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Abstract
Oxidative stress has been identified as an important contributor to neurodegeneration associated
with acute CNS injuries and diseases such as spinal cord injury (SCI), traumatic brain injury
(TBI), and ischemic stroke. In this review, we briefly detail the damaging effects of oxidative
stress (lipid peroxidation, protein oxidation, etc.) with a particular emphasis on DNA damage.
Evidence for DNA damage in acute CNS injuries is presented along with its downstream effects
on neuronal viability. In particular, unchecked oxidative DNA damage initiates a series of
signaling events (e.g. activation of p53 and PARP-1, cell cycle re-activation) which have been
shown to promote neuronal loss following CNS injury. These findings suggest that preventing
DNA damage might be an effective way to promote neuronal survival and enhance neurological
recovery in these conditions. Finally, we identify the telomere and telomere-associated proteins
(e.g. telomerase) as novel therapeutic targets in the treatment of neurodegeneration due to their
ability to modulate the neuronal response to both oxidative stress and DNA damage.
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Introduction
Substantial evidence indicates that oxidative stress is a major contributor to the
pathophysiology of a variety of neurodegenerative disorders including Alzheimer’s disease,
Parkinson’s disease, and acute central nervous system (CNS) injuries such as spinal cord
injury (SCI) and traumatic brain injury (TBI) which will be the focus of this review. The
CNS, and neurons in particular, are especially vulnerable to oxidative stress due to their high
metabolic rate, limited capacity for regeneration, and high iron/copper content. Damaging
reactive oxygen species (ROS) and reactive nitrogen species (RNS) are formed as
unavoidable by-products of metabolism but their damaging effects are normally
counteracted by endogenous anti-oxidant enzymes (e.g catalase, superoxide dismutase,
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glutathione peroxidase, and glutathione reductase) and substances (e.g. glutathione,
metallothionein, vitamin A, vitamin C, and vitamin E) (Duffy et al., 1998; Suemori et al.,
2006; Vatassery, 1998). However, oxidative stress represents a state in which these anti-
oxidant defenses are overwhelmed and no longer capable of protecting the cell from
oxidative damage.

Accumulation of ROS/RNS can result in a number of detrimental effects such as lipid
peroxidation, protein oxidation, and DNA damage. Lipid peroxidation disrupts normal
structure and function of lipid bilayers surrounding both the cell itself and membrane-bound
organelles (Catala, 2011, 2012). In particular, peroxidation of lipids may alter membrane
permeability, transport processes, and fluidity. In addition, lipid peroxidation may ultimately
result in the production of multiple aldehyde species (e.g. acrolein, malondialdehyde
(MDA)) that further contribute to toxicity associated with lipid peroxidation. Elevated
markers of lipid peroxidation, including MDA, 4-hydroxynonenal (4-HNE), and acrolein,
have been shown in animal models of both SCI and TBI, indicating that lipid peroxidation
may be an important contributor to the pathophysiology of these disorders (Ansari et al.,
2008; Hall et al., 2004; Hamann et al., 2008; Inci et al., 1998; Lin et al., 2007; Seligman et
al., 1977). Protein modifications by accumulated ROS/RNS include protein fragmentation,
protein misfolding, proteinprotein cross-linkages, production of protein carbonyls, and
priming of oxidized proteins for proteasomal degradation (Berlett and Stadtman, 1997;
Radak et al., 2011). Substantial evidence suggests that protein aggregation or misfolding
may be involved in the pathogenesis of neurodegenerative conditions. Severe protein
aggregation was noted in hippocampal CA1 neurons after ischemia/reperfusion injury,
appearing first at 4 hr. and accumulating over a period of 48 hr. (Hu et al., 2000). Increases
in heat shock protein 70 (HSP70), which functions as an intracellular chaperon of protein
folding, have also been observed after TBI, indicating induction of HSP70 to clear
misfolded or aggregated proteins (Zhao et al., 1998). Conversely, overexpression of HSP70
has been shown to reduce neuronal injury both in vitro and in animal models of stroke
(Rajdev et al., 2000). These studies suggest that increased ROS/RNS in the context of CNS
injury may also contribute to protein aggregation and misfolding. Together, these alterations
can profoundly impact normal protein/enzymatic activity and disrupt a variety of
biochemical processes. Given the role of oxidative stress in the pathology of acute CNS
injury and disease, it is not surprising that increased levels of protein carbonyls have been
demonstrated in experimental models of both SCI and TBI as well as in experimental
autoimmune encephalomyelitis (EAE) an animal model of multiple sclerosis (MS) which is
also characterized by a neurodegenerative component (Jin et al., 2004; Smerjac and
Bizzozero, 2008; Xiong et al., 2007). Such elevated levels of protein carbonyls have also
been described in both grey and white matter in tissue obtained from patients with MS.
Although the importance of lipid peroxidation and protein oxidation in cellular damage
resulting from CNS injuries should not be overlooked, the remainder of this review will
focus on DNA damage and telomeric dysfuction as effects of oxidative stress generated as a
result of acute CNS injury (Figure 1). We use the term acute neurodegeneration to
differentiate CNS injury from other, more chronic forms of neurodegenerative disorders
such as AD, PD, and ALS. It should be noted, however, that it is still difficult to
differentiate the biochemical pathways which are active during DNA damage/repair in the
“acute” and “chronic” phases of CNS injury. For this reason, we have placed less emphasis
on classifying cellular changes related to DNA damage as “acute” or “chronic” in the
context of CNS injury in this review.

DNA Damage as a Result of Oxidative Stress
Oxidative stress and the resultant accumulation of ROS/RNS can lead to a number of
different DNA lesions including direct modification of nucleotide bases, formation of
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apurinic/apyrimidinic sites, DNA single strand breaks (SSBs), and, much less frequently,
DNA double strand breaks (DSBs). Direct nucleotide modifications have been widely
reported as consequences of oxidative/nitrosative damage to the cell. Of all the nucleotide
bases, guanine is the most susceptible to oxidative modifications due to the fact that it has
the lowest reduction potential. Hydroxyl radicals have been shown to interact with the C4,
C5, and C8 positions in the imidazole ring of guanine. Of these, formation of 8-
hydroxyguanosine (8-OxoG) is the most well studied and has been reported in a wide
variety of disease states as recently reviewed in (Cooke et al., 2003). This oxidative
modification represents a potentially mutagenic DNA lesion, as 8-OxoG can undergo a
conformational change allowing it to aberrantly pair with adenine and thus promote G to T
transversion (Bruner et al., 2000). Peroxynitrite is also capable of reacting with guanine to
form 8-nitroguanine (8-NO(2)-G) which is considered a marker of nitrosative DNA damage.
Like its ROS-induced counterpart, 8-NO(2)-G promotes formation of mutagenic DNA
lesions due to G to T transversion (Yermilov et al., 1995). Similar oxidative/nitrosative
modifications have been reported for adenine, thymine, and cytosine (reviewed in
(Dizdaroglu and Jaruga, 2012)).

One common consequence of direct oxidative modification of nucleotide bases is formation
of apurinic/apyrmidinic (AP) sites along the DNA. For example, the presence of 8-OxoG is
known to engage the base excision repair (BER) system resulting in removal of the oxidized
guanine by glycosylases including 8-oxoguanine DNA glycosylase (also known as OGG1)
(Hazra et al., 2001). AP sites may also result from direct base modifications that disrupt the
N-glycosidic bond linking them to deoxyribose and thereby resulting in spontaneous loss of
nucleobases (Otterlei et al., 2000). ROS have also been shown to interact with the sugar
moieties of nucleotides. In particular, hydroxyl radicals appear to target the C-1 and C-4
positions of the deoxyribose ring. Hydroxyl attack of deoxyribose may result in the
formation of multiple oxidation products including 2-deoxyribonolactone, 2 deoxypentos-4-
ulose, 3’-phosphates, and 3’-phosphoglycolate esters. These modifications may result in the
formation of AP sites by the release of free bases or by initiating the activity of other
members of the BER pathway (e.g. AP endonucleases) (Demple and DeMott, 2002; Wilson
et al., 2003). It should be noted that AP sites are also formed at an estimated rate of 50,000 –
200,000 per mammalian cell per day under normal physiologic conditions. Interestingly, the
rat CNS appears to accumulate a greater number of AP sites when compared to other organ
systems (Nakamura and Swenberg, 1999).

Oxidative stress can also cause DNA damage in the form of both single-stranded breaks
(SSBs) and double-stranded breaks (DSBs). SSBs form as a result of the interaction of
hydroxyl radicals with deoxyribose and subsequent generation of peroxyl radicals. These
peroxyl radicals are then responsible for nicking phosphodiester bonds that form the
backbone of each helical strand of DNA (Dedon, 2008). In addition, SSBs have also been
shown to indirectly form under oxidative/nitrosative conditions through the actions of the
BER system in the repair of AP sites (Hegde et al., 2008). Topoisomerase I has also been
shown to preferentially cleave nucleotides at the site of oxidative DNA lesions further
resulting in the generation of SSBs (Pommier et al., 2003). SSBs found in closely associated
sites on complementary DNA strands may also result in the formation of DSBs.
Interestingly, peroxynitrite has also been shown as a potent mediator of DSBs in vitro (Jia et
al., 2009).

Evidence for DNA Damage in Acute CNS Injuries and Neurodegeneration
DNA Damage in Neurodegenerative Disorders

Perhaps the strongest link between neurodegeneration and DNA damage thus far comes
from neurodegenerative phenotypes seen in a variety of hereditary disorders of DNA
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damage repair. One such example is xeroderma pigmentosum (XP) which occurs as a result
of mutations in genes encoding members of the nucleotide excision repair (NER) system.
Early-onset, progressive neurological symptoms in xeroderma pigmentosum include
peripheral neuropathy, sensorineural deafness, mental disability, bulbar, extrapyramidal, and
cerebellar disturbances (e.g. chorea, ataxia, etc.), and dysfunction of the corticospinal tract
(Kassubek et al., 2012). Magnetic resonance imaging (MRI) of patients with XP
demonstrates cerebral and cerebellar atrophy and accompanying ventricular enlargement
(Kraemer et al., 2007). Histological examination of post-mortem tissue from XP patients
demonstrates widespread neuronal loss in the corticospinal tract, basal ganglia, substantia
nigra pars compacta, cerebellum, and dorsal root ganglia (DRG), explaining many of the
clinical findings (Rapin et al., 2000). Recently, neuron-specific knockdown of XPA in
different brain regions (forebrain, cerebellum) in transgenic mice has also been shown to
cause neuronal loss in these areas (Jaarsma et al., 2011). Another example of
neurodegenerative phenotype associated with dysfunctional DNA repair is ataxia-
telangiectasia (A–T). A–T results from loss of function mutations in the gene encoding
ATM, a serine/threonine kinase that coordinates the cellular response to DNA DSBs
(discussed later). Classical neurological symptoms defining A–T include ataxia, speech
disturbances, choreoathetosis, and progressive neurodegeneration leaving the individual
confined to a wheelchair within the first decade of life (Biton et al., 2008; Jeppesen et al.,
2011). Post-mortem tissue demonstrates extensive degeneration of the cerebellar cortex
including Purkinje and granule cells. However, neuronal loss is not confined to the
cerebellum as late-stage degeneration has also been detected in the cerebral cortex, spinal
cord, basal ganglia, and brain stem (Verhagen et al., 2012).

DNA Damage in Spinal Cord Injury
Substantial evidence suggests oxidative/nitrosative stress associated with secondary SCI
results in DNA damage in the injured spinal cord. Using antibodies against 8-OxoG,
oxidative modification of guanine has been demonstrated beginning at 1 day post-injury and
continuing up to 21 days after rat spinal cord contusion by immunoblot analysis (Kotipatruni
et al., 2011). Using the Single Cell Gel Electrophoresis (i.e. Comet) assay, DNA SSBs and
DSBs were also detected which has been confirmed by other groups in a variety of injury
models at both acute and chronic time points (Dagci et al., 2009; Huang et al., 2007; Martin
and Liu, 2002). The same study also demonstrated up-regulation of a number of DNA
damage response genes including ATM, 8-oxoguanine DNA glycosylase (OGG1), thymine
DNA glycosylase, and p53 (see subsequent discussion) at both the protein and mRNA
levels. A similar increase in expression of enzymes involved in both the response to and
repair of DNA damage has also been reported after spinal cord ischemia-reperfusion injury
in rabbits (Lin et al., 2003). Co-localization of the phosphorylated histone variant γH2AX, a
reliable marker of DSB formation, with neurofilament proteins around the injury site also
suggested that neurons in the injured spinal cord are preferential targets for DNA damage
(Kotipatruni et al., 2011). Interestingly, Medalha et al. have demonstrated that acute DNA
damage extends beyond the spinal cord in SCI rats to affect blood, liver, and the kidneys
using the comet assay to detect DNA strand breaks (Medalha et al., 2012).

Targeting oxidative stress and DNA damage has provided promising results in the quest to
find new treatments for SCI. A variety of known anti-oxidants have shown efficacy as
therapies for SCI, providing both cellular protection and improved behavioral outcomes in
experimental models and clinical trials (reviewed in (Hall, 2011; Jia et al., 2012)). One such
anti-oxidant therapy is methylprednisolone (MP) which has been shown to provide a small
but significant neurological benefit when given at high doses after acute SCI in humans
(Bracken et al., 1990; Bracken et al., 1997). However, its efficacy remains under intense
debate and administration of high dose MP is associated with a number of adverse side
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effects including immunosuppression and increased risk of infection (e.g. pneumonia,
urinary tract infection, sepsis, etc.), hyperglycemia, adrenal insufficiency, and even death
(Suberviola et al., 2008). Therefore, there is still a significant need for more effective and
safer antioxidants for the treatment of spinal cord injury. Our group and others have shown
that estrogen (17β-estradiol), a potent antioxidant and scavenger of free radicals, has
neuroprotective effects following spinal cord injury (Samantaray et al., 2011; Sribnick et al.,
2006; Sribnick et al., 2010; Yune et al., 2004). In particular, we found that both
pharmacological and physiological doses of estrogen prevents apoptotic death of both
neurons and myelin-producing oligodendrocytes and restores motor function using the
Basso Beattie Bresnahan (BBB) locomotor scale following contusion injury in rats. We have
also reported similar neuroprotective effects when administering melatonin, another
endogenously produced anti-oxidant (Samantaray et al., 2008).

Stronger evidence that direct prevention of DNA damage following SCI results in neural cell
protection and improved behavioral outcomes has also been provided using other
neuroprotective agents. Administration of the omega-3 polyunsaturated fatty acid
docosahexaenoic acid after compression SCI in rats was shown to reduce oxidative stress-
associated changes including lipid peroxidation, protein oxidation, and nucleic acid
oxidation via labeling of 8-OxoG (Huang et al., 2007). Most importantly, amelioration of
oxidative changes including the formation of 8-OxoG by docosahexaenoic acid resulted in
significant improvement in locomotor function beginning at 4 days and extending up to 6
weeks post-injury. Administration of a monoclonal antibody (mAb) against the CD11d
integrin, an integral protein for leukocyte adhesion, has also been shown to reduce oxidative
stress-related DNA oxidation after severe compression injury (Bao et al., 2004). In
particular, CD11d mAb prevented infiltration of macrophages into the injured spinal cord
and significantly reduced formation of both 8-OxoG and protein carbonylation, another
marker of oxidative stress, up to 72 hours post-injury. This is an interesting finding given
that CD11d mAb treatment was previously shown to improve a number of neurological
outcomes including open-field locomotion (BBB scale and inclined plane scores),
mechanical allodynia, and autonomic dysreflexia (changes in mean arterial pressure during
balloon distention of the colon) in the same injury model (Gris et al., 2004). The free radical
scavenger MCI-186 (Edaravone), given after ischemia-reperfusion injury of the rabbit spinal
cord, also prevented acute formation of 8-OxoG and increased expression of apurinic/
apyrimidinic endonuclease (APE), an important member of the BER pathway (Takahashi et
al., 2004). The molecular changes induced by MCI-186 were associated with preservation of
large motor neuron viability and improvement in neurological function after injury when
compared to vehicle-treated animals. Taken together, these findings provide strong evidence
that interventions which prevent DNA damage and/or increase expression/activity of DNA
repair enzymes may provide neurological benefit following spinal cord injury.

DNA Damage in Traumatic Brain Injury and Cerebral Ischemia
Considerable evidence suggests that oxidative stress and resultant DNA damage are also
important contributors to the pathophysiology of traumatic brain injury and cerebral
ischemia. Using in situ hydroethidine oxidation to ethidium as an indicator of superoxide
production, Lewén et al. reported increased oxidative stress following controlled cortical
impact (CCI) in mice (Lewen et al., 2001). Superoxide production in this model was
associated with increased oxidation of guanine demonstrated by the formation of 8-OxoG in
injured animals. Interestingly, this study also reported reduced expression of APE indicating
a potential deficiency in DNA damage and repair responses after brain insult. Increases in 8-
OxoG have also been reproduced in other experimental models of brain injury and cerebral
ischemia (Itoh et al., 2010; Lukic-Panin et al., 2010; Nito et al., 2011; Suganuma et al.,
2010). In addition, DNA SSBs have been identified in a rat model of TBI using the DNA
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polymerase I-mediated biotin-dATP nick-translation (PANT) method beginning at 6 hrs.
post-injury in several areas including the ipsilateral cortex, dentate gyrus, CA1, and CA3
regions of the hippocampus (Clark et al., 2001). Similar increases in SSBs have also been
reported after transient middle cerebral artery occlusion (MCAO) in rats (Chen et al., 1997).

As is the case with SCI, a number of experimental therapies aimed at preventing oxidative
stress and its downstream consequences such as DNA damage have shown particular
promise in promoting neurological recovery in brain injury (reviewed in (Hall et al., 2010)).
A thorough description of pre-clinical studies using antioxidant therapy in TBI and cerebral
ischemia is beyond the scope of this review. As might be expected, significant overlap exists
between the antioxidant agents used in TBI and cerebral ischemia and those used in
experimental models of SCI. For example, recent evidence suggests that MCI-186
(Edaravone) also reduces oxidative stress-related events including formation of 8-OxoG and
lipid peroxidation following TBI in rats (Itoh et al., 2010). Amelioration of oxidative events
was associated with improved spatial memory performance on a Morris Water Maze
(MWM) task and reduced apoptosis in neural cells. Similar neuroprotective effects for
MCI-186 have also been reported in a weight-drop model of TBI in rats (Wang et al.,
2011a). Because of its strong potential as a therapeutic agent, MCI-186 has received
approval for use in patients with cerebral infarct in Japan. Although evidence for clinical
efficacy of MCI-186 in cerebral ischemia is limited, clinical trial data appears at least
somewhat promising (Feng et al., 2011). Administration of the immunosuppressant FK506
(Tacrolimus), which is currently in clinical use to prevent organ transplant rejection, has also
been shown to prevent oxidative DNA damage and reduce neurological deficit following
MCAO-induced cerebral ischemia (Nito et al., 2011). Also of particular interest in TBI is the
steroid hormone progesterone (PROG). Like its counterpart estrogen (discussed above),
PROG has multiple actions that may contribute to neuroprotection following CNS insult.
PROG possesses antioxidant activity and has been shown to prevent lipid peroxidation in a
rat model of TBI (Roof et al., 1997). To our knowledge, there is no direct evidence to show
that PROG treatment also prevents oxidative damage to DNA in this condition. However,
given the well-characterized actions of PROG against oxidative stress, it is likely that
protection of DNA against ROS/RNS attack is also a consequence of administration of this
steroid hormone. Phase II clinical trails in TBI patients have generated promising results
suggesting PROG may have neurological benefit and larger, multi-center Phase III trials
(ProTECT III; www.clinicaltrials.gov) are now underway (Wright et al., 2007).

It is important to acknowledge that the antioxidant and anti-inflammatory agents discussed
thus far in this review have multiple actions that contribute to neuroprotection following
acute CNS injury. Therefore, it is difficult to resolve the individual contribution of blockade
of oxidative DNA damage to the overall neuroprotective effects of these drugs. Put another
way: how do we know that prevention of DNA oxidation is truly involved in protection
against CNS insult when compared to other antioxidant and anti-inflammatory actions (e.g.
reduction of lipid peroxidation, protein oxidation, etc.)? More direct evidence of defining the
contribution of oxidative DNA damage to acute neurodegeneration and its role as a
therapeutic target is necessary to fully understand this issue.

Endogenous DNA Repair Systems in Neurons
As described above, deficiencies in the various DNA repair systems may result in
neurodegenerative phenotypes (Biton et al., 2008; Jaarsma et al., 2011; Jeppesen et al.,
2011; Kraemer et al., 2007; Rapin et al., 2000; Verhagen et al., 2012). However, the
mechanisms by which oxidative DNA damage induces neuronal degeneration and how these
effects may be reversed by DNA repair systems remains largely unknown. This is
particularly important given that post-mitotic neurons are not readily replaced following
irreversible damage. Recent studies have reported that cell cycle re-activation following
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intensive DNA damage leads to S-phase reentry of neuronal cells, which may promote DNA
repair or induce apoptosis depending on the context of cellular insult (Kruman, 2004).
Determining the roles and interactions between multiple DNA repair pathways following
CNS insult is therefore of particular interest. However, endogenous DNA repair is complex
and often involves overlapping mechanisms that are coordinated based on the type and
severity of DNA damage (Marinoglou, 2012; Melis et al., 2012). The purpose of this section
is to outline various systems responsible for repair of both SSBs (BER, NER, mismatch
repair [MMR]) and DSBs (homologous recombination [HR] and nonhomologous end-
joining [NHEJ]).

BER is the major DNA repair pathway responsible for maintaining genomic integrity in
neurons following DNA SSBs through removal of damaged/oxidized bases initiated by a
family of enzymes known as the DNA glycosylases (Swain and Rao, 2012). BER may be
completed by one of two sub-pathways: short-patch BER that is capable of repairing only
one nucleotide and long-patch BER which may replace between 2–13 nucleotides (Fortini
and Dogliotti, 2007; Swain and Rao, 2012; Wilson and Bohr, 2007; Wilson and McNeill,
2007). Generally, activation of BER results in five sequential steps to repair DNA lesions: 1)
excision of damaged bases, 2) cutting of the DNA backbone at the AP site 3) clean-up of the
DNA terminal ends, 4) synthesis of replacement nucleotides and 5) sealing of the DNA nick
(Swain and Rao, 2012; Wilson and McNeill, 2007). Expression of several essential enzymes
comprising the BER machinery has recently been observed in the CNS including: DNA
glycosylases which recognize and remove damaged bases to form AP sites for repair; AP
endonuclease 1 (APE1) responsible for cleaving the remaining AP site; DNA polymerase β
(POLβ) for nucleotide replacement; X-ray cross-complementing 1 (XRCC1) which acts as a
scaffolding protein for the BER machinery; and DNA ligases to catalyze reformation of
phosphodiester bonds (McMurray, 2005; Wilson and Bohr, 2007; Wilson and McNeill,
2007). Interestingly, recent studies also suggest that neuronal BER activity is reduced in an
age-dependent manner which might be associated with increasing incidence of
neurodegenerative disorders in aged individuals (Chen et al., 2002; Gredilla et al., 2010;
Gredilla et al., 2012; Imam et al., 2006; Lovell et al., 2000; Wang et al., 2005). Cabelof et al.
have further attributed these deficiencies in BER to age-dependent reductions in expression
(at both the mRNA and protein levels) and activity of POLβ (Cabelof et al., 2002).
Independent addition of uracil DNA-glycosylase (UDG), OGG1, APE1, POLβ or T(4) DNA
ligase was not capable of restoring BER activity in neurons extracted from adult and old
brains. However, a combination of POLβ and T(4) DNA ligase or a cocktail containing all
of these enzymes significantly reduced loss of BER activity in aged neurons (Swain and
Rao, 2012). Taken together, these findings suggest that deficiencies in both POLβ and DNA
ligase activity may explain the loss of BER in the aging brain.

The NER pathway also plays an important role in maintenance of both DNA SSBs and
neuronal fate. The NER system is comprised of over 30 proteins which act to recognize and
remove damaged/oxidized nucleotides within DNA lesions (Cleaver et al., 2009; Nouspikel
and Hanawalt, 2002). NER is divided into two distinct mechanisms including global
genomic NER (GG-NER) which repairs damaged nucleotides from the entire genome and
transcription-coupled NER (TC-NER) that removes nucleotide lesions from regions of DNA
undergoing active transcription (Robu et al., 2013). Activation of TC-NER occurs as RNA
polymerase II activity stalls at the site of the DNA lesion. In contrast, recognition of
nucleotide damage by a variety of damage-sensing proteins including DNA-damage binding
(DDB) proteins DDB1 and DDB2 and the XPC/RAD23b complex is responsible for
initiation of GG-NER (Fei et al., 2011). Although these systems differ in the mechanisms by
which they are activated, GG-NER and TC-NER utilize the same machinery for lesion
incision, repair and ligation to repair neuronal DNA damage (Fishel et al., 2007).
Accumulating evidence support the notion that defects in normal NER function may lead to
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severe neuronal dysfunction and neurodegenerative phenotypes associated with disorders
such as XP, AT, trichothidystrophy (TTD) and cockayne syndrome (CS) as described above
(Fishel et al., 2007; Jaarsma et al., 2011; Kraemer et al., 2007; Rapin et al., 2000).

MMR can recognize and repair mismatched nucleotides which are incorrectly incorporated
into the DNA structure (Fishel et al., 2007). Nucleotide mismatch can occur for a number of
reasons including erroneous incorporation of nucleotides by DNA polymerases and damage
to nucleotides before their incorporation. Isolated adult rat neurons have been shown to
possess the machinery necessary to correct G–T and G–U mismatches (Brooks et al., 1996).
More recent studies have shown that several proteins involved in MMR are expressed in
neuronal cells including MSH2, the MSH2–MSH6 complex, thymine DNA glycosylase
(TDG) and MLH1 (Marietta et al., 1998). Interestingly, Francisconi et al. have shown that
exposure of differentiated SH-SY5Y neuroblastoma cells to oxidative stress (H2O2) results
in nuclear translocation and induction of MSH2 activity (Francisconi et al., 2005).

Although, DNA DSB-induced biochemical alterations are not well characterized in neuronal
cells, this type of DNA damage can have severe consequences following CNS injury leading
to rapid induction of apoptosis in neurons (Lee and McKinnon, 2007). However, there are
systems which act to repair DNA DSBs and have been shown to encourage neuronal
survival in some contexts. The first of these systems, NHEJ, acts to directly ligate DNA
DSBs without the need for a homologous template. NHEJ involves variety of repair
enzymes and associated factors such as Ku70, Ku80, DNA ligase IV, XRCC4 and DNA-
PKcs (Hefferin and Tomkinson, 2005). Mice deficient in NHEJ components demonstrate
marked apoptosis during normal neuronal development (Sekiguchi et al., 1999). In addition,
induction of Ku70 at the mRNA and protein levels has been noted in hippocampal CA1
neurons following transient global ischemia and was directly correlated with neuronal
survival (Sugawara et al., 2001). It should be noted that another DSB repair mechanism,
known as homologous recombination (HR) also exists, but very little is known about its
involvement in neurons.

Transgenic Animal Models: Window to A Better Understanding the Role of DNA Damage in
Acute CNS Insult?

Transgenic animal models have begun to provide stronger, more direct evidence suggesting
that oxidative-stress induced DNA damage is a critical player in the pathophysiology of TBI
and cerebral ischemia. Unfortunately, similar studies in SCI are still lacking. Liu et al. have
investigated the role of OGG1, a glycosylase responsible for the excision of 8-OxoG as
discussed previously, in biochemical and neurological outcomes following permanent
MCAO in OGG1−/− mice (Liu et al., 2011). As expected, OGG1-deficient mice were found
to have significantly reduced excision of 8-OxoG both under normal conditions and
following ischemic stroke. Lack of OGG1 also resulted in increased oxidative modification
of nucleotide bases after cerebral ischemia. Wild-type mice in this study demonstrated
marked up-regulation of OGG1 after MCAO, suggesting that expression/activity of this
enzyme represents a compensatory mechanism to prevent further cellular damage under
ischemic conditions. In support of this hypothesis, cortical neurons cultured from OGG1-
deficient mice were more susceptible to oxidative stress-induced cell death. Most
importantly, OGG1−/− mice demonstrated significantly increased infarct volume and poorer
locomotor performance on the rotarod test after cerebral ischemia when compared to their
wild-type littermates. It should be noted, however, that OGG1-deficient animals also
demonstrated poorer baseline rotarod performance.

A role for endonuclease VIII-like 1 (NEIL1), another DNA glycosylase that is capable of
excising a number of oxidatively-modified nucleotide bases (e.g. 5-hydroxycytosine,
thymine glycol, etc.), in cellular protection against cerebral ischemia has also been defined
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(Canugovi et al., 2012). NEIL1-null mice showed greater mortality, increased infarct area,
and more severe neurological deficits following transient MCAO and reperfusion (MCAO/
R) when compared to their wild-type littermates. Rotarod tests also demonstrated that
NEIL1−/− mice experiencing cerebral ischemia had increased number of falls over the
experimental period and reduced latency to first fall. Counts of TUNEL+ apoptotic cells
were also significantly greater in the NEIL1-deficient animals, further confirming a role for
DNA repair in cellular protection following CNS insult.

Tomasevic et al. have shown that at least one protein involved in the NER system plays a
critical role in the extent of neurological dysfunction following TBI (Tomasevic et al.,
2012). Mice deficient in the gene encoding XPA, which is also commonly mutated in
individuals with XP, had significantly delayed locomotor recovery (measured by composite
neurological score and rotarod) and impaired spatial memory (MWM task) following CCI
injury when compared to XPA+/+ controls. However, it must be noted that these
neurological deficits could not be attributed to differences in lesion volume, neurogenesis,
damage to hippocampal regions, or cell loss between injured XPAdeficient and control
animals. Given the previously described findings in OGG1 and NEIL1 knockout mice and
the characteristic loss of neurons seen in individuals with XP, these discrepancies are
difficult to explain. However, the authors provide a plausible explanation that, while
changes in neural cell viability after TBI are similar between groups, there may be greater
loss of normal function in these cells in XPA−/− mice contributing to the difference in
behavioral outcomes.

Effects of DNA Damage on Neuronal Viability
DNA Damage Sensors and their Downstream Effectors: Phosphatidylinositol 3-kinase-like
kinases

It is well known that excessive oxidative damage to DNA may overwhelm innate repair
mechanisms and contribute to neuronal death in neurodegenerative conditions. Mechanisms
by which oxidative DNA modifications result in neuronal degeneration remain a topic of
considerable interest. The cell has developed a rather complex machinery to sense and
respond to DNA damage. Among the sensors of DNA damage are specific members of the
phosphatidylinositol 3-kinase-like kinase (PIKK) family of serine/threonine kinases
including ATM, Ataxia-telangiectasia and Rad-3 related (ATR), and the DNA-dependent
protein kinase catalytic subunit (DNA-PKcs). PIKKs respond to different forms of DNA
damage to initiate downstream molecular cascades. For example, ATM and DNA-PKcs
specifically respond to the presence of DNA DSBs, whereas ATR is activated by SSBs and
replication fork stalling (Ditch and Paull, 2012). Although PIKK activation is intended to
initiate the appropriate cellular machinery for repairing damaged DNA, it may also
contribute to neurodegenerative changes by directly activating apoptotic signaling cascades.
Contusion SCI in the rat has been reported to promote sustained up-regulation of both ATM
and ATR up to 3 weeks after injury (Kotipatruni et al., 2011). In addition, increased DNA
binding activity of the Ku70/80 heterodimer, a major activator of DNA-PKcs, has also been
observed following ischemia-reperfusion injury in the rabbit spinal cord (Shackelford et al.,
1999). Phosphorylation targets of PIKKs that may contribute to DNA damage-induced
neuronal death include p53, checkpoint kinases (Chk1, Chk2), and H2AX. Although this
review focuses on the mechanisms by which activation of PIKKs contributes to
neurodegeneration, it should be noted that the physiologic function of these proteins in
repairing DNA damage may also have neuroprotective effects. For example, hippocampal
neurons cultured from mice lacking DNA-PK have enhanced sensitivity to a variety to
cellular insults including direct DNA damage, amyloid β exposure, and glutamate
excitotoxicity (Culmsee et al., 2001). Further investigation is needed to understand the
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mechanisms by which PIKKs control neuronal fate (i.e. engagement of protective DNA
repair vs. apoptotic cell death) in the context of CNS insult.

p53 as a Downstream Target of PIKKs in Response to DNA Damage: Role in Induction of
Apoptosis

Phosphorylation of serine residues in p53 by PIKKs has two important consequences:
activation of p53 signaling and increased resistance of p53 to proteasomal degradation
thereby enhancing its stability (Culmsee and Mattson, 2005). The case for involvement of
p53 in neuronal apoptosis following genotypic stress is undeniable. Once activated, p53
enhances transcription of a number of genes involved in the process of programmed cell
death including pro-apoptotic members of the Bcl-2 family (Bax, Bad, Bid, Noxa, Puma),
apoptotic protease-activating factor 1 (APAF1; an essential mediator of apoptosome
formation), and the apoptosis regulatory protein SIVA1 (Chatoo et al., 2011; Culmsee and
Mattson, 2005). Interestingly, p53 also appears to have a variety of pro-oxidant activities in
the CNS which may further exacerbate cellular injury associated with oxidative stress. In
support of a role for p53 in cell death after CNS injury, increased levels of total p53 and
phosphorylated p53 were noted in the contused rat spinal cord (Kotipatruni et al., 2011).
These changes were associated with increased p53-mediated transcriptional activity and up-
regulation of its downstream targets including Bax and Apaf1. p53 signaling in this study
was also associated with elevation in classical markers of apoptosis such as increased
numbers of TUNEL+ cells in the caudal penumbra and cleavage/activation of both
caspase-3 and caspase-9. Similar studies using experimental models of TBI and cerebral
ischemia have also described a role for neuronspecific induction of p53 activity in neuronal
death (Plesnila et al., 2007; Yamaguchi et al., 2002). Recently, p53 has received attenuation
as a therapeutic target in CNS injuries. Using pifithrin-α (PFT-α), a specific inhibitor of p53
transcriptional activity, Plesnila et al. demonstrated reduced lesion volume and improved
neurological function (beamwalking and novel object recognition tasks) in a mouse model
of CCI (Plesnila et al., 2007). Similar findings have also been reported in other experimental
models of brain injury using both pharmacological and genetic approaches to reduce p53
activity (Leker et al., 2004; Nijboer et al., 2011; Yonekura et al., 2006). However, it should
be noted that the role of p53 in the pathophysiology of CNS injuries is complex and remains
to be fully characterized. A growing body of work suggests that p53 may also promote
neuronal and axonal regeneration after cellular insult (Tedeschi and Di Giovanni, 2009).
These differences may attributed to a variety of factors including the type of injury, severity
of injury, time point at which p53 activity is examined, and involvement of other signaling
pathways. Interestingly, recent studies have also defined a new role for p53 in initiating
necrosis in the context of cerebral ischemia-reperfusion injury (Vaseva et al., 2012).

It should be noted that p53 activation is not unique to PIKKs as other signaling cascades
known to contribute to neuronal death following CNS injury also enhance p53 activity. Of
particular interest is the family of calcium-dependent neutral proteases known as calpains.
Involvement of calpains has been reported in animal models of SCI, TBI, and ischemic
stroke (Bartus et al., 1994; Sribnick et al., 2007; Yamada et al., 2012). Recent experimental
evidence suggests that calpain may activate p53 following induction of direct DNA damage
in primary cortical neurons in vitro (Sedarous et al., 2003). Pharmacological inhibition of
calpain also prevented induction of p53 and protected against cell death following
camptothecin exposure. Taken together, these findings suggest that calpain may also be a
therapeutic target of interest to prevent pro-apoptotic activation of p53 in response to DNA
damage.

Posttranslational regulation of p53 also plays important role in determining cell fate. For
example, acetylation of p53 at Lys320 and Lys373 has been shown to enhance neurite
outgrowth and neuronal maturation independently of cell survival. Acetylation of the same

Smith et al. Page 10

Neurochem Int. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



residues may also promote cell cycle arrest and apoptotic signaling depending on cellular
context, especially when DNA repair systems are overwhelmed leading to cell death.
Interestingly, ROS have also been shown to directly modulate the DNA binding capacity of
p53 by oxidizing cysteine residues within the DNA binding domain leading to
conformational changes. ROS-mediated alterations in p53 DNA binding may also have a
significant impact on cell fate.

DNA Damage Sensors and their Downstream Effectors: Poly(ADP-ribose) polymerase-1
Poly(ADP-ribose) polymerase-1 (PARP-1) is another sensor of oxidative DNA damage
which has been implicated in the pathophysiology of acute neurodegeneration. Although
PARP-1 plays an important role in the physiological repair of DNA damage, massive
activation of PARP-1 upon its binding to DNA SSBs formed under genotoxic stress (such as
oxidative stress) is also known to initiate a number of downstream signaling events which
may contribute to neuronal death. An important consequence is PARP-1-mediated cleavage
of nicotinamide adenine dinucleotide (NAD+) to generate polymers of ADP-ribose (PAR)
that act as a signal to other DNA repair proteins. NAD+ participates in the redox reactions
underlying the oxidative phosphorylation pathway, and is thus essential for the formation of
ATP under normal conditions. In the case of excessive DNA damage, PARP-1 becomes
overactive and may exhaust NAD+, leading to mitochondrial dysfunction, depletion of
energy stores, and eventual necrosis (Ha and Snyder, 1999). Increased formation of PAR
(indicating PARP-1 activation) in an MCAO model of stroke was associated with a
significant reduction in NAD+ levels in the injured hemisphere (Endres et al., 1997). In the
same study, PARP−/− mice demonstrated both increased levels of NAD+ and reduced infarct
volume following cerebral ischemia, indicating an important role for PARP-mediated
depletion of cellular energy stores in neurodegeneration. In addition, exogenous
administration of NAD+ appears to have neuroprotective effects in experimental models of
CNS injury (Won et al., 2012; Ying et al., 2007). There remains considerable debate
regarding the contribution of energy depletion to PARP-1-mediated cell death (Goto et al.,
2002). Although the mechanisms of PARP-1-mediated necrosis have not been fully
elucidated, it is important to note that there are several signaling pathways involved. Recent
findings suggest that the step-wise activation of PARP-1, calpains (discussed above), and
Bax may be required for necrosis induced by DNA damage in vitro (Moubarak et al., 2007).
These findings further support the idea that calpain is an essential mediator of DNA
damage-induced cellular death and may therefore represent a strong therapeutic target in
CNS injury.

PARP-1 activity may also initiate neuron death through its effects on a mitochondrial
protein known as apoptosis-inducing factor (AIF). PARP-1 activation in the context of DNA
damage can result in the translocation of AIF from the mitochondria to the nucleus via
binding of PAR to AIF (Wang et al., 2011b). Once inside the nucleus, AIF initiates caspase-
independent cell death characterized by chromatin condensation and large DNA
fragmentation (approximately 50 kilobases in size) which was subsequently termed
parthanatos (Wang et al., 2009). Although not as well studied as the classical forms of cell
death, experimental evidence indicates that parthanatos contributes to neuronal loss after
cerebral ischemia and excitotoxic brain injury (Andrabi et al., 2011). Harlequin mice that
express markedly reduced levels of AIF (80% reduction compared to wild-type) have also
shown reduced infarct volume following transient cerebral ischemia when compared to
C57BL/6 controls further generating interest in AIF as a therapeutic target for CNS insult
(Culmsee et al., 2005).

Smith et al. Page 11

Neurochem Int. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The Telomeric Complex in Oxidative DNA Damage and Neurodegeneration
The Telomeric Complex as a Target for Oxidative DNA Damage

Telomeres consist of a series of non-coding, hexanucleotide repeats (TTAGGG) found at the
end of linear chromosomes that serve to ensure genomic stability by preventing the loss of
coding sequences during cell division. The telomeric complex also contains a number of
auxillary proteins including the telomerase enzyme, telomere repeat binding factor 1
(TRF1), telomere repeat binding factor 2 (TRF2), and protection of telomeres 1 (POT1) that
regulate telomere structure and dynamics and guard against recognition of chromosome ends
as DNA DSBs (reviewed in (Giraud-Panis et al., 2010)). Telomerase, an enzyme consisting
of a catalytic subunit known as telomerase reverse transcriptase (TERT) and an RNA
template (telomerase RNA component; TERC), is responsible for maintaining telomere
length by the addition of TTAGGG sequences to the chromosome end. Recent studies
suggest that telomeres are preferential targets of DNA damage under oxidative and
genotoxic conditions (Hewitt et al., 2012; Rhee et al., 2011). Recent studies have shown that
telomerase and other telomere-associated proteins may have an important impact on
neuronal viability. For example, TRF2 may prevent ATM-mediated initiation of oxidative
DNA damage signaling (Denchi and de Lange, 2007) possibly by inhibiting
autophosphorylation and subsequent activation of ATM (Karlseder et al., 2004). POT1,
which maintains stability of telomeric ends, is also known to inhibit another DNA damage
kinase ATR (Hockemeyer et al., 2005). Both ATM and ATR are known to initiate apoptotic
neuronal death in the context of DNA damage through activation of p53. Chin et al. have
demonstrated that p53 deletion inhibits the proapoptotic effects of telomere loss (Chin et al.,
1999). Interestingly, recent studies also indicate that p53 is capable of inhibiting TRF2,
resulting in subsequent ATM activation and establishing a positive feedback loop whereby
p53 augments adverse responses to telomere uncapping and loss and further enhances
widespread p53 activation (Horikawa et al., 2011). Together, these findings suggest that
both the TRF2-ATM-p53 and POT1-ATR-p53 pathways are activated in response to DNA
damage which occurs with telomere uncapping. Therefore, we propose that the telomeric
complex may represent a novel therapeutic target downstream of both oxidative stress and
DNA damage in the context of acute neurodegeneration.

Telomeres and Telomerase In Neurological and Neurodegenerative Disorders
Telomeres and telomerase have largely been investigated for their roles in cancer and
cellular senescence in mitotic cells. However, recent studies have linked dysfunction of the
telomeric complex to a variety of disease states. One such example is dyskeratosis congenita
(DC) which results from inherited defects in several proteins involved in telomere
maintenance (including TERT and TERC). DC is characterized by short telomeres, bone
marrow failure, and increased cancer risk. In addition, neurological disturbances including
learning difficulties, mental retardation, and microcephaly have also been reported in
patients with DC (Nelson and Bertuch, 2012). A severe variant of DC known as Hoyeraal-
Hreidarsson Syndrome (HHS) shares similar neurological features in addition to cerebellar
hypoplasia. Similarly, transgenic animal models have shed light on the role of the telomeric
complex in normal CNS function and development. Late-generation mice possessing a
tamoxifen-inducible knock-in allele for TERT showed no detectable telomerase and
demonstrated reduced brain weights, lower numbers of mature oligodendrocytes, and
dysfunctional myelination (Jaskelioff et al., 2011). In addition, TERT−/− mice exhibit
anxiety-like behavior and impaired olfactory function (Lee et al., 2010). It should also be
noted that shortened leukocyte telomere length has been associated with neurodegenerative
conditions in humans. Most interestingly, significantly shorter leukocyte telomere length
was reported in patients with Alzheimer’s disease (AD) when compared to age-matched
healthy controls (Thomas et al., 2008). However, it is unclear whether shortened telomere
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length was a cause or consequence of disease in this study since hippocampal cells derived
from the AD brain showed significantly greater telomere length. Further investigation is
needed to determine the role of telomere erosion in neurodegeneration.

Evidence for Telomerase as a Therapeutic Target in CNS Injury: In Vitro Studies
Although telomerase activity is considered to be absent (or at least undetectable) in post-
mitotic neurons, expression of telomerase has been reported in multiple neuronal subtypes
including rat spinal cord motor neurons and hippocampal neurons in vitro and cerebellar
Purkinje neurons in vivo (Eitan et al., 2012a; Niu and Yip, 2011; Zhu et al., 2000).
Mounting evidence suggests that telomerase, and especially its catalytic subunit TERT, may
have anti-apoptotic activity in the face of neuronal insult which could be exploited as a
therapeutic target in acute neurodegeneration. TERT overexpression in rat
pheochromocytoma PC12 cells (used widely as an in vitro neuronal model) rendered these
cells significantly more resistant to direct DNA damage by the topoisomerase inhibitors
etoposide and camptothecin (Lu et al., 2001). Conversely, antisense knockdown of TERT in
cultured hippocampal neurons increased their sensitivity to the same DNA damaging agents.
Similar neuroprotective roles for TERT have also been described in in vitro models of
oxidative stress and excitotoxicity (Fu et al., 1999; Kang et al., 2004).

The mechanisms by which telomerase exerts anti-apoptotic effects in neurons remain to be
fully elucidated. Several studies suggest that the canonical function of telomerase in
promoting genomic stability is required for its protective effects against neuronal insult.
Using site-directed mutagenesis, Zhang et al. demonstrated that the reverse transcriptase
domain of TERT is required for protection against both staurosporine- and camptothecin-
induced apoptosis in HeLa cells (Zhang et al., 2003). Further evidence suggests that TERT
may act via several mechanisms to suppress both the intrinsic and extrinsic pathways of
apoptosis (reviewed in (Li et al., 2011)).

It should also be noted that non-canonical, extra-telomeric functions of telomerase may also
contribute to cellular protection against oxidative damage. Under conditions of persistent
hyperoxia or insult with hydrogen peroxide in MRC5 lung fibroblasts, Ahmed et al. reported
that TERT does not combat against telomere shortening and is instead excluded from the
nucleus (Ahmed et al., 2008). Extranuclear TERT co-localized with mitochondrial staining
indicating mitochondrial translocation of this protein under oxidative conditions. In addition,
overexpression of TERT (which remained excluded from the nucleus) resulted in significant
preservation of mitochondrial DNA integrity and mitochondrial membrane potential. As
expected, protection of mitochondria in these cells reduced their production of both
superoxide and peroxide. However, this remains an area of considerable debate as other
studies have suggested that mitochondrial translocation of TERT may contribute to both
mitochondrial damage and apoptotic cell death in fibroblasts (Santos et al., 2006). Thus,
further studies are needed to fully understand the role of mitochondria-localized TERT in
cell death and particularly how this affects neuronal viability.

Evidence for Telomerase as a Therapeutic Target in CNS Injury: In Vivo Studies
The seminal finding that re-activation of telomerase could prevent degenerative changes in
the brain (i.e. reduced brain weight, decreased number of mature oligodendrocytes, and
dysmyelination discussed above) in late-generation mice with a tamoxifen-inducible knock-
in allele for TERT has generated significant interest in telomerase as a therapeutic target for
neurodegeneration (Jaskelioff et al., 2011). However, even before this development,
experimental evidence suggested that telomerase activity protects against a variety of CNS
insults. Kang et al. reported that transgenic mice engineered to overexpress TERT had
significantly reduced infarct volume following permanent occlusion of the MCA (Kang et
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al., 2004). Interestingly, TERT mRNA levels were also significantly increased in the wild-
type mouse brain in response to MCAO, suggesting that telomerase induction might
represent an endogenous compensatory mechanism to protect against ischemic injury in the
brain. Further studies have confirmed TERT up-regulation at the protein level in both
neurons and astrocytes up to 96 hrs. after hypoxic-ischemic injury in the rat (Qu et al.,
2011). Telomerase-mediated protection in this study was attributed in part to increases in
cell cycle regulatory proteins (p15) and neurotrophin-3 in astrocytes. To our knowledge, it is
unknown whether similar changes occur in telomerase expression and activity following SCI
or TBI.

Also of note is a recent report demonstrating beneficial effects of pharmacological
telomerase stimulation in NMDA-mediated excitotoxicity and in the SOD1 transgenic
mouse model of amyotrophic lateral sclerosis (ALS) (Eitan et al., 2012b). In this study, the
authors used AGS-499, a novel triaryl compound to induce expression and activity of
telomerase in various regions of the CNS including the forebrain, brainstem, and spinal cord
in a dose-dependent manner. Pre-administration AGS-499 increased overall survival and
ameliorated neurological deficits in CD-1 mice exposed to NMDA. Similarly, AGS-499
treatment at the onset of symptoms in SOD1 transgenic mice significantly delayed disease
progression and development of locomotor deficits. The protective effects of AGS-499 also
lead to significant improvement in spinal cord motor neuron viability; AGS-499 SOD1 mice
had 60% greater motor neuron survival when compared to vehicle-treated animals at the
same age. This is of particular interest in SCI where death of motor neurons is a significant
contributor to neurological deficits including paralysis. Taken together, these findings
suggest that telomerase and other components of the telomeric complex may represent novel
therapeutic targets to promote neuronal survival and improved outcomes after acute CNS
injury. However, it should be noted that telomerase (and TERT in particular) is expressed at
either very low or nondetectable levels in mature neurons. Therefore, there remain a number
of concerns regarding whether telomerase reactivation is an appropriate strategy to attenuate
CNS injury. In particular, it will be of utmost importance to characterize the effects of
telomerase reactivation on glial populations (astrocytes, microglia, oligodendrocytes) and
other mitotic support cells within the CNS. Future studies should be aimed at addressing
these important questions.

Conclusion
Oxidative stress is a major contributor to the pathophysiology of CNS injuries including
SCI, TBI, and cerebral ischemia. Oxidative damage in the CNS occurs in many forms
including lipid peroxidation, protein oxidation, and DNA damage. Effects of excessive
ROS/RNS production on DNA include oxidative base lesions, DNA single strand breaks,
and double strand breaks. When left unrepaired, oxidative DNA damage can initiate a
number of downstream events that contribute to neuronal death in CNS injury including p53
activation, PARP-1 signaling, and cell cycle re-entry. Mounting evidence suggests that DNA
damage may represent a viable therapeutic target to ameliorate both neuronal death and
neurological deficits associated with these conditions. In addition, recent evidence suggests
that the telomere and its associated proteins (e.g. telomerase) may regulate the neuronal
response to oxidative stress and DNA. We therefore propose in this review that the telomeric
complex may represent a novel means to promote neuroprotection in the injured brain and
spinal cord. Exciting work remains to be done in both the fields of DNA damage and
telomere dynamics as they relate to acute CNS injuries and neurodegeneration.
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Abbreviations

MDA malondialdehyde

4-HNE 4-hydroxynonenal

EAE experimental allergic encephalomyelitis

MS mutiple sclerosis

SSB single strand break

DSB double strand break

8-OxoG 8-hydroxyguanosine

8-NO(2)-G 8-nitroguanine

AP apurinic/apyrmidinic

OGG1 8-oxoguanine DNA glycosylase

XP xeroderma pigmentosum

ATM ataxia-telangiectasia mutated

MP methylprednisolone

BBB Basso Beattie Bresnahan

APE apurinic/apyrimidinic endonuclease

PANT DNA polymerase I-mediated biotin-dATP nick-translation

PROG progesterone

NEIL1 endonuclease VIII-like 1

PIKK phosphatidylinositol 3-kinase like kinase

DNA-PKcs DNA-dependent protein kinase catalytic subunit

Chk checkpoint kinase

APAF1 apoptotic protease-activating factor 1

PFT-α pifithrin-α

PARP-1 Poly (ADP-ribose) polymerase-1

NAD nicotinamide adenine dinucleotide

AIF apoptosis-inducing factor

CCI controlled cortical impact

TRF telomere repeat binding factor

POT1 protection of telomeres 1

TERT telomerase reverse transcriptase

TERC telomerase RNA component
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DC dyskeratosis congenita

HHS Hoyeraal-Hreidarsson Syndrome

SOD1 superoxide dismutase 1

ALS amyotrophic lateral sclerosis
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Research Highlights

• Oxidative stress is a major contributor to acute CNS injury and disease.

• A major consequence of excessive ROS/RNS production is DNA damage.

• Unrepaired DNA damage initiates signaling cascades for neuron death.

• The telomeric complex may modulate the pro-apoptotic response to DNA
damage.

• DNA damage and telomerase remain strong candidates for therapy in CNS
injury.
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Figure 1. Mechanisms linking oxidative stress, DNA damage/repair, and telomere dysfunction in
CNS injury
Oxidative stress results in the accumulation of cellular ROS/RNS which in turn leads to
DNA damage, lipid peroxidation, and protein oxidation, in neuronal cells. As a result of
DNA damage and associated telomere dysfunction, a number of downstream signaling
cascades are activated that may determine cellular fate. Induction of appropriate DNA repair
systems may reverse oxidative modifications and promote neuronal survival. However,
when oxidative DNA damage overwhelms repair systems, cell cycle reentry and p53 may
initiate neuronal apoptosis. Neuroprotective agents may act a number of points in the
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proposed pathway (including ROS/RNS production, telomerase expression/activity, etc.) to
prevent neuronal loss in the context of acute neurodegeneration.
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