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Abstract

Substantial evidence suggest that oxidative damage may play a role in the pathogenesis of Amyotrophic Lateral Sclerosis
(ALS). We examined levels of 8-Hydroxy-2'-deoxyguanosine (80H2'dG) in the nuclear DNA from the spinal cord, frontal
cortex, striatum and cerebellum from G93A mice at 60, 90, and 120 days of age. We also used iz vivo microdialysis to measure
free levels of SOH2'dG and 8-Hydroxyguanine (SOHG) at the same time points in the frontal cortex of G93A mice. Increased
80OH2'dG DNA levels were observed in the spinal cord (at 60, 90 and 120 days), in the cortex (at 90, and 120 days), and in the
striatum (at 120 days), as compared to age-matched littermate controls. No significant changes were found in the cerebellum
at any of the time points studied. Free levels of SOH2'dG in the cortex of G93A mice were increased, as compared to control
mice, at 90 and 120 days. Free levels of SOHG were found to be significantly higher at 120 days of age in control mice than in
G93A mice. These results provide evidence that in this model of ALS oixidative DNA-damage is increased and base excision-
repair may be deficient.
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Amyotrophic Lateral Sclerosis (ALS) is a progressive
neurodegenerative disease resulting in degeneration of
motor neurons in lower brain stem and spinal cord,
and of cortical motor neurons, leading to generalized
weakness and muscle dystrophy followed by death [1].
The majority of the cases are sporadic (SALS) with
unknown causes. A total of 10—15% of the cases are
inherited (familial ALS (FALS)), and of these
approximately 25% are associated with the point
mutations in the gene encoding cytosolic Cu/Zn
superoxide dismutase (SOD1) [2]. Since the discovery
of the SOD1 mutation in ALS, oxidative stress has
been implicated in the pathogenesis of ALS. Although
the exact mechanisms by which mutation in SOD1
result in motor neuron degeneration remain unclear,

it has been suggested that the toxicity of the mutant
protein is attributed to the gain of a novel toxic
function of the protein, rather than to the reduction of
superoxide dismutase activity [3,4].

Clinical data and the studies in transgenic ALS mice
support the role of oxidative damage in the
pathogenesis of ALS. Increased oxidative damage to
proteins has been shown in the cortex of SALS and
ALS patients [5,6] and in the spinal cord of SALS
patients [7], as well as in the spinal cord of transgenic
mice with the G93A SOD1 mutation [8]. Levels of
3-nitrotyrosine and of 3-nitro-4-hydroxyphenylacetic
acid were found to be elevated in the spinal
cord from FALS and SALS patients [9] and levels
of 3-nitrotyrosine have been shown to increase in
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cerebrospinal fluid (CSF) from SALS patients [10]. 3-
nitrotyrosine levels were also found to be increased in
SOD1 transgenic mice models of ALS [6,11]. Levels
of 4-hydroxynonenal, a marker of lipid peroxidation,
were elevated in CSF from SALS patients [12], and
increased modification of proteins by 4-hydroxynone-
nal in spinal cord from SALS patients was demon-
strated [13]. Additionally, overexpression of mutant
SOD1 (G37R and G85R) in NT-2 cells increased
levels of 4-hydroxynonenal, protein carbonyls, and
3-nitrotyrosine [14].

In addition to oxidative damage to proteins and
lipids, increased oxidative damage to DNA in ALS has
been demonstrated. 8-Hydroxy-2'-deoxyguanosine
(80OH2/dG) levels have been found to increase in
DNA isolated from the spinal cord [15] and from the
motor cortex from SALS patients [6]. We found that
free levels of SOH2'dG are increased in urine, plasma
and CSF from both SALS and FALS patients;
plasma and urine 8OH2'dG levels increased with
the progression of the disease and the rate of
increase in urinary 8OH2/'dG with time correlated
with the disease severity [16]. Using an immuno-
cytochemical approach progressive accumulation of
80OH?2'dG in spinal cord from G93A mice has been
demonstrated [17].

In the present study we investigated oxidative
damage to DNA in transgenic ALS mice with the
G93A SOD1 mutation. We examined 80OH2'dG levels
in the nuclear DNA isolated from the spinal cord,
frontal cortex, striatum and cerebellum from G93A
mice at different time points of the disease: 60 days
(presymptomatic stage), 90 days (symptomatic stage
with early loss of motor neurons), and 120 days
(terminal stage). Furthermore, we used n vivo
microdialysis to measure free levels of SOH2'dG and
8OHG at the same time points in the frontal cortex of
G93A mice.

Materials and Methods
Mice

Transgenic male mice carrying a mutant human
SOD1 with a Gly>®> — Ala (G93A) mutation were
used in the experiments. Age-matched littermate mice
were used as controls. All animal experiments were
carried out in accordance with the NIH Guide for the
Care and Use of Laboratory Animals and were approved
by the local animal care committee.

Microdialysis

Concentric microdialysis probes (membrane length
2mm, o.d. 200 pm; MW cutoff 18 KDa, Spectrum
Inc., Houston, TX; recovery for 8OH2'dG and
8OHG n vitro 6—8%) were implanted into the right
frontal cortex (coordinates from bregma: AP +2.4,

ML 1.2, V—3.2) 20-24h before the perfusion
experiments. The perfusion medium (145mM
NaCl, 2.7mM KCIl, 1.0mM MgCl,, 1.2mM
CaCl,) was delivered at 5 pl/min (CMA/102 micro-
dialysis pump, CMA Microdialysis, Chelmsford,
MA). After at least 1h equilibration period, micro-
dialysates were collected for the next 10 h. Due to the
very low levels of SOH2'dG and 8OHG in the brain
extracellular fluid the entire resulting volumes were
concentrated using solid phase extraction (SPE)
protocol to obtain reliable measurements of the
analytes. C18 500 mg SPE columns (Diazem Corpor-
ation, Midland, MI) were preconditioned sequentially
with 1 ml of 100% methanol (MeOH), 2 ml of water
and 1ml of the perfusion medium. Microdialysis
samples were loaded onto the column followed by 1 ml
of 4% MeOH and the entire resulting volumes were
collected (8OHG-containing fraction). SOH2'dG was
then eluted using 1.3ml of 27% acetonitrile
(80H2'dG-containing fraction). All elution steps
were done under gravity flow. The fractions were
evaporated under vacuum centrifugation and recon-
stituted in 100 pl of mobile phase. Aliquots of 80 wl
were analyzed.

Isolation and digestion of DNA

After completion of the microdialysis perfusion the
animals were sacrificed and spinal cord, striatum,
frontal cortex (on the intact hemisphere), and
cerebellum were dissected on ice. The tissues were
homogenized and genomic DNA was isolated by a
chaotropic Nal method using a DNA Extractor Kit
(Wako Chemicals, Richmond, VA). Extracted DNA
was dissolved in 100 pl of 10 mM Trizma base, pH 7.5
and incubated with 7 pl of nuclease P1 (Calbiochem
Inc., La Jolla, CA) (1100U/ml in 25mM sodium
acetate, containing 1mM ZnCl2, pH 4.8) at 37°C
for 60 min. Following the addition of 6 pl of alkaline
phosphatase  (Boehringer-Mannheim  GmbH,
Mannheim, Germany) (750U/ml in 100 mM Tris-
HCI, pH 8.0), the samples were incubated at 37°C for
30 min. Aliquots of 80 pl were used for analysis.

Sample analysis

Free levels of SOH2'dG and 8OHG in microdialysis
samples and 2’-deoxyguanosine (2'dG) and SOH2/dG
in DNA were measured using a carbon column-based
HPLC method with electrochemical detection, essen-
tially as described elsewhere [18,19]. Statistical
comparisons were made by non-paired Student’s z-
test with Bonferroni correction.

Results

Levels of 8OH2'dG in DNA from the spinal cord of
G93A mice were significantly higher, as compared to
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Figure 1. 8OH2/dG levels (expressed per 10° 2/dG) in DNA
isolated from the spinal cord (A), the frontal cortex (B), and the
striatum (C) of G93A mice and age-matched littermate control mice
at 60, 90 and 120 days of age. Data are expressed as mean = SEM.
*p < 0.05. n = 6—8 per group.

controls at all time points studied (Figure 1A). At 60,
90 and 120 days of age levels of SOH2'dG were
increased by 35, 49, and 45%, respectively. SOH2'dG
levels were also significantly increased in DNA from
the frontal cortex of G93A mice, as compared to
controls at 90 and 120 days, by 29 and 34%,
respectively (Figure 1B). There were no significant
changes in SOH2'dG in DNA from the striatum of
G93A mice at 60 and 90 days of age. However, levels
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of 8OH2'dG in striatal DNA at 120 days were
significantly higher (by 41%) in G93 mice than
in controls (Figure 1C). No significant changes in
8OH?2'dG levels in DNA extracted from cerebellum
were found at any time point between the G93A and
the control mice. In G93A mice the levels of
80H2'dG (expressed per 10° 2/dG) at 60, 90 and
120 days of age were (mean = SEM): 6.33 = 0.65,
7.17 £ 0.83, and 7.03 = 0.49, respectively (n = 6—8
per group). In control mice the levels of 8SOH2'dG
(expressed per 10° 2/dG) at 60, 90 and 120 days of age
were (mean = SEM): 7.06 = 0.86, 7.49 + 0.73, and
6.38 £ 0.91, respectively (n = 6—8 per group).

In addition to the levels of 8OH2'dG in DNA
extracted from the spinal cord and different brain
structures, we measured free levels of SOH2/dG and
8OHG in frontal cortical extracellular fluid of G93A
and control mice, using iz wvivo microdialysis.
Free levels of SOH2'dG in cortical microdialysates
of G93A mice were significantly increased, as
compared to controls, at 90 and 120 days of age, by
46 and 33%, respectively (Figure 2A). At 120 days
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Figure 2. Free levels of SOH2'dG (A) and SOHG (B) in the frontal
cortical microdialysates in G93A and age-matched littermate
control mice at 60, 90 and 120 days of age. Data are expressed as
mean = SEM. *p < 0.05. n = 6—8 per group.
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free levels of 8SOHG in the frontal cortical micro-
dialysates in control mice were 45% higher than those
in G93A mice (Figure 2B).

Discussion

In the present study we found that in the G93A mice,
80H2'dG levels in the nuclear DNA are increased in
the spinal cord (at 60, 90 and 120 days), in the frontal
cortex (at 90 and 120 days), and in the striatum
(at 120 days), as compared to age-matched littermate
controls. No significant changes in the levels of
80H2'dG isolated from the cerebellum were observed
at any of the time points studied. Furthermore, using
in vivo microdialysis we demonstrated an increase in
the levels of free 8OH2'dG in the cortex of G93A
mice, as compared to control mice, at 90 and 120
days. In contrast to 8OH2/dG, free levels of SOHG
were significantly higher in control mice than in G93A
mice at 120 days of age.

There is a substantial evidence that oxidative stress is
implicated in the pathogenesis of ALS. Several previous
reports showed that markers of oxidative damage to
proteins [6,19], lipids [13], and DNA [6,15] are
increased in ALS. Our findings are consistent with
previous reports showing, both in ALS patients and
transgenic ALS animal models, an increase in oxidative
damage to DNA [6,15-17,20,21]. Other evidence
implicating oxidative damage in disease pathogenesis
comes from studies showing that crossing ALS
transgenic mice with mice partially deficient in
manganese SOD exacerbates the disease phenotype.
Furthermore, catalytic antioxidants significantly pro-
long the survival of G93A SOD in mice [22,23].
Treatment of G93A SOD1 mice with the free radical
spin trap DMPO also significantly increases survival
and delays paralysis [24]. An increase in free radical
generation in spinal cord of G93A SOD mice was
demonstrated with a novel brain permeable azulenyl
nitrone [25]. The present results provide direct
evidence for the oxidative DNA damage in the spinal
cord and the frontal cortex, the areas undergoing motor
neuron degeneration during the disease. No changes in
oxidative DNA damage were found in the cerebellum.
The levels of 8OH2'dG in DNA were significantly
increased in the striatum at the terminal stage of the
disease (120 days), although no striatal pathology has
been described in G93A mice. However, we previously
found that in G93A SODI1 mouse model of ALS
the rate of hydroxyl radical production i wvivo is
increased in the striatum at 90 days of age [26].
Furthermore, these mice show increased vulnerability
to striatal lesions produced by 3-nitropropionic acid
[27]. These observations suggest that biochemical
changes may precede observable pathological changes
in these mice.

The C-8 hydroxylation of guanine is one of the most
frequent base modifications following oxidative stress

[28,29]. This lesion is generated by either direct
oxidation by hydroxyl radical, or could result from a
“hydroxyl radical-like process” involving peroxynitrite
[30,31]. 80H2/dG is the most abundant of the
described oxidative DNA lesions [32] and could be
the most critical one, because of its higher propensity
for mispairing with adenosine, rather than cytosine
during replication [33,34]. When there is insufficient
DNA repair this results in an increased frequency of G
to T transversion mutations [35,36]. Base excision-
repair (BER) is the major pathway for removal of
oxidative DNA lesions, including those of guanine
[37]. In the case of oxidative guanine lesions, BER is
initiated by 8SOHG-DNA glycosylase (OGG1) which
excises the base lesion (as 8OHG) from DNA
[38—41]. Although BER is a major repair pathway,
nucleotide excision-repair (NER) has been shown to
participate in the repair of oxidative guanine lesions,
yielding SOH2'dG [42-44]. In ogg! null knockout
mice, despite massive accumulation of SOH2/dG in
DNA, there is slow but significant removal of the
oxidized base [45].

In this study we observed that both free levels of
80H2'dG and the levels of 8OH2'dG lesion in DNA
are increased in G93A, mice as compared to control
mice. On the other hand, while levels of SOH2'dG,
both free and in DNA, were unchanged in control
mice, there was a significant increase in free levels of
8OHG in the frontalcortex of control mice at 120 days
of age, as compared to G93A mice. There is evidence
for increased oxidative DNA damage with aging
(see [46] for the review). We previously found that
critical levels of 8OH2'dG increase with aging in
human brain, and the increase is most marked in
mitochondrial DNA [47]. We also observed age-
dependent increases in 8OH2/'dG in human skeletal
muscle [48]. Furthermore, we found age-dependent
increases in 8OH2'dG in human plasma and CSF
[16]. Therefore, an increase in free levels of SOHG
despite no change in 8SOH2/'dG levels in DNA from
control mice suggest that, despite an age-dependent
increase in endogenous oxidative damage to DNA, it
is efficiently repaired by BER. In support of this,
in senescence-accelerated phenotype SAMPI1
and SAMPS8 mice increased levels in 80OH2'dG
in whole brain DNA are associated with the
impaired activity of OGG1 [49]. Increased levels of
80H2'dG in DNA without corresponding increase
in free levels of 8OHG in G93A mice strongly
suggest that BER may be impaired in these mice,
while elevated levels of free 8OH2'dG in G93A mice
most likely reflect a compensatory increase in the
activity of NER. Although currently direct evidence
for impaired BER in ALS is not available, it has been
reported recently that expression of Ref-1 protein
in the spinal cord of G93A mice [50], and expression
of OGGI in the spinal cord of SALS patients [21]
are decreased.
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In conclusion, the present findings in G93A
transgenic mouse model of ALS provide direct
evidence that oxidative DNA damage is increased
and that BER pathway of DNA repair maybe
deficient.
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