factors in the local environment that affect chemical interactions and lesion stability (34).
In the brain, the most abundant oxidative lesions are 8-oxoguanine and FAPY G, which are
derived from the oxidation and reduction of 8-hydroxyguanine lesions respectively (34).
NEIL1 efficiently removes both FAPY G and FAPY A lesions, and the expression levels of
NEIL1 are greater than either NTH1 or OGG1 in various brain regions (Fig 3)(35).
Noticeably, the loss of NEIL1 led to greater FAPY lesion accumulation in the mouse brain
than that observed with the loss of NTH1 (36). NEIL1 may therefore play acritical role in
preserving brain function through oxidative DNA damage repair.

Uracil-DNA glycosylase (UDG) and its family member single-strand-selective
monofunctional uracil-DNA glycosylase1 (hSMUG1) collectively remove uracils from
DNA. hSMUG1 is also capable of removing 5OHU lesions. In addition to the traditional
BER glycosylases, several other enzymes are critical to maintaining DNA base integrity.
Just as ROS create lesions directly to DNA, genetic instability also arises from incorporation
of oxidized dNTPs into DNA. To minimize this, 7,8-dihydro-8-oxoguanine triphosphatase
(MTH1) converts 8-oxoguanine triphosphate (8oxodGTP) to 8-oxoguanine monophosphate
(8oxodGMP) which cannot be incorporated into DNA. This activity helps reduce the burden
on downstream BER enzymes.

IV. Mouse models of BER glycosylases in neurodegenerative diseases
Homozygous knockout models of mid and late-stage BER proteins are embryonically lethal,
making them impractical for functional neurodegeneration models (37). Still, associations
between BER deficiencies and neurodegenerative diseases are observed with loss of normal
activity of these proteins. Altered activity and expression of Polβ and XRCC1, for example,
are observed in brain tissue of AD and stroke patients (38–40). Considering that Polβ
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knockout embryos show defective neurogenesis (41), alterations of Polβ may have potential
role in etiology of neurodegenerative diseases.

More extensively studied in relation to AD, PD and stroke, however, are the BER
glycosylases using knockout mouse models. These models do not show drastic phenotypes.
This may be due to the compensatory nature of other DNA glycosylases as previously
discussed. Nonetheless, given the elevated vulnerability of brain cells to increased oxidative
stress, efficient BER is critical for normal brain function, and altered DNA repair efficiency
could be directly involved in neurodegeneration in AD, PD and stroke. Transgenic and
AβPP mouse models of AD have not exhibited the significant BER defects observed in
human AD (42). These models, however, are developed through overexpression of mutant
AβPP and other proteins like Tau, assuming that AβPP/Tau deposition is the founding
etiology of AD rather than some other factor. Interestingly, these mouse models show
cellular resistance to AβPP excitotoxicity (reviewed in (43)); one could speculate that this
may be due to retention of an efficient BER mechanism in their genetic background, and
that human AD and its associated AβPP/Tau deposition may therefore develop from
deficient BER resulting in slow accumulation of damage and neuronal dysfunction. The
critical role of BER in neuronal homeostasis hypothesis is strengthened by observations that
BER deficiencies in the mitochondria are directly implicated in aging and neurodegeneration
(12). ROS generated during oxidative phosphorylation within the mitochondria targets
mitochondrial DNA (mtDNA) more than nuclear DNA (nDNA) due to its close proximity.
BER is well characterized as a robust mechanism in mitochondria to defend against
oxidative DNA damage. Ogg1 knockout mice accumulate 8-oxoguanine lesions in their
mtDNA (44). Further, Ogg1 is crucial for the developing mouse brain, and Ogg1 activity
steadily decreases with increasing age (45, 46). This indicates that in the brain, at least in
mice, there may be additional mechanisms or BER enzymes such as Nth1 or Neil1 that help
in 8-oxoguanine surveillance (45). Neil1 knockout mice show higher mtDNA mutations in
liver cells (47) and accumulate FAPY A lesions in aged brains. In the mouse, Nth1 is
localized more to the mitochondria, and loss of Nth1 abbrogated Tg and 5OHU incision in
the mitochondrial compartment (45). Overall, the major DNA glycosylase-deficient mice
accumulate oxidative DNA lesions, but whether these features lead to brain related
pathology is not well understood. Given that these enzymes have a crucial role in reducing
the oxidative damage to DNA, particularly mtDNA, and mtDNA damage is implicated in
neurodegeneration, glycosylase mouse models are important tools for exploring
neurodegenerative pathology.

Oxidative damage repair in AD and PD
Glycosylase expression and function is known to change in aging neurons, and these
changes are more severe in AD (48, 49). AD brain tissue exhibits significantly lower
expression of UDG, a nuclear and mitochondrial glycosylase that targets uracil lesions, and
cell extracts show decreased uracil incision activity compared with control cells (40). UDG
deficiency is also shown to induce apoptosis in rat hippocampal neurons in culture (50).
Interestingly, folic acid deficiency, which has been linked to increased susceptibility to AD
(51), promoted uracil misincorporation and hypomethylation of DNA in neurons and
sensitized them to AβPP toxicity (52). It also resulted in increased DNA damage and
hippocampal neurodegeneration in AβPP transgenic Alzheimer’s mouse model (52),
suggesting that reduced uracil incision capacity plays a role in neuronal AβPP toxicity in
AD. Furthermore, folic acid deficiency also caused increased mitochondrial DNA
mutagenesis in aged brains (53), supporting the role of BER in the mitochondrial
dysfunction associated with neurodegeneration.

OGG1 is dysregulated in both AD and PD brains (54, 55). There is significant elevation of
8-oxoguanine in frontal, temporal and parietal lobes of nDNA in AD (56) and decreased 8-
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oxoguanine glycosylase activity in brain tissue extracts (55). Additionally, expression of
mitochondrial β-OGG1 in the orbitofrontal gyrus and entorinal cortex of AD brains was
decreased when compared with controls. β-OGG1 is a mitochondrial isoform of OGG1 and
is associated with neurofibrillary tangles and dystrophic neuritis (57). Unlike in AD, β-
OGG1 expression is increased in the substantia nigra and associated dopaminergic neurons
in PD brain tissue, as is the MUTY (54, 58, 59). This glycosylase upregulation may be a
compensatory response to the elevated levels of 8-oxoguanine in PD brain cells. PD
pathology is strongly associated with mitochondrial dysfunction, which can result from
increased oxidative stress.

Other factors in brain tissue may contribute to glycosylase dysfunction and
neurodegeneration in AD and PD. Close association between metal dys-homeostasis in the
brain and the onset and/or progression of AD and PD has been established in a number of
studies (60). Iron and copper ions (Fe(II) and Cu(II)) can specifically inhibit the activity of
NEIL1 and NEIL2 by stably binding them with high affinity. Fe(II), in particular, inhibited
the interaction of NEIL1 with downstream BER proteins Polβ and FEN1 (61). Although not
directly studied, based on the above evidence, it is conceivable that the loss of NEIL1
activity in iron loaded AD brains may play an important role in enhancing the oxidative
DNA damage thus contributing to the neurodegeneration.

While oxidative damage greatly affects DNA, there are also pools of dNTPs waiting to be
incorporated into DNA, which are also damaged during oxidative stress. MTH1 has an
indirect but important role in reducing oxidative DNA damage by minimizing the level of
oxidative damage in the dNTP precursor pools. Recently, alterations in the expression of
MTH1 in postmortem AD brains were found to correlate with neurodegenerative regions.
MTH1 was decreased in the hippocampus of AD brains compared with controls, while its
expression is increased in the entorinal cortex, one of the most vulnerable regions in the
brain of AD patients (62); the increased expression might possibly be a compensatory
mechanism for increased oxidation. There is also evidence for MTH1 involvement in PD
pathology (59). The level of MTH1 protein localized to mitochondria was uniquely and
significantly increased in dopaminergic neurons of the substantia nigra of PD patients
compared with this region in other neurodegenerative diseases. In fact, mitochondrial MTH1
expression was difficult to detect in dopaminergic neurons of normal brains, suggesting that
increased expression may be a protective response in the surviving dopaminergic neurons of
PD brains (63). Indeed, studies in MTH1-knockout rodents have shown that MTH1 protects
dopaminergic neurons from oxidative damage caused by the mitochondrial toxin 1-
methyl-4-phenyl-1,2,3,6,-tetrahydropyridine (MPTP) (57, 64). MPTP inhibits the
mitochondrial electron transport complex 1 causing electron transport chain dysfunction and
accumulation of ROS(10). MPTP is able to induce Parkinson-like symptoms in humans and
in animal models.

Overall, prevailing studies show that elevated DNA oxidative damage and dysfunctional
repair might be involved in the pathology of AD and PD (65). Further studies are necessary
to investigate and understand the differential expression and activities of DNA glycosylases
in both diseases. Better understanding of the discrepancy of DNA repair enzymes in affected
neuronal cells could be a potential target for gene therapy aimed at neuroprotection in AD
and PD.

Oxidative damage repair in stroke
The role of BER enzymes in ischemic stroke is not well understood. High levels of ROS are
known to cause neurodegeneration, and severe bursts of ROS, such as that caused by
reperfusion following ischemic stroke, impairs neuronal function. In order to recover from
this injury, neurons require a robust DNA repair system to repair the oxidative damage,
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avoid cell death, and preserve normal brain function. Despite this strong link between BER
and the acute oxidative damage produced during ischemia and reperfusion, there is very
little data on the role of DNA repair in either human stroke patients or animal stroke models.

When subjected to middle cerebral artery occlusion/reperfusion (MCAO/R) to mimic
ischemic stroke, wild-type mice accumulated more FAPY A and FAPY G lesions compared
to the sham treated (mice are operated on equally except for the occlusion of the middle
cerebral artery) animals but not 8-oxoguanine in both ipsilateral and contralateral sides of
the brains (66). Even in Ogg1 null mice, the MCAO/R procedure did not enhance 8-
oxoguanine levels relative to sham treated animals, whereas there was a significant increase
in FAPY G lesions in the ipsilateral side (66). This indicates that Ogg1 plays a significant
role in removal of FAPY G lesions that are generated during ischemic stroke. It is possible
that the 8-oxoguanine lesions are repaired more than FAPY G lesions by the combined
effort of all backup enzymes present and or alternative mechanisms. Therefore the loss of
enzymes that remove FAPY G lesions such as Ogg1 and Neil1 may be more important than
others to prevent oxidative stress following ischemia. It has been demonstrated that Ogg1
and Neil1 knockout mice indeed show more motor dysfunction after ischemic stroke. In
addition, Neil1 knockout mice showed increased neurological deficit as well as mortality
after ischemia/reperfusion. Further, brain sections from these mice showed enhanced infarct
volume and neuronal cell death indicating that these enzymes may contribute to brain
recovery from ischemic injury (66, 67).

Animal studies show that a process called ischemic preconditioning enhances BER activity.
In a manner similar to immunization, ischemic pre-conditioning improves tolerance to the
burst of oxidative DNA damage generated during the ischemia and reperfusion events.
Although complex, this tolerance mechanism is linked to the up-regulation of DNA repair
systems. A recent study observed that ischemic preconditioning resulted in enhanced
expression and function of BER proteins Xrcc1, Polβ, and DNA ligase III, and it also
increased the physical interaction between Xrcc1 and Polβ specifically after reperfusion
(68). These findings suggested a mechanistic model for neuronal cell protection after
ischemic stroke. Other studies showed that nuclear Xrcc1 levels are reduced in the caudate
putamen area early after focal cerebral ischemia (FCI) (within 10 min)(69)and APE1 levels
were reduced (as early as 5 min)(39), however this loss of Xrcc1 expression is correlated
with enhanced DNA fragmentation and can be explained through the increased activity of
matrix metalloproteinases after FCI, which cleave DNA repair proteins such as Xrcc1,
Parp1(39, 69). Along these lines, glutamate, one of the most abundant neurotransmitters and
a marker for ischemic pre-conditioning, not only increases oxidative damage but also
enhances BER activity by CREB mediated up-regulation of APE1 (70). Overall, animal
studies indicate that up-regulation of BER helps tolerate oxidative damage and that loss of
BER can cause deficit in brain function.

Although limited, human studies evaluating the association of stroke with various small
nuclear polymorphisms in BER genes have been conducted. Association with stroke
indicates a poor response to the acute oxidative burst that follows ischemia. Two population
studies, from Lixian, China and Edison, New Jersey, showed that polymorphisms in BER
genes APE1 and XRCC1 had no association with large artery atherosclerotic (LAA) stroke
(71, 72). Interestingly, a polymorphism in XPD, a nucleotide excision repair gene, was
associated with a significantly increased risk of stroke. In agreement, a second population
study in Taiwan involving cigarette smoking and non-smoking groups showed that
polymorphisms of ERCC2 and XPD, were associated with LAA stroke risk, and expression
of both OGG1 and ERCC2 polymorphisms concurrently elevated the risk of LAA stroke;
additionally, this risk was elevated with cigarette smoking in all groups (73). Although there
is no association of APE/ref-1, XRCC1, OGG1 gene polymorphisms with stroke by
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themselves, combinations of these three polymorphisms increased the risk for LAA stroke in
smokers, indicating the protective role of the BER pathway in an increased oxidative stress
environment.

V. Studying oxidative damage repair in brain function – DNA repair meets
neuroscience

In the DNA repair field, a majority of research is done using mitotic cell cultures and
biochemical assays to study the cellular and molecular consequences of DNA repair
deficiency. Brain dysfunction as a specific consequence of DNA repair deficiency is less
explored. Adopting neuroscience techniques that measure changes in behavior to investigate
these consequences in vivo is essential to uncover the role of DNA repair in brain function
and neurodegenerative pathology.

Behavior testing methods
The brain is the command center of the nervous system, controlling functions that are
broadly classified as learning and memory, motor control, arousal, homeostasis, motivation,
information processing and perception. Various brain regions independently or
cooperatively perform these functions (Table 2 and Fig 5) (74). The cumulative response to
a stimulus is defined as behavior, and all animals are capable of changing their behavior in
response to a repeated stimulus. This change in behavior may be monitored or studied using
well established testing methods.

A battery of tests exists to study the functions of various parts of the brain using animal
models, most commonly mice and rats (Table 2/Fig 5). For example, the cortex, cerebellum,
hippocampus and basal ganglia together coordinate motor activity (Table 2), which includes
grip strength, precision, co-ordination of movement and endurance. Two tests are mainly
designed to measure motor activity: the rota-rod test, and the hanging wire test. The rota-rod
test is designed to measure several parameters of motor activity. The rota-rod machine has
adjustable (fixed and accelerating) speed settings, where the number of falls over a pre-
determined time is counted to provide a measure of the subject’s motor precision, and the
latency (time) to the subject’s first fall is recorded to serve as a measure of its co-ordination,
or ability to adjust to a changing speed. The hanging wire test, in which the subject is timed
while it hangs from a wire, measures grip and endurance as a factor of muscle strength.
Elsewhere in the brain, the hypothalamus, amygdala and hippocampus coordinate the
emotions including anxiety and fear. Anxiety and fear-based learning manifest behavior
which can be measured using the fear conditioning and open field tests, respectively (Table
2). While an indicative measure of neurological function in its own right, anxiety can also
affect other aspects of behavior; therefore, the open field test is conducted prior to the other
tests as a control. In the open field test, parameters measured are distance travelled and the
time spent in the center and peripheral zones during a period of time. Anxious animals tend
to be more active and spend less time in the center zone relative to normal animals, for
example. In the fear conditioning test, an aversive stimulus (an electric shock) is associated
with a neutral stimulus (a tone), whereby the shock follows closely behind the tone in a
training session, involving multiple conditioning trials on day one. On day two when
exposed to the tone, animals that show fear conditioning freeze in expectation of the shock.
The time the animal spends frozen in fear is the parameter that indicates fear-based learning
in this test (75). Lastly, various parts of the brain coordinate learning and memory, but the
hippocampus in particular plays a major role in spatial memory retention in a process called
long-term potentiation via enhanced synaptic plasticity and navigation. The classic test for
learning and memory is the Morris water maze test. In the water maze test, animal subjects
are trained to find a hidden platform in a pool; they are provided with clues and latencies to
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reach the platform are recorded each day until the goal latencies are significantly reduced.
From the next day, the platform and clues are removed and probed for the memory gained
during the training period, and the subject’s memory retention is measured as directly
proportional to the time spent swimming in the quadrant where the platform was located
during training. Other learning and memory tests include an elevated plus maze and a radial
maze which are not discussed here (76).

Inter-laboratory variation in mouse behavior analyses can result from different experimental
approaches and data interpretation. Sources of experimental variation include genotype
manipulation, chemical treatment, variable handling and surgical techniques, inconsistent
housing conditions, order of test administration. Bailey et al provide a comprehensive
review of strategies that may help to streamline animal behavior test analyses (77).

Loss of certain genes may disable the animal physically or mentally, complicating
comparison with their wild type counterparts. For instance, knocking out a DNA damage
response gene, ataxia telangiectasia mutated (ATM) has been reported to severely
dysregulate an animal’s gait and decrease motor skill efficiency (78). Therefore, one cannot
accurately compare spatial memory of ATM−/− mice with wild-type mice using a water
maze test because the ATM−/− mice are likely less efficient at swimming due to impaired
motor skills. Therefore additional stringency should be applied while conducting
experiments in the behavioral domain. New mutant line sinitially should be assessed for
general health, examining the fur condition for dermatitis, body weight for irregular
metabolism, muscle and skeletal development for abnormal growth, general activity level,
and social interactions of the mice for psychiatric health. All of these factors may
dramatically change the behavior of an animal which can ultimately affect the observed
data.

In addition, to strengthen the accuracy of data interpretation, multiple methods should be
utilized. A wide range of behavioral paradigms are available to corroborate an observed
phenomenon and avoid the pitfalls associated with drawing conclusions from a single test.
For example, anxiety may be tested using open field exploration test, elevated plus-maze/
elevated zero-maze, light ↔ dark exploration test, and a social interaction test, and
consideration of data from more than one test gives a more accurate profile of the behavior
(79).

Current progress in understanding the effect of oxidative damage repair on brain function
using mouse behavior tests

Using the above tests one can study brain function in different genetic backgrounds and in
the presence or absence of external stress. The potential of these tests to uncover the
functional impact of DNA repair in neurodegenerative disease pathology is just beginning to
be recognized.

Using the rota-rod test, Ogg1 knockout mice were observed to have significant motor
dysfunction compared with wild-type mice in the absence of external oxidative stress (66).
Ogg1−/− mice had a significant increase in the number of falls from the rota-rod machine
over a fixed time period, indicating motor coordination defects. The motor tests suggest a
functional deficit in the cortex, cerebellum, hippocampus and/or basal ganglia, the regions
which control this activity, and possible pathological etiology for motor dysfunction in PD
and stroke (Fig 4). The Ogg1 glycosylase is shown to protect neuronal cells from oxidative
damage induced after ischemic stroke, and the motor dysfunction observed in Ogg1
knockout mice was further increased after MCAO/R ischemic stroke compared to both wild-
type stroke mice and untreated Ogg1 knockouts (66). In addition, the loss of Neil1 also
exacerbated the motor dysfunction in mice after MCAO/R procedure, indicating a role for
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Neil1 in neuronal recovery following stroke (81). Interestingly, under no external stress,
Neil1 knockout mice showed decreased spatial memory retention in the water maze test
(81); from this observation, one could speculate that Neil1 deficit may play a role in
impaired memory retention observed in AD.

Using the rota-rod, water maze and fear-based learning tests, a senescence-accelerated aging
mouse prone model (SAMP8) was used to show an age related loss of brain functions. It was
later discovered that this was associated with decreased Mth2 levels (80). Mth2, along with
Mth1, is a mutT-related 7,8-dihydro-8-oxoguanine triphosphatase that eliminates 8-
oxoguanine-containing nucleotides from the dNTP pool. Dysfunction in learning and motor
coordination in this mouse model suggests that Mth2 and perhaps Mth1 have a role in
preserving the function of multiple brain regions. This is supported by observations of
concomitant increase in 8-oxoguanine levels and reduced expression of Mth2 associated
with age in the brain tissue of SAMP8 mice. From the behavior tests, one could speculate
that Mth2 deficiency may be involved in the underlying pathology of AD which shows
deficits in learning and memory function (81). Additional support for these proteins in brain
function is that MTH1 has been shown to suppress the accumulation of oxidative damage of
nucleic acids in the hippocampal microglia after kainate-induced excitotoxicity (82).

Summary and future prospects
In this review, we discussed the role of oxidative DNA damage repair in preserving normal
brain function from the endogenous oxidative damage and in response to altered physiology,
causing neurodegeneration. Imbalance in the redox state in the brain may be responsible for
the three major neurodegenerative diseases. In AD and PD a slow buildup of oxidative
damage in the non-proliferative neuronal cells accompanied by the loss of anti-oxidant
molecules may cause the disease, whereas in stroke, a sudden burst of ROS causes acute
oxidative damage. In each case there is evidence of increased oxidative damage and this was
studied in mouse models and post-mortem human material. The deficiencies and alterations
in the oxidative damage repair observed in these diseases suggests that the glycosylases and
7,8-dihydro-8-oxoguanine triphosphatases which remove oxidized bases from DNA and
dNTP pools, respectively, play an important role in neurodegeneration.

Presently, neurodegenerative diseases and stroke dominate the list of diseases that cause
high incidence of death and disability. Neurodegenerative diseases are considered as
sporadic, idiopathic or non-genetic in nature as only ~5% of the AD or PD cases are
recorded as familial (83, 84). The etiology of AD, PD and stroke neurodegeneration is
unknown, but recent research suggests that age-related and oxidative DNA damage-
dependent changes in the BER proteins may be major contributors. Further research is
needed to investigate the impact of DNA repair deficiency on brain function relevant to AD,
PD and stroke, and to explore possible therapeutic options. These questions may be
answered by merging neuroscience behavior testing techniques for studying brain function
in the background of DNA repair mouse models. This research will also provide insight into
DNA repair-related mechanisms in the process of normal aging, which is still not well
understood.
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Figure 1.
Oxidative damage repair of ROS-induced DNA damage in normal aging and neurological
diseases. Amyloid beta precursor protein (Aβ PP) aggregates, α-synuclein deposits and
ischemic reperfusion can cause mitochondrial dysfunction and increase cellular ROS levels.
ROS damages DNA and generates various lesions including base modifications, abasic sites
and strand breaks. BER proteins repair these three varieties of damages in DNA. The
multiple stages of BER are depicted. The base modifications in nucleotide pools
significantly contribute to the oxidative lesions in DNA. MTH1 converts oxidatively
damaged dGTP into dGMP, which cannot be incorporated into DNA during synthesis.
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Figure 2.
Common Oxidative lesions found in DNA. The oxidative damage position is represented by
a red colored oxygen molecule. 8-hydroxy guanine can be further metabolized into 4,6-
diamino 5-formamidopyrimidine (FAPY G) or 8-oxoguanine.
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Figure 3.
Regional mRNA expression levels of the major DNA glycosylases that repair oxidative
lesions in mouse brain. Raw expression levels of mRNA isolated from mouse brain regions
are plotted. The data used to create the figure was derived from the online data bank-brain
atlas found at the website- (http://mouserain-map.org).
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Figure 4.
Expression levels of oxidative damage repair enzymes in AD, PD, and stroke. Most effected
brain regions in each disease are highlighted and the relative dysregulation of various repair
proteins is indicated with upward or downward arrows. No change is indicated by symbol.
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Figure 5.
Brain components and related behavior tests: Figure 4. Various brain regions and functions
are highlighted. Behavioral tests that test specific brain regions are shown. The hippocampus
in the parietal lobe is important for learning spatial relationships and can be studied using a
water maze. The amygdala mainly creates emotions including fear that can be measured
using fear-conditioning test. Fear based learning utilizes freezing time as a measure of
change in behavior to a repeated and alternative aversive and neutral stimuli given to the
animal on the training day. Open field test is used to measure anxiety and general
locomotion and these actions are controlled by amygdala and cerebellum. The rota-rod
machine measures the motor function including balance and coordination of movement.
Control of motor function is performed by the combine action of the cerebellum, basal
ganglia and cortex in the frontal lobe.
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