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Lack of the DNA Repair Enzyme OGGI1
Sensitizes Dopamine Neurons to Manganese
Toxicity During Development
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Onset of Parkinson’s disease (PD) and Parkinson-like syndromes has been associated with exposure to diverse
environmental stimuli. Epidemiological studies have demonstrated that exposure to elevated levels of manganese
produces neuropathological changes localized to the basal ganglia, including neuronal loss and depletions in
striatal dopamine content. However, understanding the mechanisms associated with manganese neurotoxicity has
been hampered by the lack of a good rodent model. Elevated levels of 8-hydroxy-2’-deoxyguanosine (0x0°dG)
have been found in brain areas affected in PD. Whether increased DNA damage is responsible for neuronal
degeneration or is a mere epiphenomena of neuronal loss remains to be elucidated. Thus, by using mice deficient
in the ability to remove 0x0'dG we aimed to determine if dysregulation of DNA repair coupled to manganese
exposure would be detrimental to dopaminergic neurons. Wild-type and OGG1 knockout mice were exposed to
manganese from conception to postnatal day 30; in both groups, exposure to manganese led to alterations in the
neurochemistry of the nigrostriatal system. After exposure, dopamine levels were elevated in the caudate of
wild-type mice. Dopamine was reduced in the caudate of OGG1 knockout mice, a loss that was paralleled by
an increase in the dopamine index of turnover. In addition, the reduction of dopamine in caudate putamen
correlated with the accumulation of 0x0'dG in midbrain. We conclude that OGG1 function is essential in main-
taining neuronal stability during development and identify DNA damage as a common pathway in neuronal loss
after a toxicological challenge.
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MANGANESE is an essential element in humans and
animals (16). Manganese is a necessary component
of glutamine synthetase (30,44) and mitochondrial
superoxide dismutase (12,45). Despite the important
biological functions, chronic exposure to manganese
is detrimental to human health and it is associated
with the onset of neurological dysfunction. At the
neurochemical level manganese induces loss of stria-
tal dopamine (2), resembling neurochemical changes
seen in Parkinson’s disease (PD).

There are several physiological factors that can
dramatically affect neurological outcomes due to man-

ganese exposure in the early stages of development.
i) Manganese passes from mother to infant across the
placenta and in breast milk; moreover, manganese
crosses the blood—brain barrier and enters the brain
much more easily in infants than in adults (14). ii)
The level of absorption shows an age-dependent
trend, being highest at birth (99%) and exhibiting a
gradual decrease to about 5.5% in adulthood (18,46,
49). iii) Animal studies have shown that newborn
mice are unable to excrete injected manganese, lead-
ing to accumulation in the liver and brain (27). How-
ever, the lack of a good animal model has hindered
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the understanding of molecular events associated
with manganese neurotoxicity and the possible mech-
anisms involved.

Manganese inhibits important enzymes involved in
mitochondrial respiration, which will cause leakage
of reactive oxygen species (ROS) into the cytosol,
ultimately producing free radical damage (29,48).
Manganese exposure can also lead to changes in anti-
oxidant defense systems such as glutathione, glutathi-
one peroxidase, catalase, and glutathione-S-transfer-
ases (25,43). The overall influx of pro-oxidant species
and a decrease in antioxidant defenses will likely
cause loss of redox homeostasis in affected brain re-
gions, leading to an accumulation of oxidative dam-
age to macromolecules and neuronal loss. It is in-
ferred that damage to DNA by free radicals is more
detrimental to neuronal function, because unlike
damaged lipids and proteins that can be turned over,
DNA restoration depends solely on repair mecha-
nisms (11).

The most frequently studied oxidized base product
in DNA is 8-hydroxy-2’-deoxyguanosine (0xo0'dG).
Elevated levels of oxo’dG have been associated with
aging as well as neurodegenerative diseases such as
PD and Alzheimer’s disease (17,26,35). The removal
of 0x0°dG from DNA is initiated by 8-oxoguanine
glycosylase 1 (OGG1). Recent studies on the OGG1
knockout mouse reveal accumulation of 0x0*dG in an
age-dependent manner; however, the mouse exhibits
no significant phenotype (13,22,31).

In the present study we characterized the toxic ef-
fects of manganese during the early stages of devel-
opment and determined the role of DNA repair sys-
tems in protecting susceptible neuronal populations
such as the dopaminergic system of the nigrostriatal
pathway. The results suggest that OGG1 activity is
essential to protect neurons from the deleterious ef-
fects of manganese during early stages of develop-
ment.

MATERIALS AND METHODS

All materials were purchased from Sigma (St.
Louis, MO), unless otherwise indicated. All animal
use was conducted in accordance with protocols ap-
proved by the Institutional Animal Care and Use
Committee.

Manganese Exposure

Mating pairs of 129/Sv] mice wild-type and OGG1
knockout, maintained in a 12-h light/dark cycle, were
exposed to manganese (MnCl,: 0, 5, or 10, mg/ml) in
the drinking water. At birth, the litters were exam-
ined, counted, and weighed. Dams were continuously
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exposed until the time of weaning on postnatal day
(PND) 21. At this time dams were removed and the
pups sexed and litter size adjusted to five males.
Groups were then maintained on their corresponding
manganese dose until PND 30. At this time, cervical
dislocation was performed and the brain was ex-
tracted. The caudate putamen was dissected and used
for neurochemical analysis. The midbrain was also
dissected and used for determining gene status (wild-
type or OGG1 knockout) and ox0*dG levels.

Dopamine and Metabolites in Caudate Putamen

Levels of dopamine (DA), 3,3-dihydrophenylacetic
acid (DOPAC), and homovanillic acid (HVA) in cau-
date putamen were measured using HPLC with elec-
trochemical detection as previously described (8).
Briefly, caudate putamen were weighed after dissec-
tion and then homogenized by sonicating in 250 pl
of perchloric acid (PCA, 0.05 M) containing 3,4 hy-
droxybenzylamine (DBA, 31 ng/ml) as an internal
standard. Homogenates were centrifuged for 20 min
at 14,000 x g, 4°C, and filtered through a 0.45-um
Acro LC 13 filter (Gelman Industries, Ann Arbor,
MI). DA, DOPAC, and HVA were measured and
quantified by reverse-phase liquid chromatography
(HPLC). Sample filtrates were loaded into vials and
placed into an ESA Model 546 auto sampler (ESA
Inc., Chelmsford, MA) set to 4°C. The mobile phase
consisted of water/acetonitrile (9:1, v/v) containing
monochloroacetic acid (0.15 M), sodium hydroxide
(0.12 M), EDTA (0.60 mM), and sodium octyl sul-
fate (1.30 mM); the pH of the mobile phase was kept
between 3.0 and 3.5. The chromatographic column
was an ultrasphere ODS column with a length of 25
cm and internal diameter of 4.6 mm (Beckman In-
struments, San Ramon, CA). The flow rate was kept
constant during analysis at 1 ml/min, (ESA Model
582 Solvent Delivery Module) and the column eluate
was analyzed with an electrochemical detector (ESA
Model 5600A CoulArray Detector, 3 ESA Model
6210 four channel electrochemical cells). Potentials
of the four coulometric analytical cells of the Coul
Array system, placed in series, were as follows: chan-
nels 1 through 5 (=50, 0, 25, 100, 200 mV) and chan-
nels 6 through 12 (300 mV). The ratio of the peak
heights produced by DA and its metabolites (DOPAC
and HVA) to the peak height produced by DBA (in-
ternal standard) in the samples was used to obtain the
caudate levels of DA extrapolated from a calibration
curve. This calibration curve was constructed by plot-
ting the ratios of known amounts of DA, DOPAC,
and HVA to the internal standard DBA against the
ratio of the peak heights, produced by these known
amounts, to peak height produced by DBA. Data
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were recorded, stored, and analyzed on a PC Pentium
computer using CoulArray for Windows “Software
(ESA Inc.). Data were expressed as micrograms per
gram of wet weight.

Sample Preparation for Analysis of OGGI Activity
and 0x0°dG Levels in Midbrain

The midbrain was hand homogenized with buffer
containing 20 mM Tris-HCI, pH 8.0, 1 mM EDTA,
1 mM dithiotrietol, 0.5 mM spermine, 0.5 mM sper-
midine, 50% glycerol, and protease inhibitors. Ho-
mogenates were rocked for 30 min after addition of
1/10 vol 2.5 M KCI and spun at 14,000 rpm for 30
min. Then it was stored at —70°C until time of enzy-
matic assay. The precipitate was saved at —70°C for
the analysis of oxidative damage to DNA.

From the supernatant, protein levels are determined
using the Bradford method (4). Activity of OGG1
was determined as described elsewhere (6). Briefly,
a synthetic probe containing 0x0'dG (Trevigen, Gaith-
ersburg, MD) was labeled with P at the 5" end using
polynucleotide T4 kinase (Boehringer Mannheim,
Germany). The probe used had the following nucleo-
tide sequence, 5-GAACTAGTGOATCCCCCGGG
CTGC-3" (O = 0x0°dG); before the nicking reaction
this probe was annealed to its corresponding comple-
mentary oligonucleotide. The nicking reaction was
carried out using 30 pg of protein extract and the
double-stranded labeled probe. The reaction was car-
ried out at 37°C for 2 h and stopped by placing the
samples in ice. These time and protein conditions
were optimized to obtain values of activity that were
well within the linear portion of the kinetics of the
enzyme (6). Aliquots of loading buffer containing
90% formamide, 10 mM NaOH, and blue-orange dye
(Promega Corp., Madison, WI) were added to each
sample. After 5 min of heating at 95°C, samples were
chilled and loaded into a polyacrylamide gel (20%)
with 7 M urea and 1x TBE, and run at 400 mV for 2
h. Gels were quantified using FLA-3000 Series Fuji
Film Fluorescent Image Analyzer and analysis soft-
ware. The capacity of the extract to remove 0x0'dG
was expressed as percentage of the cleaved synthetic
probe (containing 0x0°dG) to the total probe used
(densitometric units).

Determination of Oxidative Damage to DNA
(0x0°dG Levels)

Procedures for extraction, purification, enzymatic
hydrolysis of DNA, and measurement of 0x0'dG lev-
els have been previously described (7,23). Briefly,
the precipitate from sample preparation (above) was
digested with DNAse-free RNAse followed by a di-
gestion with proteinase K. The protein fraction was

separated from DNA by three consecutive organic
extractions. The DNA was then precipitated by add-
ing two volumes of ethanol (with respect to the aque-
ous volume) and incubated overnight at —20°C. The
purified DNA was prepared for HPLC analysis by
resolving it into deoxynucleoside components. The
amounts of 0x0’dG and 2’-deoxyguanosine (2-dG)
were calculated by comparing the peak area of
0x0°dG and 2-dG obtained from the enzymatic hy-
drolysate of the DNA sample to a calibration curve
for both compounds. Levels of 0x0°dG in the samples
were expressed relative to the content of 2-dG [e.g.,
the molar ratio of 0x0’dG/2-dG (fmol oxo’dG/nmol
of 2-dG)]. The mobile phase of the HPLC system
consisted of 100 mM sodium acetate, pH 5.2, with
5% methanol. Flow rate was kept at 1 ml/min using
a Model 582 Solvent Delivery Module (ESA Inc.).
DNA was analyzed using a reverse phase YMCbasic
HPLC column (4.6 x 150 mm) with a 3-um particle
size (YMC Inc., Wilmington, NC). 0x0%dG and 2-dG
were detected by a Model 5600A CoulArray Detector
(ESA Inc.) with three model 6210 four-channel elec-
trochemical cells; potentials were set at 175, 200, and
250 V for 0x0'dG and at 785, 850, and 890 V for 2-
dG. Data were recorded, stored, and analyzed on a
PC Pentium computer using CoulArray for Windows
“Software (ESA Inc.). Data are expressed as femto-
moles of 0x0’dG per nanomoles of 2-dG.

Statistical Analysis

For analysis of the effects of perinatal manganese
exposure on DA nd its metabolites in caudate (PND
30), all group values were expressed as mean + SEM.
Between-group differences for striatal concentrations
of DA, DOPAC, and HVA in caudate, and 0x0'dG
levels in midbrain, were evaluated for each manga-
nese exposure level and gene status by two-factor
ANOVA. In order to determine the effects of manga-
nese in either wild-type or OGG1 knockout mice,
one-way ANOVA was used followed by Student-
Newman-Keuls post hoc test to detect differences be-
tween manganese groups. The correspondence be-
tween 0xo0'dG levels in midbrain and levels of DA in
caudate putamen was done using Pearson’s correla-
tion analysis. The significance level of all evaluations
was set at p <0.05. GraphPad Prism software was
used to perform statistical analysis.

RESULTS

Elevated levels of oxo°dG have been presented as
evidence of free radical damage associated with the
onset of main neurodegenerative diseases (3,17,26,35).
However, it is unknown whether elevation in 0x0*dG
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levels represents a step in the process of neurodegen-
eration or if it is mere epiphenomena associated with
neuronal loss. The use of mice lacking OGG1, the
main enzyme in the process of recognition and re-
moval of the damaged base, would elucidate this. Fig-
ure 1 represents a typical gel for analysis of OGGI1
activity in midbrain of mice used for this study.

To determine whether expression of OOG1 can af-
fect the susceptibility of the nigrostriatal pathway to
a toxicological challenge with manganese, both wild-
type and OGG1 knockout mice were exposed to man-
ganese during development, from conception to PND
30. After manganese exposure, levels of DA and its
metabolites were determined in caudate putamen.
Figure 2 is a composite of the levels of DA and its
main metabolites (DOPAC and HVA) in wild-type
and OGG1 knockout mice exposed to manganese.
Exposure to manganese altered the levels of DA in
both groups of mice. Two-way ANOVA analysis
identified a manganese effect [F(2,38)=4.45, p<
0.05] and an interaction effect [F(2, 38) =4.00, p <
0.05]. As expected, OGG1 gene status did not affect
DA levels [F(1,38) =182, p>0.05]. Similarly, two-
way ANOVA analysis for DOPAC yielded signifi-
cant effect of manganese [F(2, 38) =3.46, p <0.05]
and interaction [F(2, 38) =8.83, p <0.05]. Analysis
of HVA levels did not show a significant effect due
to manganese exposure. To determine the degree of
change after manganese treatment, data from each
gene group were analyzed by one-way ANOVA fol-
lowed by Student-Newman-Keuls. As denoted by the
asterisk in Figure 2, in the wild-type mice, manga-
nese at 5 mg/ml caused an elevation in DA levels in

Neg Fpg ++ -~

Figure 1. Gel for analysis of OGG1 activity in midbrain of wild-
type (+/+) and OGG1 knockout (—/—) mice. Activity of OGGI en-
zyme yielded two bands: top band is intact *P-labeled oligonucleo-
tide, lower band is the *P-labeled oligonucleotide cleaved by
OGGTH and separated by electrophoresis. Lane 1: negative control
(no enzyme), lane 2: positive control (Fpg glycosylase enzyme),
lane 3: activity in midbrain of wild-type (+/+) mouse, lane 4: activ-
ity in midbrain of OGG1 knockout (—/—) mouse.
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caudate putamen; the 10 mg/ml dose did not produce
changes in DA content. No significant difference
from control levels was seen for DOPAC and HVA
at the two doses of manganese administered for the
wild-type mice. In contrast, the OGG1 knockout mice
exposed to manganese had a significant drop in stria-
tal DA levels (44% from control), only at the 10 mg/
ml level. Levels of DOPAC dropped in the caudate
of OGG1 knockout mice in a dose—response manner
as a consequence of manganese, and although HVA
levels tended to be lower in the manganese group,
such differences were not statistically significant.

The DA index of turnover, calculated as the ratio
of metabolites DOPAC and HVA to DA, was ana-
lyzed to determine the level of function in the nigro-
striatal system as a consequence of exposure to man-
ganese in both wild-type and OGG1 knockout mice.
The increase in DA levels in the wild-type mice at the
5 mg/ml level of manganese exposure corresponded to
a drop in the index of turnover (Fig. 3). However, the
loss of DA in the OGG1 knockout mice exposed to
manganese at the 10 mg/ml level was paralleled by
an increase in the index of turnover (Fig. 3).

In order to elucidate if changes in DA in the cau-
date were reflective of levels of DNA oxidation in
the cell bodies of the midbrain, levels of 0x0°dG were
analyzed in the midbrain of the same mice exposed
to manganese. Table 1 shows levels of 0x0’dG as re-
flective of gene status (wild-type versus knockout)
and as a measure of manganese exposure. Oxo'dG
levels show a trend of accumulation as a consequence
of lack of OGG1 and as a consequence of manganese
exposure. However, a statistical significant difference
was present only in the 10 mg/ml manganese OGG1
knockout group.

Pearson’s correlations analysis was carried out be-
tween catecholamine levels in caudate and oxo'dG
levels in midbrain to ascertain if accumulation of
0x0'dG at the cell body level is reflective of the de-
gree of effect of manganese to DA levels in caudate.
Figure 4 depicts analysis of DA in caudate to its cor-
responding 0x0°dG levels in midbrain for each indi-
vidual brain analyzed. Such a relationship was evi-
dent in the OGGI1 knockout mice at the highest
exposure to manganese only.

DISCUSSION

This is the first report to demonstrate that OGG1
plays an important role in protecting neuronal popu-
lations against neurotoxicological challenge. Studies
in wild-type mice and rats have shown that manga-
nese is not detrimental to dopaminergic neurons (5,
14,32), corroborated by the data from wild-type mice
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Figure 2. Levels of dopamine, DOPAC, and HVA in caudate putamen of young mice (PND 30) exposed to manganese throughout develop-
ment. Data expressed as micrograms of dopamine per weight of wet tissue (mean £ SEM). *Significant difference from control (p < 0.05;

n=17-10).

reported in this study. Protocols of exposure to man-
ganese as long as 180 days did not produce loss in
DA content; rather, this level of exposure leads to
an increase in DA content paralleled by hyperactivity
(5,9,32). These studies do not offer evidence of neu-
ropathological changes in the nigrostriatal pathway as
a consequence of manganese exposure; however,
they do offer evidence that manganese can alter the
neurochemistry of the developing nigrostriatal system
at levels that cause no effect in the adult (14). Be-

cause of the dissimilar outcomes after manganese ex-
posure between humans and rodents, the use of ro-
dents as a model to understand the behavioral changes
seen in humans exposed to manganese has been ques-
tioned. However, the use of genetic engineering can
give new insights into discarded approaches.

OGG1 knockout mice have been found to accumu-
late 0x0'dG in major organs in an age-dependent
manner (22,31), and such accumulation is even more
dramatic after a toxicological challenge (1). How-
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Figure 3. Index of turnover for dopamine in nerve terminals of the nigrostriatal pathway of OGG1 knockout mice. Index of turnover defined
as (DOPAC + HVA)/dopamine levels. Data presented as mean + SEM. *Significant difference from control (p < 0.05; n=7-10).

ever, neither the age-dependent nor toxin-induced ac-
cumulation of DNA damage has been studied in the
context of pathological changes. OGG1 knockout mice
show no overt physiological deficiencies in aging
studies ranging from 2 to 27 months (31). Ox0’dG
accumulation in brain has been associated with aging
and pathologies involved in neurodegenerative dis-
eases; however, it is not known if OGG1 plays a role
in the protection of neurons against free radical dam-
age, or if the accumulation of 0x0°dG leads to neu-
ronal demise. One published report failed to detect
accumulation in 0xo'dG levels as a consequence of
manganese exposure during development (5). How-
ever, whole brain levels were analyzed rather than
levels in specific brain regions affected by manga-
nese neurotoxicity. Our results show increases in
0x0°dG levels in midbrain correlate with decreases in
DA content and are the first to point to a cause—effect
relationship between DNA damage and neuronal
dropout. Early studies in wild-type mice identified
aging as a factor in the regional specific accumulation
of 0x0*dG, with regions serving motor function (cau-
date, midbrain, and cerebellum) showing an age-
dependent accumulation of 0xo0°dG, paralleled by DA
loss in caudate and a decline in behavior associated
with motor functions (8). Our results demonstrate that

TABLE 1
0x0'dG LEVELS IN MIDBRAIN OF PND 30 MICE EXPOSED
TO MANGANESE DURING DEVELOPMENT

Wild-Type OGG1 Knockout

(n=5-7) (n=6-8)
Control 23.54 £3.30 2790+ 4.16
MnCl, 5 mg/ml 32.45+8.03 33.16 £13.20
MnCl, 10 mg/ml 29.16 £4.77 43.80+ 9.10%

0x0°dG levels expressed as femtomoles per nanomoles of 2’-dG
*Significantly higher than control level (p <0.05).

a lack of OGG1 allows for higher levels of oxo'dG
to accumulate in the mouse midbrain and even higher
levels in the manganese-treated mice. However, it is
worth noting that 0xo°dG levels reflect DNA damage
in diverse neuronal populations and nonneuronal
cells as well; thus, effects to the dopaminergic neu-
rons in the substantia nigra, the target of manganese’s
deleterious effects, could be underestimated.

As with studies of idiopathic and animal models of
PD (15,40), manganese exposure to OGG1 knockout
mice during development elicits a loss of DA in the
striatum with a concomitant response in remaining
neurons as evidenced by the elevation in DA index of
turnover (Fig. 3). Because of the metabolic pathways
involved in DA removal, it is highly likely that an
increase in DA turnover will be detrimental to the
stability of the remaining neurons. Loss of DA and

OGG1 knockout mice
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6_
2o%
€3
g841 T
o - . . "
) 2_
B 2- r=0.5337
© =
[&]
1_
0 T T 1 1
0 25 50 75 100
Midbrain Oxo®dG

(fmol/nmol 2-dG)

Figure 4. Dopamine levels in caudate putamen in relationship to
0x0°dG levels in midbrain. Linear regression analysis indicates that
an inverse relationship does exist. Pearson’s correlation analysis
(p <0.05).
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increased DA turnover is accompanied by a signifi-
cant rise in the level of oxidized glutathione in brain
(41). In addition, compounds that reduce DA turn-
over are known to be protective against the damaging
effects of MPTP, rotenone, and 6-hydroxydopamine
(36). These observations confirm that a selective in-
crease in neurotransmitter turnover within nigrostria-
tal nerve terminals can evoke changes in cellular re-
dox status with detrimental consequences for remaining
neurons. In addition, increased DA turnover is sug-
gestive that manganese effects are not merely due to
changes in DA biosynthesis but rather that neuronal
loss has occurred. This will be confirmed by current
studies aimed to quantify neuronal populations in the
substantia nigra in the model presented.

The role of a functionally sound DNA repair sys-
tem in the CNS is underscored by the onset of neuro-
logical deficits associated with xeroderma pigmen-
tosum and Cockayne syndrome, where there is an
impairment of DNA repair, namely in the removal of
0x0°dG (24,34). However, both disorders are charac-
terized by heritable defects, whereas the neurological
deficits in PD are sporadic in nature and, despite a
predominance of oxidative DNA lesions (0x0'dG)
found in postmortem tissues of disease sufferers (35),
no genetic deficits in DNA repair have been identi-
fied. Such findings suggest that PD may result from
subtle changes in DNA repair mechanisms that pre-
dispose neuronal populations to the cumulative ef-
fects of free radical damage or to the effects of envi-
ronmental toxicants, predisposing specific neuronal
populations to oxidative stressors (20). Relevant to
the results of this report, it has been shown that in
the context of cancer, OGG1 polymorphism is not a
major contributor to cancer susceptibility, but it does
alter the impact of environmental factors in cancer
development (21). Thus, it remains to be elucidated
if similar implications in DNA polymorphisms can
be attributed to OGG1 in relation to increased vulner-
ability in the CNS and the onset of neurological defi-
cits such as PD. Polymorphisms of specific genes
have been associated with the etiology and the patho-
genesis of PD; such polymorphisms range from me-
tabolizing enzymes (CYP2D6) to mitochondrial gene
mutations (10). Such studies and our findings of in-
creased susceptibility to manganese in mice deficient
in DNA repair strengthen the hypothesis of PD origin
being of a dual nature; a genetic predisposition, if
followed by a specific toxicological challenge, will
lead to the development of PD (39).

An alternative to the hypothesis of a link between
a genetic deficiency and onset of parkinsonism is the
possibility that other environmental toxins could af-
fect OGGL activity, thus affecting the capacity of re-
sponse of dopaminergic neurons. Recent studies iden-
tify that exposure to cadmium can directly inhibit

OGGT1 activity or even cause a downregulation of its
expression (33,47). Similar outcomes may be seen in
brains of mice exposed to cadmium, and if such an
event occurs concomitant with manganese exposure,
a susceptible population of dopaminergic neurons
could occur leading to the loss of DA. Therefore, fu-
ture studies should involve the use of mixtures of
metals to elucidate whether or not such an event
could play a role in the onset of idiopathic PD.

This report further supports the notion that free
radical damage is a key component in the neurotoxic-
ity associated with manganese exposure; specifically,
it identifies a putative role for DNA repair in protect-
ing neurons during critical developmental periods.
Because it seems that clinical symptoms of PD only
appear when striatal DA concentration falls to less
than 20% (37), this animal model will be useful to
determine if challenges to the nigrostriatal system
during development play a role in the onset of neuro-
degenerative disease later in life. It is important to
note that clinical progression in patients with manga-
nese parkinsonism continues even 10 years after ces-
sation of exposure (19). In addition, because of its
heavy use in industry, and the increasing use of un-
derground water sources, exposure to manganese is
more likely to rise, along with a subsequent increase
in risks of neurological effects (38,42).

In conclusion, the present study demonstrates that
exposure to manganese during development, in con-
ditions that facilitate accumulation of oxidative dam-
age to DNA, leads to a loss in DA. Moreover, we
show that accumulation of DNA damage at the cell
body level is representative of the loss of neurotrans-
mitter at the neuronal terminal. Although OGGI has
been extensively studied in the context of cancer, it
is surprising the lack of studies aimed to investigate
the role of DNA repair in the onset of neurological
deficits given the fact that elevated levels of oxo'dG
are found in brain regions associated with neuronal
loss in specific neurodegenerative diseases. Our re-
sults support the hypothesis that oxidative damage to
DNA, as determined by the levels of 0x0%dG, is a
mechanism associated with both the neurotoxic out-
come of manganese exposure during development
and the neurodegenerative process in PD. Although
the use of rodents in models for manganese neurotox-
icity has been questioned (28), the use of the OGG1
knockout mice can prove to be a needed tool in un-
derstanding the neurotoxic mechanisms associated
with human exposure to manganese.
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