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INTRODUCTION

Parkinson’s Disease (PD) is associated with death of dopaminergic (DA) neurons in the substantia nigra
(SN) of the brain (1-3). Military personnel abroad are at a greater risk of exposure to pesticides and toxins
(4) some of which may selectively damage DA neurons in the SN and increase the probability of
development of Parkinson’s disease (PD) later in life. The toxins of interest are mitochondrial poisons
that create a bioenergetic crisis and generate toxic oxyradicals which damage macromolecules, including
DNA. We hypothesize that the DNA repair response within certain neurons of the SN (the pars
compacta) may be a critical determinant for their vulnerability to these neurotoxicants. The technical
objectives were to measure regional and cellular differences in the brain’s DNA repair response to three
neurotoxins known to interfere with mitochondrial function (the mycotoxin ochratoxin-A; the pesticide
dieldrin, and the classic dopaminergic neurotoxin, MPTP). An improved understanding of the DNA
repair response to neurotoxicants and development of methods to enhance DNA repair will form the basis
for potential preventive measures against the effects of military threat agents and military operational
hazards, and also lead to treatment interventions for Parkinson’s disease

BODY
STATEMENT OF WORK: The Brain’s DNA Repair Response to Neurotoxicants.

We propose to test the hypothesis that differences in DNA repair responses determine intrinsic neuronal
susceptibility to exogenous or endogenous neurotoxicants. Corollaries of this hypothesis are:

a) The DNA repair response, in particular the ability to upregulate the activities of 8-oxoguanine
glycosylase-1 (Oggl) and redox factor-1 (Ref-1), will determine whether a neuron will survive
exposure to neurotoxicological insults.

b) Overactivation of poly(ADP-ribose) polymerase-1 (PARP-1) in response to oxidative stress will
exacerbate the toxicity of xenobiotics and lead to degeneration of neurons.

c) Agents that increase Oggl and Ref-1 activity and expression or inhibit PARP-1 will provide

protection against neurotoxicants.

Task 1: To determine the differences in oxidative DNA damage and DNA repair responses elicited
by mycotoxins (ochratoxin-A; rubratoxin-B), an organochlorine pesticide (dieldrin), and the

classical DA neurotoxicant, MPTP



Task 2: To measure the effects of chronic low dose administration of a mycotoxin and a pesticide

on brain region oxidative DNA damage and DNA repair

Task 3: To determine whether exposure to agents that up-regulate Oggl and Ref-1 DNA repair or

inhibit PARP-1 will protect against the neurotoxicity elicited by a mycotoxin and a pesticide

Task 4: To measure the effects of neurotoxicant exposure on the DNA repair response in DA
neurons from two specific sub-populations of the midbrain, the SN-pars compacta and the ventral

tegmental area (VTA)

SUMMARY OF RESULTS FROM TASK 1
a) Acute Effects of Rubratoxin

Rubratoxin-B (RB) is a mycotoxin with potential neurotoxic effects that have not yet been characterized.
Based on existing evidence that RB interferes with mitochondrial electron transport to produce oxidative
stress in peripheral tissues, we hypothesized that RB would produce oxidative damage t o
macromolecules in specific brain regions. Parameters of oxidative DNA damage and repair, lipid
peroxidation and superoxide dismutase (SOD) activity were measured across 6 mouse brain regions 24
hrs after administration of a single dose of RB. Lipid peroxidation and oxidative DNA damage was either
unchanged or decreased in all brain regions in RB-treated mice compared to vehicle-treated mice.
Concomitant with these decreased indices of oxidative macromolecular damage, SOD activity

was significantly increased in all brain regions. Oxyguanosine glycosylase activity (OGG1),

a key enzyme in the repair of oxidized DNA, was significantly increased in three brain regions
cerebellum (CB), caudate/putamen (CP), and cortex (CX) but not hippocampus(H), midbrain(MB), and
pons/medulla(PM). The RB-enhanced OGG1 catalytic activity in these brain regions was not due to
increased OGGL1 protein expression, but was a result of enhanced catalytic activity of the enzyme. In
conclusion, specific brain regions responded to an acute dose of RB by significantly altering SOD and
OGG1 activities to maintain the degree of oxidative DNA damage equal to, or less than, that of normal
steady-state levels. Details of this study have been published (5). The report can be found in the

Appendix section.



b) Acute Effects of Ochratoxin-A

Ochratoxin-A (OTA) is a fungal metabolite with potential toxic effects on the central nervous system.
OTA has complex mechanisms of action that include evocation of oxidative stress, bioenergetic
compromise, inhibition of protein synthesis, production of DNA single-strand breaks and formation of
OTA-DNA adducts. The time course of acute effects of OTA were investigated in the context of DNA
damage, DNA repair and global oxidative stress across six brain regions. Oxidative DNA damage, as
measured with the ‘“‘comet assay’’, was significantly increased in the six brain regions at all time points
up to 72 h, with peak effects noted at 24 h in midbrain (MB), CP (caudate/putamen) and HP
(hippocampus). Oxidative DNA repair activity (oxyguanosine glycosylase or OGG1) was inhibited in all
regions at 6 h, but recovered to control levels in cerebellum (CB) by 72 h, and showed a trend to recovery
in other regions of brain. Other indices of oxidative stress were also elevated. Lipid peroxidation and
superoxide dismutase (SOD) increased over time throughout the brain. In light of the known

vulnerability of the nigro-striatal dopaminergic neurons to oxidative stress, levels of striatal dopamine
(DA) and its metabolites were also measured. Administration of OTA (0-6 mg/kg i.p.) to mice resulted
in a dose-dependent decrease in striatal DA content and turnover with an ED50 of 3.2 mg/kg. A single
dose of 3.5 mg/kg decreased the intensity of tyrosine hydroxylase immunoreactivity (TH+) in fibers of
striatum, TH+ cells in substantia nigra (SN) and TH+ cells of the locus ceruleus. TUNEL staining did not
reveal apoptotic profiles in MB, CP or in other brain regions and did not alter DARPP32
immunoreactivity in striatum. In conclusion, OTA caused acute depletion of striatal DA on a background
of globally increased oxidative stress and transient inhibition of oxidative DNA repair. Details of this
study have been published and can be found in the Appendix (6).

c) Acute Effects of MPTP

The primary objective of this study was to map the normal distribution of the base excision enzyme
oxyguanosine glycosylase (OGG1) across mouse-brain regions as a prelude to assessing the effects of
various neurotoxicants, ranging from highly selective molecules like MPTP to more global toxic agents,
including the mycotoxin OTA and the pesticide dieldrin. This research is based on the hypothesis that
regional brain vulnerability to a toxicant is determined, in part, by variation in the intrinsic capacity of
cellular populations to successfully repair oxidative DNA damage. After mapping the normal distributions
of OGG1 and superoxide dismutase (SOD) across 44 loci dissected from mouse brain, MPTP, a
mitochondrial toxicant with selective dopamine (DA) neuron cytotoxicity was used to elicit focal
oxidative stress and DNA repair responses. A single dose of MPTP (20 mg/kg, i.p.) elicited time- and
regiondependent changes in both SOD and OGG1, with early increases in DNA repair and anti-oxidant
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activities throughout all regions of brain. In some sampled loci, notably the substantia nigra (SN) and
hippocampus, the heightened DNA repair and antioxidant responses were not maintained beyond 48 h.
Other loci from cerebellum, cerebral cortex and pons maintained high levels of activity up to 72 h. Levels
of dopamine (DA) were decreased significantly at all time points and remained below control levels in
nigro-striatal and mesolimbic systems (ventral tegmental area and nucleus accumbens). Assessment of
apoptosis by TUNEL staining revealed a significant increase in number of apoptotic nuclei in the
substantia nigra at 72 h and not in other loci. The marked degree of apoptosis that became evident in SN
at 72 h was associated with large decreases in SOD and DNA repair activity at that locus. In conclusion,
MPTP elicited global effects on DNA repair and antioxidant activity in all regions of brain, but the most
vulnerable loci were unable to maintain elevated DNA repair and antioxidant responses. The full report
has been published and can be found in the Appendix (7).
d) Acute Effects of Dieldrin

Dieldrin, an organochlorine pesticide, has several molecular characteristics that make it a
potential etiological agent for Parkinson’s Disease. The half life of dieldrin in soil is approximately 5
years. This persistence, combined with high lipid solubility, provides the necessary conditions for
dieldrin to bioconcentrate and biomagnify in organisms. Dieldrin appears to be retained for life in lipid-
rich tissue and has been measured in human brain. It was found at high concentrations in caudate nucleus
from post-mortem brain of idiopathic Parkinson’s Disease (IPD) cases. Dieldrin has toxic effects for
dopaminergic (DA) and monoaminergic neurons in many species, both in vitro and in vivo. Like
rotenone and the dopaminergic neurotoxin 1-methyl-4-phenyl-pyridinium (MPP+), dieldrin interferes
with mitochondrial oxidative phosphorylation. Insights derived from studies of 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) led to the observation that mitochondrial function appears to be
compromised in brain and peripheral tissues from PD patients.

The present study was designed to test the hypothesis that the DNA repair response to dieldrin is
a determinant of the vulnerability of DA neurons of the nigro-striatal system. The activity of the
mammalian base excision repair enzyme oxyguanosine glycosylase (Oggl) was utilized as the index of
DNA repair. Other measures of oxidative stress were also studied, including the regional distribution of
lipid peroxidation and superoxide dismutase (SOD) activity. The primary objectives of this component of
the study were to determine the effects of acute and slow infusion of dieldrin on a) DA and its
metabolites in the striatum and b) to measure the regional distribution of the brain’s DNA repair response
and parameters of oxidative stress. Secondary objectives were to note observable changes in motor

behavior and to measure whole body tremor elicited by dieldrin administration.



Effects of Dieldrin on Striatal DA and metabolites

Four groups (6-8 mice per group) of mice were injected with dieldrin i.p. (6 mg/kg or 30 mg/kg).

Animals were euthanatized at 6, 24 and 72 hrs after injections. Brains were dissected and striatal tissue
was harvested for assay of DA and metabolites. Striatal DA levels were transiently decreased at 6 hrs, but
recovered to levels equal to or greater than baseline by 72 hrs (Figs 1, 2). In the group of mice that
received the high dose of dieldrin (30 mg/kg) the levels at 72 hrs far exceeded baseline levels. Striatal DA

turnover was initially increased but by 72 hrs was significantly diminished (Fig 2).
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Fig 1. Acute effects of dieldrin (6 mg/kg i.p) on striatal dopamine and metabolites.

A. Striatal DA was initially decreased at early time points and returned to levels above
baseline at 72 hrs. B. Dieldrin had no effect on HVA at early time points and only was
significantly increased at 72 hrs. C. Dieldrin decreased DOPAC levels significantly at

24 hrs but levels returned to baseline by 72 hours. D. DA turnover One-way ANOVA

showed that the DA, DOPAC and DA turnover means were significantly different (p <
0.05) and Dunnett’s multiple comparison test showed significant differences in striatal
DA, DOPAC and DA turnover at times indicated by asterisks.
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Fig 2. Acute effects of dieldrin (30 mg/kg i.p.). A. Striatal DA was initially decreased at 6 hrs to half the
baseline levels and then was elevated significantly above baseline at 24 and 72 hrs. B. Dieldrin had no
effect on HVA at all time points. C. Dieldrin decreased DOPAC levels significantly at 6 and 24 hours. D.
DA turnover was decreased significantly at 24 and 72 hrs. One-way ANOVA showed that the DA,
DOPAC and DA turnover means were significantly different (p < 0.05) and Dunnett’s multiple
comparison test showed significant differences in striatal DA, DOPAC and DA turnover at times
indicated by asterisks.

Acute Effects of Dieldrin on Regional DNA Repair (OGG1 activity)

Four groups of mice (n=6 per group) were injected with 6 or 30 mg/kg of dieldrin i.p. or vehicle. Groups
were euthanatized at 6, 24 and 72 hrs after injection. (Data from the low dose is not shown but was
similar to the effects of the high dose in the time-course and brain regional pattern). Dieldrin elicited a
significant time and brain-region dependent increase in OGG1 activity (Fig 3). The greatest extent of
increased activity was measured in MB (5 fold), followed closely by PM (4.3 fold) and CP (4.2 fold).
These three regions have high levels of monoaminergic neuronal activities. Notably all regions of brain

exhibited at least a 2.5 fold increase in OGG1 activity at 72 hrs after dieldrin injection.
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Fig 3 Acute effects of 30 mg/kg dieldrin on OGG1 activity. Left panel: OGGL1 activity plotted against
brain region reveals a brain and time-dependent increase in OGG1 activity. Two-way ANOVA showed
that time contributed 72% of total variance (p < 0.0001); brain regions accounted for 4% of total variance
(p< 0.01) and the interaction with brain region accounted for 3% of total variance. Asterisks indicate
significant differences from control values based on post-hoc t-tests with Bonferroni corrections for
multiple comparisons. Right panel: Fold Increase of OGG1 activity (ratio of values at 72 hrs to control
values) plotted against brain regions. The MB showed the greatest increase in DNA repair activity,
followed by PM and CP. CB=cerebellum; MB= midbrain; PONS=pons; MD=medulla;
T/HT=thalamus/hypothalamus; HP=hippocampus; CP=caudate/putamen; CX= cerebral cortex.

SUMMARY OF RESULTS FROM TASK 2

a) Effects of slow infusion of OTA via osmotic minipump over two weeks

The effects of chronic low dose OTA exposure on regional brain oxidative stress and striatal DA
metabolism was studied and a manuscript summarizing the results has been published (8). (A reprint of
the manuscript is found in the Appendix). The continuous subcutaneous administration of OTA at low
doses over a period of 2 weeks caused small, but significant depletion of striatal DA. OTA also caused
pronounced global oxidative stress, evoking a strong antioxidative and DNA repair response across the
entire brain. Even though the depletion of striatal DA did not cause overt parkinsonism in these mice, it
is important to consider that the superimposition of normal age-related decline in striatal DA could
ultimately result in signs of parkinsonism such as slowness of movement and rigidity in the mice.
Without completing the understanding why DA terminals in striatum are especially vulnerable to OTA, it
is likely that a toxic insult to the nigro-striatal system will increase the risk of developing Parkinson's
Disease at an earlier age than normal. This hypothesis can be tested by studying the long term
consequences of episodes of OTA exposure in mice during the aging process. In the real world, it will be

important to monitor the neurological status of Gulf War veterans as they age.
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b) Effects of slow infusion of dieldrin on striatal DA and metabolites
Slow sub-cutaneous infusion of dieldrin with an ALZET osmotic pump over 2 wks (50 mg/kg cumulative
dose) resulted in significantly increased levels of striatal DA and HVA but not DOPAC (Fig 4). DA

turnover was significantly decreased at 14 days (Fig 4).
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Fig 4 Effects of slow infusion of dieldrin on striatal DA and metabolites. Left panel: Striatal DA and
metabolites following 2 wks of infusion of dieldrin by osmotic pump (cumulative dose 50 mg/kg). Right
panel: Striatal DA turnover at 14 days compared to control turnover. Asterisks denote significant
difference between values at baseline and 14 days (unpaired t-tests)

c) Effects of dieldrin infusion over 2 weeks on DNA Repair (OGG1)

Six groups of mice (n=8 per group) were implanted with osmotic pumps loaded with dieldrin and
calibrated to deliver 3, 6, 12, 24 and 48 mg/kg over a period of 2 weeks. After euthanasia and rapid
dissection of brain, OGG1 activities were determined. Dieldrin infusion elicited a dose dependent increase
of OGG1 activities in all brain regions, with maximum effects reaching a plateau between 24 and 48
mg/kg (Fig 5). The distribution of OGG1 activity across brain regions was fairly homogenous. However,
at the 24mg/kg cumulative dose, there was a more heterogeneous distribution of activity, with pons

exhibiting significantly greater activity than striatum and cerebral cortex (Fig 5).
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Fig 5 Effects of 2 wk infusion of dieldrin on DNA repair (OGG1 activity) Left panel depicts OGG1
activity as a function of the cumulative dose of dieldrin. The increase in OGGL1 activity was significantly
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dependent on the cumulative dose delivered but did not vary significantly as a function of brain region.
Two-way ANOVA revealed that cumulative concentration of dieldrin accounted for 79% of total
variance (p< 0.0001) and brain regions accounted for 1.84% of total variance (p=0.61). Post-hoc t-tests
with Bonferroni corrections for multiple comparisons showed OGG1 activities in the pons were
significantly higher than in the CP and CX following a cumulative dose of 24 mg/kg (right panel).
CB=cerebellum; MB= midbrain; PONS=pons; MD=medulla; T/HT=thalamus/hypothalamus;
HP=hippocampus; CP= caudate/putamen; CX= cerebral cortex.

d) Effects of slow infusion of dieldrin on lipid peroxidation:

Slow infusion of dieldrin resulted in a dose-dependent increase in oxidative stress across all brain
regions as indicated by measurements of lipid peroxidation (Fig 6). This curve resembled the DNA repair
response shown in Fig 6. The maximum effect was produced following infusion of 48 mg/kg over 2
weeks. The increase in lipid peroxidation was significantly dependent on dose and did not vary
significantly with brain region similar to the effects on OGG1. However, post-hoc t-tests revealed that
lipid peroxidation was significantly higher in CB than in MB following a dose of 12 mg/kg (p<0.05).
Similarly, lipid peroxidation was greater in CB than in the PONS following 24 mg/kg.
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Fig 6 Effects of 2 wk infusion of dieldrin (with pump) on lipid peroxidation (TBARS units). The
increase in TBARS was significantly dependent on the cumulative dose delivered but did not vary
significantly as a function of brain region. Two-way ANOVA revealed that cumulative concentration of
dieldrin accounted for 76% of total variance (p< 0.0001) and brain regions accounted for 0.9 4% of total
variance (p=0.36). * Posthoc t-tests with Bonferroni corrections for multiple comparisons showed
TBARS in the CB were significantly higher than in the MB (p < 0.05) following a cumulative dose of 12
mg/kg; TBARS in CB were also significantly higher than in the PONS (p<0.05) following 24 mg/kg.
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SUMMARY OF RESULTS FROM TASK 3
Task 3: To determine whether exposure to agents that up-regulate Oggl and APEX DNA repair
will protect against the neurotoxicity elicited by a mycotoxin and a pesticide

Measurement of DNA Damage with a Modification of the PARP Assay.

Background

Poly(ADP-ribose) polymerase (PARP) is nuclear protein of 116 kDa present at approximately 1 x 10°
copies in somatic cells. PARP undergoes a conformational change on binding to damaged DNA via a zinc
finger domain. This activated PARP converts NAD to nicotinamide and polymers of ADP-ribose. The
PARP assay allows determining PARP activity by measuring the incorporation of radiolabeled NAD in
presence of activated DNA. Quantitative values are determined from scintillation counting. The assay
may be also used for indirect quantitative measure of DNA damage in cell extracts without addition of
exogenous activated DNA. Carrying out reaction in presence of exogenous PARP enzyme allows

incorporation of radiolabeled NAD in extent that reflects the degree of DNA damage in cell extract.

Assay protocol

Approximately 50 mg of tissue was sonicated in 450 uL of Extraction buffer for about 10 s following
centrifugation at 3,000 g for 5 min at 4 °C. Supernatant was transferred in pre-chilled test tube and
concentration of protein was adjusted to 1 pg/uL. Core Reaction Mixture (CRM) was prepared by mixing
together: 2-(n+1) pL of ¥ P-NAD; 10-(n+1) pL of Histone H1 (Img/ml); 10-(n+1) uL of NAD (1 mM)
and 10-(n+1) pL of 10 x buffer (n - is a number of reactions). The following components were dispensed
into test tubes contained 20 uL of tissue extract: 32 uL of CRM; 1 uL of PARP enzyme and 47 uL of
distilled water. Additional set of test tubes using for measure of background contained 20 pL of tissue
extract; 32 uL of CRM; 1 uL of PARP enzyme; 6 uL of aminobenzamide (an inhibitor of PARP) and 41
uL of distilled water. Tubes were incubated for 10 min at room temperature and were transferred on ice.
900 pL of ice cold 20% TCA was added followed by centrifugation at 12,000 g for 10 min at room
temperature. Supernatant was removed and 1mL of liquid scintillation cocktail was added to each tube.
Each tube was vortexed for about 1 min to solubilize the protein pellet. Tubes were placed in a standard
scintillation vial and counted for *2P. Background was subtracted from each measurement to calculate the
degree of DNA damage.
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Measurement of DNA Repair Activities (OGG1, PARP)

Measurement of OGG1 enzymatic activy was performed as previously described (6, 8). PARP
enzymatic activity was measured with the Poly(ADP-Ribose) Polymerase Assay Kit (Trevigen,
Gaithersburg, MD)

Design of the studies on Pre-conditioning (Effects of DEM pretreatment on neurotoxicant-induced
damage (Fig 7)

DEM (1 mmol/kg, ip) dissolved in DMSO

OTA (4 mg/kg, ip) dissolved in NaHCO;

DMSO NaHCO; Tissue collection
A
v v
Pure control
0Oh 6h 72h
DEM NaHCO; Tissue collection
A
v v
Negative control
0h 6h 72h
DMSO OTA Tissue collection
Positive control ]
Oh 6h 72h
DEM OTA Tissue collection
Experiment | |
0h 6h 72h

Fig 7 Experimental design for the assessment of the effect of pre-conditioning with a mild pro-oxidant
DEM on OTA toxicity. DEM (1 mmol/Kkg, ip) was dissolved in DMSO and OTA (4 mg/kg, ip) was
dissolved in.NaHCO, Animals were euthanatized 72 hrs after treatment and midbrains were harvested

and micro-dissected.

RESULTS
Three groups of mice (n=6) were injected with single doses of OTA (4 mg/kg), Dieldrin ( 16
mg/kg) or MPTP (20 mg/kg) and extent of DNA damage in total midbrain was assayed. Each of the

toxicants caused DNA damage, but the effect of dieldrin was much greater than the other two (Fig 8).
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Fig. 8. Relative oxidative DNA damage in midbrain caused by different neurotoxicants (OTA= 4 mg/kg;
Dieldrin = 6 mg/kg; MPTP = 20 mg/kg). Bars illustrate mean +SD (n=6). DNA damage was evaluated
with Poly(ADP-ribose) Polymerase Assay Kit (Trevigen, Gaithersburg, MD).

To assess the effects of pre-conditioning, four groups of mice (n= 6 per group) were injected i.p.
with DEM (1 mmol/kg), the specific neurotoxicant (OTA, dieldrin or MPTP) or a combination of both
according to the experimental design illustrated in Fig 7. DEM was dissolved in DMSO and OTA (4
mg/kg, ip) was dissolved in NaHCO, In the pre-conditioning group, mice were injected with DEM 6 hrs

before the toxicant. All animals were euthanatized 72 hrs after the first injection. Entire midbrain and
micro-punches of midbrain (SN and VTA) from another set of mice were harvested.

Total oxidative DNA damage in midbrain samples was estimated and shown to increase following
administration of the toxicant (Fig 9). OTA, but not DEM caused a significant increase in total midbrain
DNA damage. Pretreatment with DEM 6 hrs before administration of OTA potentiated the total DNA
damage caused by OTA (Fig 9, top panel).
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Fig. 9. Effects of pre-conditioning with DEM on oxidative DNA damage caused by OTA (4 mg/kg),
Dieldrin (6 mg/kg) and MPTP (20 mg/kg) in whole midbrain. Top panel: OTA treatment and pre-
conditioning with DEM each significantly increased DNA damage compared to control. Middle panel:
Dieldrin alone significantly increased DNA damage and pre-conditioning reduced DNA damage to
control levels. Lower panel: MPTP significantly increased DNA damage and pre-conditioning with
DEM further increased damage. One-way ANOVA followed by t-tests was performed for each panel.
Asterisk indicates significant difference from control values (p < 0.05) Oxidative DNA damage was
assayed with Poly(ADP-ribose) Polymerase Assay Kit (Trevigen, Gaithersburg, MD).
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Dieldrin administered alone significantly increased DNA damage and pre-conditioning with DEM
reduced DNA damage to control levels (Fig 9, middle panel). MPTP significantly increased DNA
damage and pre-conditioning with DEM further increased damage (Fig 9, lower panel).

To assess the effects of DEM pre-conditioning on redox status of the midbrain, total
(GSSG+GSH), reduced (GSH) and oxidized glutathione (GSSG) was measured. DEM, as expected of a
mild pro-oxidant, caused a decrease in reduced glutathione (GSH), but did not significantly affect total
glutathione (GSH+GSSG). See Fig 12. OTA also caused a similar reduction in GSH, showing that each
of these agents increased oxidative stress. Interestingly, pre-conditioning with DEM increased levels of
reduced glutathione (GSH) a result that suggests a potential protective effect of pre-conditioning.
Consistent with this result, the oxidized glutathione (GSSG) was significantly reduced by the pre-
conditioning. Paradoxically, the improvement of redox status (less oxidation) promoted by pre-
conditioning with DEM, did not diminish the extent of DNA damage and lipid peroxidation that was
potentiated by pre-conditioning. Our earlier work on the acute effects of OTA did not reveal apoptosis in
either SN or VTA and therefore the anti-oxidative and DNA repair responses to OTA may have been

robust enough to prevent cell death(6).
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Fig. 10 Changes in in reduced (GSH), oxidized (GSSG) and total concentration of glutathione measured
in midbrains of ICR mice exposed to DEM alone, OTA alone and mice pre-conditioned with DEM 6 hrs
before OTA injection.

17



SUMMARY OF RESULTS FROM TASK 4
Task 4: To measure the effects of neurotoxicant exposure on the DNA repair response in two
compartments of the midbrain, the SN-pars compacta and the ventral tegmental area (VTA)

Rather than using laser capture micro-dissection to removal individual neurons for the gene
expression studies of Task 4, we used the micro-punch dissection technique to harvest VTA and SN from
sets of 6 mice. Brains were dissected under a dissecting stereo-microscope. The ventral and dorsal parts
of midbrain (MB) were dissected at the level of the caudal end of the cerebral peduncles. SN and VTA
were dissected from the coronal sections of the brain using micro-punch biopsy method as described (7).
All the samples were kept frozen at —70 °C until assayed.

To analyze the role of other DNA repair genes in mediating this phenomenon, quantitative real-

time PCR was performed in whole midbrain as well as SN and VTA micro-dissected tissue samples.

Fig 11. Real time PCR amplification plot for OGG1 mRNA isolated from midbrain of ICR mice given
DEM, OTA and combinations of both.. Graphs represent two groups of curves corresponding to 18S
housekeeping genes (lower cycle numbers) and OGGL1 (higher cycle numbers). Left upper panel depicts
control group of animals; right upper panel depicts effect of OTA alone; left lower panel represent effect
of DEM alone and right lower panel represents the effects of preconditioning with an injection of DEM 6
hrs before administration of OTA.
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Quantitative RT-PCR of DNA Repair Genes (OGG1, PARP, APEX/Refl)

RNeasy Mini KIT (Qiagen, Valencia, CA) was utilized for total RNA isolation from animal brain
tissues and for RNA cleanup according to the manufacturer’s protocol. The reverse transcription reaction
was performed with Superscript 111 Kit (Invitrogen, Cartsbad, CA) according to manufacturer protocol.
Briefly, the reaction mixture I contained the following : 1 uL of 50 uM Oligo dT primers, 1 uL of 10 mM
dNTP mix and 1 pL of ddH20 template plus 10 ul from the original samples, was heated to 65°C for 5
min and incubated on ice for 1 min. The mixture was supplemented with 4 pL of 10x Buffer, 1 puL of 40
U/uL RNaseOUT , 1 ul of 0.1 M DTT and 1 pL of Superscript 111 Reverse Transcriptase (all reagents
from Invitrogen, Cartsbad, CA ) following incubation at 50 °C for 50 min and reaction was stopped by
heating at 70 °C for 15 min then was added 1 pl of 2 U/ul ribonuclease H (Invitrogen, Cartsbad, CA)
incubated samples at 37°C during 20 min RNA degradation. The reverse-transcription reaction is stored
on ice until real-time PCR. For long-term storage reverse-transcription reactions kept at —20 °C.

The quantitative real-time PCR was performed in the ABI PRISM 79000 with cycling as follows:
2 minutes at50°C, followed by 10 minutes at 95°C, 15 seconds at 95°C and 1 minute at 60°C (40 cycles).
Each 96-well plate was divided into two parts, one for each target (OGG1, PARP or APEX) and another
part for 18S housekeeping gene. Each part included the following: control (no treatment), negative control
(DEM pretreatment), positive control (OTA alone) and experiment (DEM and OTA).

The primers and probe were adapted from sequences used in the TagMan Gene Expression Kit (Applied
Biosystems) as presented in Table 1. Each probe included FAM (6-carboxy-fluorescein, emission 518 nm)
at the 5'-end as the reporter and a nonfluorescent quencher at the 3’ end of the probe. Primer and probe
have been premixed in a concentration of 18 uM for each primer and 5 pM for each probe, with a total
volume of 250 pL. Technical characteristics of primers and probes are listed in Table 1.

The reaction mixture for real time PCR contained the following in a final volume of 25 ul: 12.5ul of 2x
TagMan universal PCR master Mix, 9.5 pl of RNase-free water and 1.25 ul of housekeeping gene or gene
of interest (all from Applied Biosystems) plus 2 pl of diluted samples (10pl of original samples plus 20 pl
of dd H20)

Data Analysis

Results were calculated by the "Comparative Ct Method of Quantitation™ (AACt) as published by
Applied Biosystems: www.wzw.tum.de/gene-quantification/pe-rel-quan.pdf). In this method no standard
curve is used, instead all results are calculated relative to a reference standard, called a "calibrator.” Each
of the three targets is analyzed separately, and then OGG1, PARP and APEX were each normalized to

18S. The normalization is necessary to account for variabilities in RNA quantity and quality, and
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variabilities in reverse transcription efficiency among samples. In this study we required that the 18S Ct of
less than 30 to be considered an interpretable specimen. In our experience using 18S in real time assays,
higher Cts for the 18S indicate insufficient template quantity, quality, and/or the presence of inhibitors.
Samples were excluded if failed to meet this criterion.

Table 1. TagMan Gene Expression Kit (Applied Biosystems) employed for this study.

Assay ID Gene GenBank Assay Amplification

Name MRNA location Length
Assay As

: PARP1 poly (ADP- | NM_007415.2 | 346 74

Mm00500154 m1 | ribose) polymerase
family, member 1

Hs99999901 si Eukaryotic 18S X03205.1 609 187
rRNA

MmO00501781_m1 | 8-oxoguanine DNA- | NM_010957.2 | 348 106
glycosylase 1

MmO00507805_gl1 | apurinic/apyrimidinic | NM_009687.1 | 123 115
endonuclease 1

Results
The regulation of OGG1, PARP and APEX mRNA in SN and VTA triggered by OTA in the pre-
conditioning paradigm is summarized in Fig. 12.

Gene Expression SN Gene Expression VTA

Fig 12. Quantitative real time PCR of OGG1. PARP and APEX mRNA measured in SN (left panel)
and VTA (right panel) of mice exposed to DEM alone, OTA alone and mice pre-conditioned with DEM 6
hrs before OTA injection. Horizontal dashed line indicates the RQ value of the control samples. RQ
(relative quantity) of the mMRNA was calculated using the “Comparative Ct Method of Quantitation” as
described in the methods section.
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Pre-conditioning with DEM resulted in down regulation of all three DNA repair genes in SN (Fig
14, left panel). DEM administration alone up-regulated PARP 1.4 fold. OTA administered alone also
down-regulated OGG1 and APEX, but not PARP. By contrast, OGG1 was down-regulated by all
treatments in the VTA (Fig 14, right panel), with the DEM pre-conditioning causing the greatest degree of
down-regulation in this compartment of the midbrain. The biggest contrast between SN and VTA in the
profile of DNA repair was in the regulation of PARP. For example, DEM treatment alone markedly
increased levels of PARP mRNA, and when given 6 hrs before OTA (pre-conditioning), the expression
of PARP mRNA was returned to a control level. APEX regulation also was distinct in VTA compared to
SN. APEX was upregulated in VTA following administration of DEM but was markedly down-regulated
in the DEM pre-conditioning experiment.

OGG1 gene expression was also analyzed in whole midbrain utilizing the pre-conditioning
paradigm (Fig 13). OGG1 mRNA was down-regulated by OTA and DEM treatments alone, but when
DEM was given in the pre-conditioning paradigm, there was marked up-regulation of the gene. Itis
worth noting that at the same time OTA caused down-regulation of OGG1 mRNA, the total amount of
DNA damage in midbrain was increased (Fig 9). This observation is consistent with earlier work from

our lab that indicates an inverse relationship between OGG1 enzymatic activity and DNA damage (9).

OGGL mRNA
(whole midbrain)
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Fig 13 Quantitative real time PCR of OGG1 mRNA measured in whole midbrain tissue (includes SN,
VTA and dorsal compartments of midbrain) exposed to DEM alone, OTA alone and mice pre-conditioned
with DEM 6 hrs before OTA injection. Horizontal dashed line indicates the RQ value of the control
samples. RQ (relative quantity) of the mRNA was calculated using the “Comparative Ct Method of
Quantitation” as described in the methods section.
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These effects of the pre-conditioning paradigm on OGG1 mRNA regulation in whole midbrain
were in stark contrast to the effects on the two DA neuron compartments (compare Figs 13 and 14). The
OGG1 mRNA in the whole midbrain increased with pre-conditioning, but the expression of OGG1
mRNA was markedly down-regulated in both SN and VTA by the pre-conditioning. This could be
interpreted as evidence of successful repair in these compartments, requiring a dampening down of OGG1
by 72 hrs. On the other hand, up-regulation of OGG1 mRNA in VTA and SN might indicate increased
DNA damage. The marked difference between sub-compartment analysis and whole midbrain analysis
underscores the importance of examining well-defined populations of neurons. Despite the suggestion of
increased DNA damage in VTA and SN following OTA, there was insufficient damage to result in cell
death as indicated by the absence of apoptotic profiles or caspace- expressing neurons in the SN and
VTA(6). The pre-conditioning paradigm caused an up-regulation of OGG1 mRNA, suggesting that the
total amount of DNA damage was diminished and also did not result in cell death in either compartment.

The question as to the relative vulnerability of SN DA neurons compared to VTA DA neurons to
agents which caused oxidative stress remains a puzzle. However, the distinctive VTA profile of PARP
regulation may provide a clue as to the relative resistance of VTA DA neurons to oxidative stress (Fig
16). Here itis clear that PARP mRNA was markedly upregulated by DEM, and in the pre-conditioning
paradigm PARP mRNA was regulated to levels measured in the control condition. In the case of the SN,
pre-conditioning resulted in a marked down-regulation of PARP mRNA below control levels.

PARP mRNA
2.5+
] ] N SN
2.0 CVTA
1.5 ]
o ]
4 ]
1.04 g7 I =ox -
OISIH
0.0- . . . I.
Control DEM OTA OTA+DEM

Fig 14. Quantitative real time PCR of PARP mRNA measured in SN and VTA of mice exposed to
DEM alone, OTA alone and mice pre-conditioned with DEM 6 hrs before OTA injection. Horizontal
dashed line indicates the RQ value of the control samples. RQ (relative quantity) of the mRNA was
calculated using the “Comparative Ct Method of Quantitation” as described in the methods section.
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Interestingly, the pre-conditioning paradigm restored the total amount of DNA damage in midbrain to
levels measured in normal midbrain (Fig 9, middle panel). Hence, it is likely that the total amount of
DNA damage in VTA was less than that of SN.

Pre-conditioning with DEM before injection of the pesticide dieldrin revealed a profile of gene

expression in SN and VTA that was distinct from the profile elicited by the mycotoxin OTA (See Fig 15).

Gene Expression SN Dieldrin Gene Expression VTA Dieldrin

EZEE Control
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Fig 15 Quantitative real time PCR of OGGL1. PARP and APEX mRNA measured in SN (left panel) and
VTA (right panel) of mice exposed to DEM alone, Dieldrin alone and mice pre-conditioned with DEM 6
hrs before Dieldrin injection. Horizontal dashed line indicates the RQ value of the control samples. RQ
(relative quantity) of the mMRNA was calculated using the “Comparative Ct Method of Quantitation” as
described in the methods section.

In the SN, OGG1 mRNA levels were normalized by pre-conditioning with DEM, but in the VTA, OGG1
mMRNA was upregulated by pre-conditioning compared to the control condition. Also in the SN, PARP
MRNA was markedly down-regulated by DEM alone, by dieldrin alone and by pre-conditioning.
However, in the VTA, PARP was not down-regulated by any of the conditions. With respect to APEX, a
7 fold up-regulation was elicited by dieldrin in the VTA but in the SN the up-regulation was only 1.3 fold.
Despite the clear difference between SN and VTA in the profile of expression of 3 DNA repair genes,

there was no difference with respect to cell death (no evidence for apoptosis in either compartment).
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KEY RESEARCH ACCOMPLISHMENTS

1. Distribution of OTA in brain: Pharmacokinetic parameters for ochratoxin-A (OTA) in each brain
region were determined based on OTA concentrations measured at 3, 6, 12, 24 and 72 hrs after
administration of the toxin. There were no correlations between parameters of oxidative stress (lipid
peroxidation, oxidative DNA damage, OGG1 activity) and pharmacokinetic parameters such as
elimination half life, area under the curve (reflecting cumulative concentration over time) and clearance.
Therefore the regional brain concentrations of OTA were not critical determinants of the degree of
oxidative stress (and oxidative DNA damage and repair) elicited by the toxin in specific brain regions.

2, Effects of OTA on striatal DA and metabolites and tyrosine hydroxylase immunoreactivity; The
mycotoxin OTA produced a dose- and time-dependent depletion of striatal dopamine (DA), a decrease
in striatal DA turnover and qualitatively diminished striatal tyrosine hydroxylase immunoreactivity
without the appearance of apoptotic profiles in s. nigra or striatum. These data are consistent with the
finding that striatum (caudate/putamen) was the most sensitive of all brain regions to OTA in terms of
the ability to increase OGG1 activity (the striatum had lowest ED50 for stimulation of OGGL1 activity).
In addition, these alterations in DA levels were not due to degeneration of neurons in the SN.

3. Studies on the chronic OTA infusion on oxidative stress, oxidative DNA damage and repair
were completed:

a) Effects on glutathione: Chronic OTA infusion resulted in a cumulative dose-dependent
decrease in total glutathione levels in all brain regions. Despite the depletion of total glutathione, the
proportion of reduced glutathione relative to total glutathione remained relatively constant in each
region with a trend towards an increase following chronic infusion with the highest dose of OTA. This
reflects the capacity of the cells to maintain redox homeostasis in the face of chronic oxidative stress.
Hence differences in a brain region’s capacity to maintain anti-oxidative redox status through the
glutathione system does not appear to play an important role in determining vulnerability to OTA.

b) Effects on SOD (as well as mitochondrial and cytoplasmic component of the total SOD):
Chronic OTA infusion elicited increases of SOD (both cytoplasmic and mitochondrial) activity in all
regions of brain, but the greatest change from baseline was seen in the mitochondrial SOD (mSOD)
activity of the pons. The pons was the region with the slowest elimination contstant (T1/2) and very
high cumulative exposure (AUC) following acute doses of OTA. This result suggests that there is a
relationship between cumulative exposure and the degree of upregulation of mitochondrial SOD in the
pons, but this relationship does not hold for other regions of brain.

c) Effects on OGGL1: Chronic OTA infusion resulted in a dose-dependent increase in OGG1
activities in all brain regions. No region of brain showed an inhibition or decrease in OGG1 activity at
any dose, unlike the early responses to acute doses of OTA, when all regions showed initial and

transient inhibition of OGGL1 activity. Even though all brain regions were capable of marked increases
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in OGG1 activity, not all regions were equally sensitive to the toxin. Using the dose-response curve
functions generated from each brain region to estimate an ED50 (the dose of OTA that resulted in half
the maximal rate of OGGL1 activity), it was clear that the caudate/putamen (CP) was most sensitive to
the toxin.

4. Effects of Dieldrin: Chronic infusion of this pesticide resulted in a dose-dependent increase in OGG1
activity. However, the midbrain, caudate/putamen and cerebral cortex did not differ with respect to the
extent of increase of OGGL.

5. Effects of MPTP: After mapping the normal distributions of OGG1 and superoxide dismutase (SOD)
across 44 loci dissected from mouse brain, MPTP, a mitochondrial toxicant with selective dopamine (DA)
neuron cytotoxicity was used to elicit focal oxidative stress and DNA repair responses. A single dose of
MPTP (20 mg/kg, i.p.) elicited time- and region dependent changes in both SOD and OGG1, with early
increases in DNA repair and anti-oxidant activities throughout all regions of brain. In some sampled loci,
notably the substantia nigra (SN) and hippocampus, the heightened DNA repair and antioxidant responses
were not maintained beyond 48 h. Other loci from cerebellum, cerebral cortex and pons maintained high
levels of activity up to 72 h. Levels of dopamine (DA) were decreased significantly at all time points and
remained below control levels in nigro-striatal and mesolimbic systems (ventral tegmental area and
nucleus accumbens). Assessment of apoptosis by TUNEL staining revealed a significant increase in
number of apoptotic nuclei in the substantia nigra at 72 h and not in other loci. The marked degree of
apoptosis that became evident in SN at 72 h was associated with large decreases in SOD and DNA repair
activity at that locus. In conclusion, MPTP elicited global effects on DNA repair and antioxidant activity
in all regions of brain, but the most vulnerable loci were unable to maintain elevated DNA repair and
antioxidant responses.

6. Effects of pre-conditioning with a mild pro-oxidant on the DNA damage caused by OTA,
Dieldrin and MPTP Each of the toxicants caused acute oxidative DNA damage, with dieldrin
administration resulting in the highest degree of DNA damage in whole midbrain samples at 72 hrs after
administration. In the pre-conditioning paradigm, DEM potentiated the extent of DNA damage in
midbrain caused by the toxicants OTA and MPTP. However, pre-conditioning with DEM reduced the
amount of DNA damage in midbrain produced by a single injection of dieldrin.. Even though pre-
conditioning with DEM increased oxidative DNA damage caused by OTA administration, measurements
of glutathione (reduced, oxidized and total) revealed an augmentation of reduced glutathione (GSH) in
whole midbrain. Apparently, the DEM pre-conditioning 6 hrs before administration of OTA allowed
recovery of redox status in whole midbrain that normally would be shifted towards decreased GSH levels
by the toxicant (OTA). Hence, it appears that mild pro-oxidant conditioning provided some degree of

protection against a subsequent challenge of OTA. This conclusion was consistent with our earlier
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findings that OTA did not cause apoptosis in midbrain.

7. Effects of OTA (and pre-conditioning) on DNA repair gene expression in VTA and SN: OTA
administration resulted in down-regulation of OGG1 and APEX, but not PARP (at 72 hrs). Pre-
conditioning with DEM resulted in down regulation of all three DNA repair genes in SN. DEM
administration alone up-regulated PARP 1.4 fold. By contrast, OGG1 was down-regulated by all
treatments in the VTA, with the DEM pre-conditioning causing the greatest degree of down-regulation in
this compartment of the midbrain. The biggest contrast between SN and VTA in the profile of DNA
repair was in the regulation of PARP. For example, DEM treatment alone markedly increased levels of
PARP mRNA, and when given 6 hrs before OTA (pre-conditioning), the expression of PARP mRNA
was returned to a control level.. In addition, the effects of pre-conditioning on dieldrin-triggered DNA

repair gene expression revealed a distinct profile in SN compared to VTA.

REPORTABLE OUTCOMES
Acute neurotoxic effects of the fungal metabolite Ochratoxin-A This report is the first to describe
depletion of striatal dopamine following single doses of OTA. In addition, the regional vulnerability to
OTA was explored in the context of regional differences in oxidative DNA repair, and other parameters of
oxidative stress.

Neuroanatomical mapping of DNA repair and antioxidative responses in mouse brain: effects of a
single dose of MPTP. Results obtained demonstrate that OGGL is activated across many brain regions in
response to MPTP. This response was completely unexpected because MPTP is considered to be a
selective nigro-striatal dopamergic neurotoxin and such a widespread activation of antioxidant and OGG1
activity had never been reported. However, by 72 h, there was a decrease of repair capacity, most notably
in the nigro-striatal DA system. In SN, the drop in SOD and OGG1 activity at 72 h was associated with a
significant increase in the number of apoptotic cells in that nucleus. To summarize, the temporal and
spatial profile of MPTP-triggered DNA repair and antioxidant activity at 72 h was consistent with the
well-known localized toxicity for the nigro-striatal DA system.

Pharmacokinetics of Ochratoxin-A distribution in mouse brain. This is the first report in which
pharmacokinetic parameters of OTA distribution in brain were determined. Interestingly, those regions of
brain with the highest cumulative exposure are not those most sensitive to the toxin.

Effects of chronic OTA infusion on parameters of oxidative stress in brain regions. This report will
be a thorough documentation of the effects of chronic infusion of low doses of OTA, and will be
contrasted with the effects of acute OTA administration in explaining striatal vulnerability to the toxin.
Effects of acute and chronic Dieldrin administration on parameters of oxidative stress in brain regions

(manuscript submitted to J. Biochem Mol Tox). Dieldrin has been shown to be toxic for DA neurons in
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vitro and this manuscript assesses the role of regional anti-oxidative capacity and DNA repair in
determining vulnerability to the toxin in vivo.

Effects of OTA, Dieldrin and MPTP on gene expression were studied in whole midbrain and in sub-
compartments (VTA and SN). The profiles of gene expression were complex but differences between
VTA and SN were measured in the response to pre-conditioning with the pro-oxidant DEM . These
results provide new clues to understanding the greater vulnerability of the SN DA neurons to agents that
increase oxidative stress.

CONCLUSIONS Three toxicants (ochratoxin-A, Dieldrin, MPTP) from distinct chemical families were
chosen for study on the basis of their reported capacity to interfere with mitochondrial function. The
patterns of oxidative stress across brain regions elicited by each of these agents was distinct and unique.
The profiles of DNA repair gene expression elicited by each of the toxicants in SN and VTA were
specific for the toxicant and unique for each compartment of midbrain. These results provide additional
clues that will improve understanding of the mechanism for the vulnerability of specific regions of brain
to toxicants that impact mitochondrial function. In particular, understanding the mechanism(s)
responsible for the vulnerability of specific populations of DA neurons may lead to new ways to protect
against neurotoxicity and even to protect against onset and/or slow progression of Parkinson’s Disease.
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Abstract

Rubratoxin-B (RB) is a mycotoxin with potential neurotoxic effects that have not yet
been characterized. Based on existing evidence that RB interferes with mitochondrial
electron transport to produce oxidative stress in peripheral tissues, we hypothesized that RB
would produce oxidative damage t o macromoleculesin specific brain regions. Parameters of
oxidative DNA damage and repair, lipid peroxidation and superoxide dismutase (SOD)
activity were measured across 6 mouse brain regions 24 hrs after administration of a single
dose of RB. Lipid peroxidation and oxidative DNA damage was either unchanged or
decreased in all brain regions in RB-treated mice compared to vehicle-treated mice.
Concomitant with these decreased indices of oxidative macromolecular damage, SOD activity
was significantly increased in all brain regions. Oxyguanosine glycosylase activity (OGG1),
a key enzyme in the repair of oxidized DNA, was significantly increased in three brain regions
cerebellum (CB), caudate/putamen (CP), and cortex (CX) but not hippocampus(H),
midbrain(MB), and pons/medulla(PM). The RB-enhanced OGGL catalytic activity in these
brain regions was not due to increased OGG1 protein expression, but was a result of
enhanced catalytic activity of the enzyme. In conclusion, specific brain regions responded to
an acute dose of RB by significantly altering SOD and OGG1 activities to maintain the degree

of oxidative DNA damage equal to, or lessthan, that of normal steady-state levels.

Running Head: Rubratoxin-B elicits anti-oxidative response
Keywords. Rubratoxin-B, oxidative stress, DNA damage and repair, SOD, mouse

brain regions
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INTRODUCTION

Mycotoxins are toxic fungal metabolites which are structurally diverse, common
contaminants of the ingredients of animal feed and human food. These fungal products
exhibit arange of pharmacological activities that have been utilized in development of
mycotoxins or mycotoxin derivatives as antibiotics, growth promoters, and other kinds of
drugs; still others have been developed as biological and chemical warfare agents [1]. Bombs
and ballistic missiles laden with biological agents including aflatoxin were believed to be
deployed by Irag during Operation Desert Storm[2]. In light of the excess incidence of
amyotrophic lateral sclerosisin young Gulf War veterans[3], it is important not to forget the
potential neurotoxic effects of low doses of mycotoxins. Although much is known about the
lethal effects of the aflatoxins, little is known about the acute and long-term effects of less
potent mycotoxins, such as Rubratoxin B (RB), on adult nervous system

Rubratoxin B (RB) is a metabolite of the molds Penicillum rubrum and Penicillum
purpurogenum. These molds commonly contaminate cereals, foodstuffs and grow on damp
tents and fabrics. RB is not known to produce a serious health hazard in this naturally
occurring form, but pure RB is a bisanhydride |actone with hepatotoxic [4] and teratogenic
properties[5, 6, 7]. Investigation of the effects of acute and chronic exposureto RB on the
nervous system has been scarce, even though neuronal tissue appears to be very susceptible to
the deleterious effect of RB in teratogenic studies[8].

RB has numerous biochemical actions including the inhibition of (Na'- K*)-ATPase
[9], inhibition of the hepatic cytochrome P-450-dependent monooxygenase system[10],
reduction of hepatic and renal nonprotein sulfhydryl content [11] and inhibition of gap

junctional intercellular communication [12]. It was found that RB caused shiftsin the
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ultraviolet absorption spectra of DNA and RNA [13]. The observed binding properties of RB
can disrupt the integrity of DNA and RNA. RB has been shown to induce apoptosis [14, 15]
and internucleosomal fragmentation of DNA [14].

Studies with isolated mouse liver mitochondria revealed that RB  disrupted
mitochondrial respiration and depressed oxygen consumption[8]. The principal site of action
of RB in the mitochondria electron transport system was found to be between cytochrome C1
and the termination of electron flow [8].  Ochratoxin, a related mycotoxin, has been
reported to alter mitochondrial respiration and oxidative phosphorylation through impairment
of the mitochondrial membrane and inhibition of the succinate-dependent electron transfer
activities of the respiratory chain [16].

The overall objective wasto study RB neurotoxicity in the context of oxidative stress
induced by inhibition of mitochondrial electron transport in brain tissues Inhibition of
oxidative phosphorylation would be expected to result in increased generationof oxyradicals
and decreased production of ATP[17]. We hypothesized that RB-induced ateration of
oxidative processes would not be homogeneous across al brain regions but would reflect the
capacity of distinct brain regions to upregul ate anti-oxidative mechanisms and repair
processes. Parameters of oxidative stress measured included lipid peroxidation
(thiobarbituric acid-reactive substances or TBARS), SOD activity, oxidative DNA damage
and repair in each of six brain regions cerebellum (CB), cortex (CX), hippocampus (HP),
midbrain (MB), caudate/putamen (CP) and pons/medulla (PM). Accumulation of 8-oxodG
was chosen as an indicator of DNA damage and activity of DNA glycosylase was used as an

index of DNA repair.
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MATERIALSAND METHODS

Materials

Rubratoxin-B, superoxide dismutase, xantine oxidase, ribonuclease T1, HEPES,
dithiotreitol, bovine serum abumin and acrylamide/bisacrylamide (19:1) mixture were
purchased from Sigma (St. Louis, MO). TEMED was from Bio-Rad Laboratories (Hercules,
CA). Protease inhibitors and 8-oxoguanine DNA glycosylase (MOGG1) were from
Boehringer Mannheim (Indianapolis, IN). Synthetic oligonucleotide contained 8-oxodG was
from Trevigen (Gaithersburg, MD). 3P-ATP (7, 000 Ci/mmol) was from ICN Biomedical,
Inc. (Costa Mesa, CA). Phosphorylation buffer, 3’ -phosphate free T4 polynucleotide kinase,
RNase, proteinase K, nuclease P1, akaline phosphatase were from Roche Diagnostic Co.
(Indianapoalis, IN). G-25 Microcentrifuge Spin Column was from Shelton Scientific (Shelton,
CT). mOGGL1 antibody was from Alpha Diagnostic (San Antonio, TX). ECL western blotting
analysis system was from Amersham Biosciences (Piscataway, NJ). All other reagents were
ACS grade and from Sigma Chemical Co.

Animals and Treatment

The animal protocol used in this study was approved by the University of South
Florida (USF) IUCAC committee. The protocol was also reviewed and approved by the USF
Division of Comparative Medicine which is fully accredited by AAALAC International and
managed in accordance with the Animal Welfare Regulations, the PHS Policy, the FDA Good
Laboratory Practices, and the IACUC’ s Policies. Male Swiss ICR mice (22 ?2 g) were
obtained from the Jackson Laboratories (Bar Harbor, ME). They were housed five per cage at
the temperature of 21?2 2C with 12 light/dark cycle and free access to food and water. Mice

were divided into experimental (n=10) and control (n=5) groups. Animals were injected with
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either RB dissolved in DM SO (5 mg/kg ip) or vehicle. Mice were sacrificed with CO, twenty
four hours after treatment. The brains were removed and immediately dissected in a Petri
dishonice (~ 0¥ C).

I solation of Brain Regions

Brain was separated into 6 regions under a dissecting microscope in following order.
The cerebellar peduncles were cut first, and brain stem was removed from the diencephalon.
The ventral and dorsal parts of midbrain (MB) were dissected at the level of the caudal end of
the cerebral peduncles at the junction with the pons. The pons and medulla (PM) were
separated together by cutting the ponto- medullary junction. The cerebral hemispheres were
opened with a sagittal cut along the longitudinal tissue and hippocampus (HP) was isolated,
followed by caudate and putamen (CP). Finally, cerebellum (CB) and cerebral cortex (CX)
were harvested and all the samples were kept frozen at —70 ?C until assay.

M easur ement of DNA damage

Steady-state level of 8-oxodG was used as a marker of oxidative DNA damage. The
procedure for DNA isolation was basically the same as reported before [18]. Approximately
150 mg of brain sample was used for extraction. Briefly, tissue was pulverized in liquid
nitrogen, using mortar and pestle, sonicated in 10 mM ethylenediamine tetraacetic acid
(EDTA) and centrifuged. The pellet was treated with DNAase-free RNAase followed by
digestion with proteinase K. The protein fraction was separated from DNA by three
consecutive organic extractions. The DNA was precipitated by ethanol and incubated
overnight at -20 °C. The ratio in absorbance at 260/280 nm was employed for qualification of

DNA purity.
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The purified DNA was digested with nuclease P1 following by treatment with alkaline
phosphatase. The mixture of deoxynucleosides was analysed with HPL C using 5% methanol
dissolved in 100 mM of sodium acetate (pH 5.2) as a mobile phase, and 8-oxodG was
detected with an electrochemical detector (ESA Coulochem Model 5100A) at +0.4 V. 2-dG
was detected at 260 nm in the same sample using a Perkin Elmer 785A Programmable
Absorbance Detector (Perkin Elmer, Norwalk, CT) connected in series with the
electrochemical detector. 8-oxodG level was expressed as ratio of 8-oxodG/2-dG. Data were
recorded, stored, and analyzed on a PC Pentium computer using ESA 500 Chromatography
Data System Software.

Assessment of 8-oxoguanine-DNA glycosylase activity (OGG1)

The extraction of OGGL for enzymatic assay was performed as described previously
[18]. Briefly, brain tissue was pulverized in liquid nitrogen, using mortar and pestle.
Homogenization buffer contained 20 mM Tris-Base (pH 8.0), 1 mM EDTA, 1 mM
dithiotrietol (DTT), 0.5 mM spermine, 0.5 mM spermidine, 50% glycerol and protease
inhibitors. Homogenates were rocked for 30 min after addition of 1/10 volume 2.5 M KCl and
spun at 14,000 rpm for 30 min. The supernatant was aliquoted and specimens were kept
frozen at —70 ?C until assay. Protein concentration was measured using the bicinchoninic acid
[19].

OGGL1 activity was measured by incision assay as previously described [18]. To
prepare **P-labeled duplex oligonucleotide, twenty pmol of synthetic probe contained 8-
oxodG (Trevigen, Gaithersburg, MD) was incubated at 37 2C with *?P-ATP and
polynucleotide T4 kinase. To separate the unincorporated free 32P-ATP, the reaction mixtures

were spun through a G25 spin column. Complementary oligonucleotides were annealed in 10
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mM Tris, (pH 7.8), 100 MM KCI, 1 mM EDTA by heating the samples 5 min at 80 °C and
gradually cooling at room temperature.

Incision reaction (20 ?L) contained 40 mM HEPES (pH 7.6), 5 mM EDTA, 1 mM
DTT, 75 mM KCI, purified bovine serum albumin, 100 fmol of **P-labeled duplex
oligonucleotide, and protein extract (30 ?g). The reaction mixture was incubated at 37 °C for
2 h and placed on ice to terminate the reaction. A 20 ?L of loading buffer containing 90%
formamide, 10mM NaOH and blue-orange dye was added to each sample. After 5 min of
heating at 95 °C the samples were resolved in a denaturing 20% polyacrylamide gel
containing 7 M urea. The gel was visualized using Biorad-363 Phosphoimager System and
OGG1 incision activity was calculated as the amount of radioactivity in the band

corresponding to the specific cleavage product over the total radioactivity in the lane.

Kinetic study of OGGL1 incision reaction

Reaction mixtures and conditions used for kinetic studies were identical to OGG1
incision activity assay, but amounts of the appropriate *?P-Iabeled oligonucleotide duplex
were varied. The enzyme concentration and reaction time was adjusted so as to cleave no
more than 10% of the substrate. Kinetic parameters were calculated using a Jandel SigmaPlot
version 5.00 nonlinear fit routine. Three independent experiments were performed for each

analysis.

Western immunoblotting

The 8-oxoguanine DNA glycosylases extracted from different regions of brain were
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separated on a 12% SDS-PAGE and transferred onto a nitrocellulose membrane using a
Biorad Semi-Dry Transblot technique. The membranes were blocked overnight at 4 °Cina
solution containing 5% dry milk and Tris-Buffered Saline (TBS) composed of 200 mM NaCl
and 50 mM Tris-HCI (pH7.4), and supplemented with 0.04% Tween-20. The membranes
were rinsed in TBS-Tween mixture and incubated overnight at 4 °C with mOGG1 antibody
(Alpha Diagnostic, TX) using 1:1000 dilution by 1% dry milk prepared on TBS-Tween.
After washing (3 x 10 min) with TBS-Tween at 4 °C, the membranes were incubated with
goat anti- mouse antibody (1:2000 dilution) conjugated to horseradish peroxidase (Santa Cruz
Biotechnology, CA) for 1 hr at room temperature. The blot was developed by ECL kit
(Amersham Biosciences, Piscataway, NJ).

Native PAGE

OGG1 extracted from different regions of brain mixed with native buffer composed of
0.1 M Tris-HCI (pH6.8), 30% glycerol, and 0.01% bromophenol blue and separated on a non
denaturing 10% polyacrylamide gel at 120 V. Gel were dliced by arazor blade along the lanes
into section1 mm thick. A single 1 mm thick sectionwas homogenized with a teflon hand
homogenizer in 20 ?L of incision reaction mixture and enzymatic activity of OGG1 was

assayed as described aove.

Lipid peroxidation

Formation of lipid peroxide derivatives was evaluated by measuring thiobarbituric
acid-reactive substances (TBARS) according to [20]. Briefly, the different regions of brain
were individually homogenized in ice-cold 1.15% KCI (w/v); then 0.4 mL of the homogenates

were mixed with ImL of 0.375% TBA, 15% TCA (w/v), 0.25 N HCI and 6.8 mm butylated-



V. Savaet al. 10

hydroxytoluene (BHT), placed in a boiling water bath for 10 min, removed and allowed to
cool on ice. Following centrifugation at 3000 r.p.m. for 10 min, the absorbance in the
supernatants was measured at 532 nm. The amount of TBARS produced was expressed as
nmol TBARS per milligram of protein using malondialdehyde bis(dimethyl acetal) for

calibration.

Superoxide dismutase (SOD) assay

Determination of superoxide dismutase activity in mouse brain regions was based on
inhibition of nitrite formation in reaction of oxidation of hydroxylammonium with superoxide
anionradical [21]. Nitrite formation was generated in a mixture contained 25 ?L xanthine
(15 mM), 25 ?L hydroxylammonium chlorode (10 mM), 250 ?L phosphate buffer (65 mM,
pH 7.8), 90 ?L distilled water and 100 ?L xanthine oxidase (0.1 U/mL) used as a starter of the
reaction. Inhibitory effect of inherent SOD was assayed at 25?C during 20 min of incubation
with 10 ?L of brain tissue extracts. Determination of the resulted nitrite was performed upon
the reaction (20 min at room temperature) with 0.5 mL sulfanilic acid (3.3 mg/mL) and 0.5
mL e-naphthylamine (1 mg/mL). Optical absorbance at 530 hm was measured with Ultrospec
[11 spectrophotometer (Pharmacia, LKB). The results were expressed as units of SOD activity
calculated per milligram of protein. The amount of protein in the samples was determined

using the bicinchoninic acid [19].
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Statistical analysis

The results were reported as mean + SE for at least five different preparations, assayed
in duplicate. For electrophoresis two different gels were run. The differences between samples

were analyzed by the Student's t-test, and a P<0.05 was considered as statistically significant.

RESULTS

Administration of a single dose of RB to mice (ip injection, 5 mg/kg body weight) was
chosen on the basis of adose-toxicity curve (data not shown) that resulted in no visible gross
damageto brain. This single dose did, however, produce aterations in brain biochemistry.
Lipid peroxidation, indicated by TBARS levels, was decreased in all regions of brain of the
animals exposed to RB as compared to control mice (Fig. 1). In HP, MB and PM the TBARS
levels were significantly (P<0.05) different from the control. In PM region a 2.2 fold
decrease in TBARS was observed.

Oxidative DNA damage, indicated by steady-<tate levels of 8-oxodG, showed atrend
towards decreased levels across all brain regions (Table 1). Statistically significant
differences in 8-oxod-dG were found in only the PM region, where levels were reduced to
30% below control. Oxidative damage in M B was also distinctly decreased, but did not reach
statistical significance.

The decreased levels of oxidative DNA damage were associated with increased
activity of the repair enzyme OGGL (Table 1). There was a statistically significant increase in
OGG1 activity in CB, CP and CX regions as compared to the respective controls. In HP the
activity of OGGL1 was higher than in control though the difference did not reach statistical

significance. The OGGL1 activity was reduced in MB and PM. The trend of reduced OGG1
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activity within the MB-PM array presented in Table 1 was unexpectedly associated with
decreased levels of 8oxodG in those regions. Nevertheless, we observed that relative extent
of DNA damage decreased linearly (Fig. 2) with relative activity of OGG1 (correlation factor
was - 0.9545). For both specific OGG1 and 8-oxodG relative indices were calculated as
follows:

100 ?(Vrs —Vc)

Relativeindices =

Ve

where Vrg are values obtained in RB experiment and V¢ —in control

The resultsin Table 1 demonstrated up-regulation of SOD activity in RB-treated
animals as compared to control. The extent of increased SOD activity in different regions of
brain revealed a negative correlation with the level of 8-oxodG. Namely, the association
between 8-oxodG and SOD activity can be expressed by the linear equation with the

correlation factor of - 0.8521:

[8-oxodG] =-0.197SOD] + 4.6

Western blot analysis was carried out to elucidate the source of OGG1 activity (Fig.3).
It was found that protein expression levels of OGG1 were not significantly affected by RB
exposure and there were no differencesin regiona levels of OGG1 when normalized to the
total protein variations. One of the bands in the Western blot attributed to OGG1 matched the
single band of pure enzyme. However, we found an additional band that was also labeled with
OGG1 antibody. This band may be due to non-specific binding with antibody or otherwise

caused by existence of various isoforms of OGGL. To clarify thisissue, we resolved OGG1
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in native PAGE followed by cutting the gel into 1 mm strips and assaying the strips for OGG1
enzymatic (incision) activity. Fig. 4 indicates presence of two distinct bands with incision
activity, which likely can be attributed to different isoforms of OGG1. Assaying the pure
enzyme with the same procedure showed one single band possessing el ectrophoretic mobility

identical to the major band of the tested sample (not shown).

The data are in agreement with kinetic behavior of OGG1 extracted from mouse brain.
As can be seen from Fig. 5 the oligonucleotide incision activity plotted against concentration
reveals bi-modal curves. The first part of incision activity reached saturation level in arange
between 0 and 120 pM of substrate, but second part needed higher concentratiors of substrate
(up to 500 pM). Computer modeling generated kinetic curves representing the experimental
curve as a superposition of low and high-saturated enzymatic isoforms. Separated incision
activitieswere analyzed using Michaelis-Menten kinetics with the corresponding cal culation

of kinetic constants as shown in Table. 2.

DISCUSSION

Until the present report, the toxic effects of RB in adult brain had not been
investigated. Administration of a single dose (5mg/kg) did not produce gross pathological
changes in brain, but resulted in paradoxically less oxidative damage to both lipids and DNA.
In fact the level of lipid peroxidation in hippocampus, midbrain and pons/medullawas
significantly less than that found in vehicle-treated controls. Similarly, RB did not increase
oxidative DNA damage in any region of brain after the injectionrather tended to lower the
degree of damage. These results were unexpected in light of the putative pro-oxidant effects

of the mycotoxin, but were explained by the robust upregulation of anti-oxidative and repair
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systems. RB treatment elicited an increase in activity of SOD, amajor oxyradical scavenger,
across all brain regions. In addition, measures of oxidative DNA repair were observed to
increase in three of six brain regions following RB treatment.

Measurement of oxidative DNA damage revealed atrend towards decreased steady-
state levels of 8-oxodG across all brain regions with a statistically significant decreased level
in pons/medulla (PM). The DNA repair response assessed from the change in OGG1 activity
was significantly increased in three brain regions (CX, CB, CP) but it is noteworthy that
maintenance of normal steady state levels of 8-oxodG was facilitated by the greatly enhanced
SOD activity in regions of brain where OGGL1 did not increase.

The index of DNA damage utilized in this study was 8-o0xodG, a mgjor pre- mutagenic
DNA lesion generated from the reaction of oxyradicals with guanosine. Repair of this DNA
lesion involves DNA N-glycosylases that hydrolyse the N-glycosylic bond between the 8-
0xoG and deoxyribose, releasing the free base and leaving an apurinic/apyrimidinic (AP) site
in DNA. Such AP sites are cytotoxic and mutagenic, and must be further processed. Some
DNA glycosylases also have an associated AP lyase activity that cleaves the phosphodiester
bond 3’ to the AP site[22]. Formamidopyrimidine glycosylase (fpg, aso named fapy-DNA
glycosylase) is a prokaryotic protein originaly identified in E. coli that catalyzes the excision
of damaged purine bases such as 8-oxodG and 2,6-diamino-4-hydroxy-5-N-
methylformamidopyrimidine from double stranded DNA. Two distinct homologues of fpg
were identified in yeast, OGG1 and OGG2 (8-oxo-guanine glycosylase). The counterpart of
yeast OGGL has been identified in eukaryotes, and in particular human brain (hOGGL).

hOGGL1 has been cloned and shares 50% homology with mouse 8-oxoguanine glycosylase
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(mOGG1) [22, 23]. In the present report, the role of the brain’s DNA response to RB focused
on the activity and regulation of the mammalian base excision repair enzyme OGGL.

In addition to the enzymatic assay, the expression of OGGL1 protein was measured by
Western immunobloting. However, the detection of a second band with molecular weight
essentially different from mOGGL1 required more careful characterization. Separation of DNA
glycosylases with native PAGE followed by assays of incision activity in various portions of
gel disclosed heterogeneity of enzyme activity. Thus, enzymatic incision activity of tested
extracts from mouse brain was comprised of two distinct isoforms of OGG1.

A detailed characterization of the isoforms of DNA glycosylase was performed by
enzymatic kinetic analysis. Calculation of kinetic constants showed that RB treatment caused
an increase in catalytic efficacy in both isoforms of OGG1. The response to RB-induced
oxidative DNA damage was to enhance OGGL catalytic activity (Vmax/Km) by afactor of
1.74. RB also increased affinity of OGGL1 for the substrate that was demonstrated by decrease
in magnitudes of the Michaglis-Menten constant, K.

The augmentation of SOD activitiesin all brain regions and the increased affinity and
catalytic activity of OGGL1 elicited by RB treatment maintained 8-oxodG levels equal to, or
below, the levels found in control animals. In the hippocampus, the levels of oxidative DNA
damage following RB treatment was 2.7 fold less than that found in control mice. A similar
phenomenon in mouse brain has been reported following treatment with the pro-oxidant
diethylmaleate [18]. A single treatment with diethylmaleate elicited a significant increase in
the activity of OGGL in three brain regions with low basal levels of activity. There was no

change in the activity of OGGL in those regions with high basal levels of activity (HP, CP,
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and MB). This protective response elicited by proxidants such as DEM and RB demonstrate
efficient homeostatic mechanisms that maintain a healthy redox status in brain tissues.

The capacity to regulate OGG1 may be important for maintaining genomic integrity
in the face of oxidative stress, but endogenous antioxidant defenses also played arole in the
brain’s response to RB. In fact, the magnitude of the increases in SOD activity across all
regions of brain was greater than the observed increases in OGGL activity. There was a
correlation between OGGL1 and SOD activities in different regions of brain, suggesting that
both enzymes may be regulated by a common signal triggered by oxidative stress.

The mechanisms underlying the vulnerability of the brain to different neurotoxicantsis
complex, but we hypothesize that the capacity to regulate and repair oxidative DNA damage,
and to modul ate endogenous anti-oxidant enzymes, are important determinants of a brain
region’s susceptibility to RB. In the present study, which focused on a single time point 24
hrs after injection with RB, it was not the intent to determine the earliest signals for
triggering and amplifying SOD and OGGL1 activities. We imposed the limitation of asingle
time point for this study in order to focus on the differential response across brain regions.
The robust anti-oxidant response and enhanced OGGL catalytic activity in some regions
resulted in much lower levels of oxidized base in those brain regions, providing a clue asto
the selective vulnerability of specific neurona populations located in those regions.

The data presented here clearly raises many questio