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Abstract

Ochratoxin-A (OTA) is a fungal metabolite with potential toxic effects on the central nervous system that have not yet been fully characterized.
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.
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1. Introduction

Ochratoxin-A (OTA) is a metabolite produced by Asper-
gillus ochraceus and Penicillium verrucosum that accumulates
in the food chain because of its long half-life (Galtier, 1991;
Kuiper-Goodman and Scott, 1989). In view of its ubiquity, the
possible contribution of OTA to the development of human and
animal diseases has been investigated (see review Marquardt
and Frohlich, 1992). OTA has been shown to induce a
tubulointerstitial nephropathy in animals (Krogh et al., 1974)
and enzymuria (Kane et al., 1986a,b) similar to Balkan endemic
nephropathy found in humans (Krogh, 1992; Krogh et al., 1974;
Petkova-Bocharova et al., 1988). In addition to nephrotoxicity,
OTA disrupts blood coagulation (Galtier et al., 1979; Gupta
et al., 1979) and glucose metabolism (Pitout, 1968). It is
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immunosuppressive (Creppy et al., 1983b; Haubeck et al.,
1981; Lea et al., 1989; Stormer and Lea, 1995), teratogenic
(Arora et al., 1983; Fukui et al., 1992; Szczech and Hood, 1981)
and genotoxic (Creppy et al., 1985; Pfohl-Leszkowicz et al.,
1991).

Investigation of the effects of acute and chronic exposure to
OTA on the nervous system has been scarce, even though
development of nervous tissue appears to be very susceptible to
the deleterious effects of OTA (Hayes et al., 1974; Wangikar
et al., 2004). OTA has been reported to induce teratogenic
effects in neonates (rats and mice) exposed in utero,
characterized by microcephaly and modification of the brain
levels of free amino acids (Belmadani et al., 1998). OTA was
also reported to be neurotoxic to adult male rats fed OTA in the
diet. Neurotoxicity, indicated by concentration of lactic
dehydrogenase released from the dissected brain tissue, was
more pronounced in the ventral mesencephalon, hippocampus,
and striatum than in the cerebellum (Belmadani et al., 1998).
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The bio-concentration of OTA in these brain regions did not
correlate with toxicity (Belmadani et al., 1998).

The mechanism responsible for toxicity to neural tissues is
not clear, but studies in peripheral organs and tissues reveal a
spectrum of actions. The mechanisms of toxicity implicated
include inhibition of protein synthesis, mitochondrial impair-
ment, oxidative stress and DNA damage (Creppy et al., 1985,
1990; Dirheimer and Creppy, 1991; Gautier et al., 2001).

OTA-induced damage to DNA, evidenced by formation of
single-strand breaks, has been reported to occur both in vitro
and in vivo (Creppy et al., 1985). The DNA damage was shown
to be reversible with time suggesting that variation in capacity
to repair DNA may account in part for differences in
vulnerability to OTA between tissues. OTA was also reported
to induce single-strand breaks in a concentration-dependent
manner in canine kidney cells and this effect could be
potentiated by inhibition of DNA repair (Lebrun and Follmann,
2002). Other studies have demonstrated OTA-DNA adducts in
mouse and monkey kidney after OTA treatment (Grosse et al.,
1995). In kidney, liver and spleen, several modified nucleotides
were clearly detected in DNA, 24 h after administration of
OTA, but their levels varied significantly in a tissue and time-
dependent manner over a 16-day period. The OTA-DNA
adducts were not quantitatively and qualitatively the same in
the three organs examined due to differences of metabolism in
these organs and differences in the efficiency of DNA repair
processes (Pfohl-Leszkowicz et al., 1993).

OTA treatment can increase oxidative stress in peripheral
organs. Administration of OTA (1 mg/kg) to rats resulted in a
22% decrease in alpha-tocopherol plasma levels and a five-fold
increase in the expression of the oxidative stress responsive
protein heme oxygenase-1, specifically in the kidney (Gautier
et al., 2001). More direct evidence of oxidative stress was
derived from studies, which utilized electron paramagnetic
resonance spectroscopy to measure the generation of hydroxyl
radicals, in rat hepatocyte mitochondria and microsomes
incubated with OTA and metabolites (Hoehler et al., 1997).

OTA toxicity is associated with inhibition of both protein
and RNA synthesis (Dirheimer and Creppy, 1991). OTA is
known to interfere with the charging of transfer ribonucleic
acids (tRNA) with amino acids (Dirheimer and Creppy, 1991).
In particular, OTA has been shown to inhibit bacterial, yeast and
liver phenylalanyl-tRNA synthetases (Dirheimer and Creppy,
1991). The inhibition is competitive to phenylalanine and is
reversed by an excess of this amino acid. OTA has also been
shown to inhibit enzymes that use phenylalanine as a substrate
such as phenylalanine hydroxylase (Dirheimer and Creppy,
1991).

Mitochondrial dysfunction has been shown to be involved in
the development of OTA-induced toxicity in proximal renal
tubule cells (Aleo et al., 1991). Respiration was reduced in the
absence and presence of a phosphate acceptor using site I
(glutamate/malate) and site II (succinate) respiratory substrates
15 and 30 min after exposure to 10> M OTA, implicating an
action of OTA at both electron transport sites (Aleo et al.,
1991). However, in isolated rat liver mitochondria, inhibition
kinetic studies revealed that OTA is an uncompetitive inhibitor

of both succinate-cytochrome ¢ reductase and succinate
dehydrogenase while sparing cytochrome oxidase and NADH
dehydrogenase activity (Complex I) at concentrations less than
107> M (Wei et al., 1985).

The objective of the present study was to evaluate the extent
of OTA neurotoxicity across mouse brain regions in the context
of oxidative stress, oxidative DNA damage and DNA repair.
Deficits in DNA repair have long been implicated in a number
of neurodegenerative diseases, including Alzheimer’s disease
and Parkinson’s disease. It was our goal to determine whether
regional differences in DNA repair capacity predicts vulner-
ability to the toxin. We hypothesized that OTA-induced
oxidative DNA damage would not be homogeneous across
all brain regions but would reflect the capacity of distinct
regions of brain to respond with antioxidative repair processes.
Given the body of evidence that nigro-striatal DA neurons are
especially vulnerable to oxidative stress, we also hypothesized
that DA levels in striatum would be affected by OTA. Hence, we
measured the effects of OTA on striatal dopamine (DA) levels
and parameters of oxidative stress in six brain regions
cerebellum (CB), cortex (CX), hippocampus (HP), midbrain
(MB), caudate/putamen (CP) and pons/medulla (PM). Para-
meters of oxidative stress measured included lipid peroxidation
(thiobarbituric acid-reactive substances or TBARS), SOD
activity, oxidative DNA damage and repair. The enzymatic
activity of DNA glycosylase served as the index of DNA
repair.

2. Materials and methods
2.1. Materials

Ochratoxin-A, SOD and dihydrobenzylamine were pur-
chased from Sigma (St. Louis, MO). Protease inhibitors and
DNA glycosylase were from Boehringer Mannheim (Indiana-
polis, IN, USA). 32p_ATP was from NEN Life Science Products
(Wilmington, DE). Rabbit anti-tyrosine hydroxylase was
purchased from Pel-Freez Biologicals (Arkansas, AR). Rabbit
primary antibodies to DARPP32 (dopamine and cyclic AMP
regulated phosphoprotein) were purchased from Chemicon,
CA. ApopTag in situ Apoptosis Detection Kit and goat anti-
rabbit secondary antibody were from Chemicon, CA. All other
reagents were from Sigma Chemical Co.

2.2. Animals and treatment

The animal protocol used in this study was approved by the
University of South Florida [IUCAC committee. The protocol
was also reviewed and approved by the Division of
Comparative Medicine of the University, 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 4 2 g) were obtained from the
Jackson Laboratories (Bar Harbor, ME). They were housed five
per cage at the temperature of 21 £+ 2 °C with 12 light/dark
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cycle and free access to food and water. Mice were divided into
experimental (total n =70) and control (total n =20) groups.
Animals were injected with either OTA dissolved in 0.1 M
NaHCO; mg/kg i.p. or vehicle (0.1 M NaHCOj). After
injection with OTA or vehicle, mice were observed for changes
in spontaneous behavior three times each day until euthanasia.
The response to handling was also noted. In particular, evidence
for toxic effects such as clasping of limbs in response to being
held by the tail was to be recorded. Groups of mice were
euthanatized with CO, at 6, 24, and 72 h after injection with
OTA or vehicle. The brains were removed and immediately
dissected on ice.

2.3. Isolation of brain regions

Brains were separated into six regions under a dissecting
stereo-microscope in the 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 assayed (see Fig. 1).
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Fig. 1. Each mouse brain was dissected on ice under a stereo-microscope into
six regions: (1) cerebellum (CB); (2) pons/medulla (PM); (3) midbrain (MB);
(4) hippocampus (HP); (5) caudate/putamen (CP); (6) cerebral cortex (CX).

2.4. Evaluation of OTA neurotoxicity

Mice of either sex were distributed into six groups
containing eight animals with an equal number of both sexes
in each group. The first group of untreated animals was
considered as a control, and the other five groups were treated
with OTA given intraperitoneally in doses of 0-6 mg/kg of
body weight. Striatal dopamine concentration was measured
with HPLC 24 h after OTA administration, and the dose that
caused 50% reduction in striatal DA concentrations (ED50) was
calculated using the GraphPad Software, Inc. (Sorrento, CA).
The ED50 was determined for eight animals in each group.

2.5. DNA damage evaluated by the comet assay

The comet assay was based on a modification of a previously
published method (Schindewolf et al., 2000). Two layers of
agarose were prepared. For the first layer, 85 wL 1% (w/v) high-
melting point (HMP) agarose (Sigma) prepared at 95 °C in PBS
was pipetted onto fully frosted microscope slides, covered with
coverslip and allowed to set at 4 °C for 10 min. Cells were
dissociated with 3% trypsin and RNAse following washing in
PBS, centrifuged at 700 x g for 15 min and resuspended at
2 % 10° in 85 pL 1% (w/v) low-melting point (LMP) agarose
(Sigma). The cell suspension was then pipetted over the set
HMP agarose layer, covered with coverslip and allowed to set at
4 °C for 10 min. After the coverslips were removed, the slides
were immersed in pre-chilled lysis solution [2.5 M NaCl,
100 mM sodium EDTA, 10 mM Tris, pH adjusted to 10 using
NaOH pellets, 1% Triton X-100 (v/v) (added immediately
before use)] for 60 min at 4 °C to remove cellular proteins.
Following lysis, slides were placed in a gel electrophoresis unit
and incubated in fresh alkaline electrophoresis buffer (300 mM
NaOH, 1 mM EDTA, pH 13) for 40 min at room temperature,
before being electrophoresed at 25 V (300 mA) for 30 min at
4 °C. All the above procedures were conducted in the dark to
minimize extraneous sources of DNA damage. Following
electrophoresis, the slides were immersed in neutralization
buffer (0.4 M Tris—HCI, pH 7.5) and gently washed three times
for 5 min at4 °C to remove alkalis and detergents. SYBR Green
(50 pL; Trevigen, Gaithersburg, MD) was added to each slide
to stain the DNA, then covered with a coverslip and kept in the
dark before viewing. Slides were examined at 250x
magnification on a Zeiss inverted fluorescence microscope
(Zeiss, Germany) at 460 nm. One hundred randomly selected
nonoverlapping cells were visually assigned a score based on
perceived comet tail length migration and relative proportion of
DNA in the comet tail. The extent of DNA damage was
calculated as follows:

DNA damage = tail length/diameter of comet head.
2.6. Assessment OGGI activity
The procedure for extraction of DNA glycosylase was

similar to that described previously (Cardozo-Pelaez et al.,
2000). Punched tissues were sonicated in homogenization
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buffer containing 20 mM Tris, pH 8.0, 1l mM EDTA, 1 mM
dithiothrietol (DTT), 0.5 mM spermine, 0.5 mM spermidine,
50% glycerol and protease inhibitors and homogenates were
rocked for 30 min after addition of 1/10 volume of 2.5 M KCI.
Samples were spun at 14,000 rpm for 30 min and supernatants
were collected.

The OGGI activities in supernatants were determined using
duplex oligonucleotide containing 8-oxodG as incision substrate.
For preparation of the incision assay, 20 pmol of synthetic probe
containing 8-oxodG (Trevigen, Gaithersburg, MD) was labeled
with *?P at the 5’ end using polynucleotide T4 kinase (Boehringer
Mannheim, Germany). Unincorporated free >?P-ATP was
separated on G25 spin column (Prime; Inc., Boulder, CO).
Complementary oligonucleotides were annealed in 10 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 reactions were carried out in a mixture (20 pwL)
containing 40 mM HEPES (pH 7.6), 5 mM EDTA, 1 mM DTT,
75 mM KCl, purified bovine serum albumin, 100 fmol of 32p.
labeled duplex oligonucleotide, and extracted guanosine
glycosylase (30 pg of protein). The reaction mixture was
incubated at 37 °C for 2 h and products of the reaction were
analyzed on denaturing 20% polyacrylamide gel. Pure OGG1
served as positive control and untreated duplex oligonucleotide
was used for negative control. The gel was visualized with a
Biorad-363 Phosphoimager System. The incision activity of
OGGI was calculated as the amount of radioactivity in the band
representing specific cleavage of the labeled oligonucleotide
over the total radioactivity. Data were normalized to equal
concentration of protein, the concentration of which was
measured using the bicinchoninic acid assay (Smith et al., 1985).

2.7. SOD assay

Determination of superoxide dismutase activity in mouse
brain was based on inhibition of nitrite formation in reaction of
oxidation of hydroxylammonium with superoxide anion radical
(Elstner and Heupel, 1976). Nitrite formation was generated in
a mixture contained 25 wL xanthine (15 mM), 25 pL hydro-
xylammonium chloride (10 mM), 250 wL phosphate buffer
(65 mM, pH 7.8), 90 p.L distilled water and 100 wL 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 pL 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 a-naphthylamine (1 mg/mL). Optical absorbance
at 530 nm was measured on Ultrospec III 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 (Smith et al., 1985).

2.8. Lipid peroxidation assay

Formation of lipid peroxide derivatives was evaluated by
measuring thiobarbituric acid-reactive substances (TBARS)

according to a previously reported method (Cascio et al., 2000).
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 1 mL of 0.375% TBA, 15%
TCA (w/v), 0.25N HCI and 6.8 mM butylated-hydroxytoluene
(BHT), placed in a boiling water bath for 10 min, removed and
allowed to cool on ice. Following centrifugation at 3000 rpm
for 10 min, the absorbance in the supernatants was measured at
532 nm. The amount of TBARS produced was expressed as
nmol TBARS/mg protein using malondialdehyde bis(dimethyl
acetal) for calibration.

2.9. Measurement of dopamine and metabolites

HPLC with electrochemical detection was employed to
measure levels of dopamine (DA) as previously reported in our
laboratory (Cardozo-Pelaez et al., 1999). Tissue samples were
sonicated in 50 volumes of 0.1 M perchloric acid containing
50 ng/mL of dihydrobenzylamine (Sigma Chemical, MA) as
internal standard. After centrifugation (15,000 x g, 10 min,
4 °C), 20 pL of supernatant was injected onto a C18-reversed
phase RP-80 catecholamine column (ESA, Bedford, MA). The
mobile phase consisted of 90% of a solution of 50 mM sodium
phosphate, 0.2 mM EDTA, and 1.2 mM heptanesulfonic acid
(pH 4) and 10% methanol. Flow rate was 1.0 mL/min. Peaks
were detected by a Coulchem 5100A detector (ESA). Data were
collected and processed with TotalChrom software (Perkin
Elmer Instruments).

2.10. Tissue preparation

Mice were euthanatized after 72 h of a single injection with
OTA. They were then perfused via the heart and ascending aorta
with 25 mL ice-cold phosphate buffered saline (0.1 M PBS),
followed by 50 mL freshly prepared 4% paraformaldehyde in
PBS (pH 7.4). Brains were rapidly removed and immersion
fixed for 24 h in freshly prepared 4% paraformaldehyde. The
brains were then incubated for 24 h in 30% sucrose to
cyroprotect them. For tyrosine hydroxylase immunohistochem-
istry, tissue blocks were cut and mounted in a Leitz cryostat and
sectioned using the Paxinos mouse brain atlas as a guide
(Paxinos and Franklin, 2001). Tissue sections to be used for
tyrosine hydroxylase immunochemistry were selected from the
striatal block (Bregma +0.14 at level of anterior commissure to
Bregma +1.18); and hippocampal and midbrain block (Bregma
—2.8 to —3.46) and the cerebellar/pons block (Bregma —5.84 to
—6.24). For TUNEL staining, sagittal sections of 25-pm
thickness were placed on Superfrost/Plus Microscope Slides
(precleaned) and processed with immunohistochemical stain-
ing methods as described below.

2.11. Immunohistochemistry

Mouse brains were placed in ice-cold aluminum brain molds
and cut into 2 mm coronal blocks. These tissue blocks were
mounted in a cryostat and sectioned using a mouse brain atlas as
a guide (Paxinos and Franklin, 2001). In several mouse brains,
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tissue was blocked into two mid-sagittal parts and tissue
sections (25 wm thin) were cut in the parasagittal plane to
include the entire extent of striatum, pallidum and midbrain.
Tissue sections to be used for tyrosine hydroxylase immu-
nochemistry were selected from the striatal block (Bregma
+0.14 at level of anterior commissure to Bregma +1.18); and
hippocampal and midbrain block (Bregma —2.8 to —3.46) and
the cerebellar/pons block (Bregma —5.84 to —6.24). For
TUNEL staining sections were sampled from all the blocks
encompassing forebrain to cerebellum and brainstem. Thin
sections (25 wm) were placed on Superfrost/Plus Microscope
Slides (precleaned) and processed by using the staining method
described below.

2.11.1. Tyrosine hydroxylase (TH) immunoreactivity

Tissue sections were fixed for 30 min at room temperature in
4% paraformaldehyde prepared on PBS (pH 7.4) and then
transferred to PBS containing 5% sucrose. After 15 min of
incubation sections were treated with 10% H,O, in 95% MeOH
for 30 min at room temperature to destroy endogenous
peroxidase. Then sections were blocked at room temperature
during 60 min with 10% goat serum (Sigma Chemicals, MI)
prepared on PBS containing 0.3% Triton X-100. Rabbit anti-
tyrosine hydroxylase (Pel-Freez Biologicals, Arkansas) was the
primary antibody (1:1000) and it was prepared in PBS
containing 10% goat serum and 0.3% Triton X-100. The
sections were incubated with primary antibody overnight at
4 °C and then washed in three changes of PBS for 10 min each.
Goat anti-rabbit (Chemicon, CA) secondary antibody was
prepared on PBS/Triton X-100 buffer (1:300) and incubated
with samples for 60 min at room temperature. Then sections
were washed for 10 min in three changes of PBS, treated with
avidin-biotin-complex (Vectastain ABC Kit (Peroxidase
Standard*), Vector Labs, CA) for 60 min and developed with
3,3’-diaminobenzidine (DAB Substrate Kit, Vector Labs, CA)
at room temperature during 2-5 min. Finally the sections were
rinsed with distilled water to stop reaction and then dehydrated
in ethanol, and cleared in xylene. Controls for nonspecific
staining were performed for evaluation in which either primary
or secondary antibody was applied alone.

2.11.2. TUNEL assay

TUNEL staining was performed following the methods
described in ApopTag Plus Fluorescein In Situ Apoptosis
Detection Kit (S7111) and ApopTag Peroxidase In Situ
Apoptosis Detection Kit (S7100) (Chemicon, CA). Slide-
mounted tissue sections were post-fixed in precooled ethano-
l:acetic acid (2:1) for 5 min at —20 °C in a Coplin jar and rinsed
two times for 5 min with PBS. For ApopTag Peroxidase
staining slices were quenched in 3.0% hydrogen peroxidase in
PBS for 5 min at room temperature and rinsed twice with PBS
for 5 min each time. Equilibration buffer was immediately
applied directly to the specimen for 20 s at room temperature.
TdT enzyme was pipetted onto the sections following by
incubation in a humidified chamber for 1 h at 37 °C. Specimens
were placed in a Coplin jar containing working strength stop/
wash buffer and incubated for 10 min at room temperature.

After triple rinsing in PBS, the sections were incubated with
anti-digoxigenin conjugate (fluorescence) or anti-digoxigenin
peroxidase conjugate accordingly in a humidified chamber for
30 min at room temperature. The specimen for fluorescence
apoptosis staining were rinsed with PBS (4x 2 min) and
mounted on a glass cover slip with Vectashield mounting
medium containing DAPI or PI (Vector Labs, CA). The
specimens for peroxidase staining were rinsed with PBS (4x
2 min) and color was provided in peroxidase substrate (DAB
Substrate KIT for peroxidase, Vector Labs). Then sections were
rinsed in three changes of dH,O for 1 min each wash and
counterstained in methyl green (Vector Labs). The specimens
were dehydrated and mounted under a glass coverslip in
mounting medium. Samples were then examined with bright
field microscopy or in the case of fluorescently tagged
antibodies, with a Zeiss Scanning Confocal microscope (Model
LSM510).

2.11.3. Rabbit anti-DARPP32

Sections were immunostained for DARPP32, a protein
expressed by striatal neurons and which has been used to
characterize effects of toxicants on striatal neurons (Haug et al.,
1998; Stefanova et al., 2003). Cryosections were rinsed in PBS
three times for 10 min each wash. Then the sections were
incubated with ““blocking” solution (PBS containing 10% goat
serum (Sigma, Missouri), 0.3% Triton X-100) at room
temperature for 60 min. Primary antibody rabbit anti-
DARPP32 (Chemicon, CA) diluted in carrier solution (PBS,
goat serum, Triton X-100, primary antibody 1:300) was placed
onto the sections and incubated overnight at 4 °C.

Secondary antibody goat anti-rabbit secondary (Alexa
Fluor 594 (rodamine) Chemicon, CA) was applied to the slides
(PBS, Triton X-100, secondary antibody—1:300) for 60 min at
room temperature. Finally, the sections were rinsed with
PBS (3x 10 min) and mounted on a glass cover slip with
Vectashield mounting medium containing DAPT (Vector Labs,
CA). Appropriate controls without primary antibodies were
also prepared to assess nonspecific immunohistochemical
staining. In some sections, propidium iodide (PI) from
Molecular Probes (Eugene, OR) was used to counterstain
nucleic acid. Laser Scanning confocal microscopy (Zeiss LSM
510) was used to resolve TUNEL-stained tissues counter-
stained with PIL.

2.12. Statistical analysis

The results were reported as mean + S.E.M. for at least five
individual samples of specific brain regions, assayed in duplicate.
Two-way ANOVA was performed to assess the contribution of
brain region, time of analysis and their interaction on variance.
Post-hoc r-tests with Bonferroni corrections were performed
to compare values at each time point to control (untreated)
values.

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.
The Pearson correlation coefficients between DNA repair
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Table 1
Development of TBARS response in different regions of mouse brain following
i.p. administration of 3.5 mg/kg of OTA

Brain regions TBARS (pmol/mg protein)

Control 6h 24 h 72 h
CB 244402  399+035" 5544048  8.54+0.77
PM 241+0.17 480+043" 6.09+055  9.13+0.89"
HP 2234021 4.69+04° 603+052" 857+0.88"
MB 317 +£028 422+033" 6.09+053 9.16+0.81"
CP 265+022 358+032" 563+049° 839+0.79"
cX 3194027 4.01+041" 678+0.63" 10.31+0.98"

* The values are significantly (p < 0.05) different compared to controls. All
results represented by mean + S.E.M.

(OGG1) and basal DNA damage (comet assay) across brain
regions were determined at each time point by correlation
analysis using GraphPad Software, Inc. (Sorrento, CA).

3. Results

Administration of OTA at doses less than 6 mg/kg i.p.
(below the reported LD50 of 39.5 mg/kg i.p. in mice, Moroi
et al., 1985) did not elicit obvious alterations in mouse
behavior and locomotor activity at any time up to 3 days after
treatment. Behavior was not measured instrumentally, but was
based on visual inspections over the course of 3 days and
response to handling. In particular, there was no abnormal
posturing or clasping of limbs when mice were picked up by
the tail.

Administration of a single dose of OTA (3.5 mg/kg i.p.)
rapidly evoked oxidative stress across all brain regions. TBARS
levels, indicators of lipid peroxidation, increased in a
monophasic time-dependent manner in all brain regions of
animals exposed to OTA as compared to control mice (Table 1).
This same dose of OTA caused a rapid upregulation of SOD
activities in all regions of brain, with peak values reached after
24 h. However, the elevation of the SOD antioxidative response
was maintained only for a short time, returning to control levels
or below after 72 h (Table 2).

Oxidative DNA damage, estimated from the comet assay
(Fig. 2), was increased early across all brain regions (Fig. 3) and
remained elevated at all time points. Peak elevation was

Table 2
Development of SOD response in different regions of mouse brain during
intoxication caused by i.p. administration of 3.5 mg/kg of OTA

Brain regions ~ SOD (U/g protein)

Control 6h 24 h 72h
CB 039+0.04 038+0.03 071+007" 035+0.03
PM 0.557£0.05 0.61 £0.05 0.8+ 0.08" 037 +0.03
HP 037+0.03 039+0.03 081+007" 033+0.03
MB 036 +£0.03 044+0.04 079+007" 034+0.02
CP 034+0.02 036+003 073+0.06" 032+0.02
CX 0.53+0.04 055+0.04 091+008" 036+0.04

* The values are significantly (p < 0.05) different compared to controls. All
results represented by mean = S.E.M.

control

6h

24 h

72 h

Fig. 2. Representative photomicrographs of ‘“‘comets” in the substantia nigra
obtained at 6, 24 and 72 h after OTA injection (3.5 mg/kg, i.p.).

observed at 24 h where the magnitude of increase ranged from
1.8 to 2.9 times the control levels. The MB, CP and HP showed
the highest levels of oxidative DNA damage.

Concomitant with the increased levels of oxidative DNA
damage, the DNA repair enzyme OGGl was significantly
decreased across all brain regions at 6 h with a gradual return to
near normal levels by 72 h (Fig. 4). The activity of OGGI
across the six brain regions was inversely correlated to basal
levels of DNA damage at all time points except for 72 h (the
Pearson correlation coefficients were —0.88 at 0 h; —0.89 at
6 h; —0.85 at 24 h; —0.45 at 72 h—see Fig. 5). Oxidative DNA
repair activity recovered completely by 72h in CB but

DNA Damage (Comet Assay)
*

3-

[ Control
= 2 C6h
g2 Em24h
<2 .72 h
o0
°%

CB MB PM CP HP CX
Brain Region

Fig. 3. Time course of effects of OTA on DNA damage across six brain regions
mice following administration of OTA (3.5 mg/kg, i.p.). The extent of DNA
damage was calculated from relative changes in length of comet tails. The
mean £ S.E.M. was determined from the average of 50 cells calculated for three
animals in each experimental group (control, 6, 24 and 72 h). Two-way ANOVA
revealed that brain region and time each contributed significantly to the variance
(p < 0.0001); there was no statistically significant interaction between time
course and region. Post-hoc comparison of values at each time point compared
to controls revealed significant increases at each time point for each region
(asterisks indicate p < 0.05; r-test with Bonferroni correction for multiple
comparisons).
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Fig. 4. Time course of OTA effects on OGG1 activity across specific brain
regions. Results are expressed as mean + S.E.M. (n = 4-6 samples per brain
region). Two-way ANOVA revealed that brain region and time each contributed
significantly to the variance (p < 0.0001); there was no statistically significant
interaction between time course and region. Post-hoc comparison of values at
each time point compared to controls revealed significant decreases at 6 h in
each region (asterisks indicate p < 0.05; #-test with Bonferroni correction for

multiple comparisons).

remained depressed in all other regions despite a trend towards
recovery. The CP, CX and HP exhibited the least degree of
recovery of OGGI activity; at 72 h, the CP remained inhibited
by 28%, the CX by 26% and the HP by 21% compared to
control OGGI levels.
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Fig. 6. Dose-response curve obtained following i.p. administration of OTA.
DA concentration was measured in CP of ICR mice 24 h after administration of
OTA. The results are expressed as mean £ S.E.M. Data averaged for five
animals.

In light of the long-standing premise that the nigro-striatal
DA system is vulnerable to oxidative stress (a view that has
been recently challenged, Ahlskog, 2005), we measured
levels of DA and its metabolites in the striatum. OTA
administration resulted in a dose-dependent decrease in
striatal (caudate/putamen) DA with an ED50 of 3.2 mg/kg
(Fig. 6). A time-course study of the effects of a single dose
(3.5 mg/kg i.p.) revealed an early (6 h) 1.38-fold elevation of
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1 PM
2% |
.s — -
3 : ] HP. . CB
< _§_ 3
TS cP,
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4 r=-0.89; p<0.05
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Fig. 5. Relationship between DNA repair (OGG1) and basal levels of oxidative damage in six brain regions. Each panel plots OGG1 activity against the baseline
oxidative DNA damage (tail/nucleus ratio of the comet assay) in each brain region at 6, 24 and 72 h after a single dose of OTA (3.5 mg/kg). Pearson correlation
coefficients were determined for each time point shown in the four panels. There was a significant inverse correlation between DNA repair activity and baseline level

of DNA damage across regions at all time points except 72 h.
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Fig. 7. Effect of OTA administration (3.5 mg/kg, i.p.) on DA metabolism
during time course of developed intoxication in brain of ICR mice. Asterisks
indicate significance of differences against control (p < 0.05). The results are
expressed as mean = S.E.M. (n = 6).

DA as compared to control (Fig. 7). After 24 h, DA
concentration dropped to 46% of control levels and declined
even further by 72 h. A similar kinetic profile was recorded
for HVA, while DOPAC levels did not increase at 6 h but
showed a steady decline. The turnover of DA calculated as
ratio of (HVA + DOPAC)/DA was significantly reduced at all
time points (Fig. 7).

Catecholaminergic cells and terminals in the SN, CP and
locus ceruleus were affected by OTA as evidenced by a
qualitative decrease in tyrosine hydroxylase (TH) immunor-
eactivity in those structures (Fig. 8, rows A—-C). However, the
decreased immunostaining was not a result of OTA-induced
cell death because TUNEL staining across these and other brain
regions failed to reveal apoptotic nuclei (data not shown).
DARPP32 immunostaining of cells of the striatum and
midbrain (SNpars reticulata) did not reveal differences between
OTA and control brains, indicating that there was no direct
cytopathic effect on this population of neurons by 72 h after
administration (Fig. 8, rows D and E).

Control OTA

DARPP32

DARPP32 DARPP32

Fig. 8. Representative photomicrographs of TH immunoreactivity in the
caudate putamen (row A), substantia nigra (row B) and locus ceruleus (row
C) obtained 72 h after OTA injection (3.5 mg/kg, i.p.). Controls are in the left-
hand panels. Intensity of TH immunoreactivity is decreased in all three loci in
mice treated with OTA. DARPP32 immunohistochemistry is shown in rows D
and E. Parasagittal cut through striatum (CP) showing no difference in
DARPP32 signal intensity and distribution in OTA-treated compared to control
mouse brains (magnification in row D =40x; in row E =200x).

4. Discussion

Administration of OTA, at a single dose (3.5 mg/kg) that is
approximately 10% of the reported LD50, resulted in wide-
spread oxidative stress across six brain regions. This was
evidenced by significant increases in lipid peroxidation and
oxidative DNA damage across all brain regions. Furthermore,
OTA treatment elicited an early and sustained surge in activity
of SOD, a major oxyradical scavenger, across all brain regions.
Unlike the monophasic SOD activation, the oxidative DNA
repair response exhibited a biphasic response, with an initial
inhibition of OGGI activity followed by a trend towards
recovery to normal levels after 3 days. This is quite different
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than the acute effects of another pro-oxidant agent, diethyl
maleate (DEM), which elicited an early (6 h after injection) and
significant upregulation of OGG1 in mouse CB, CX, PM, but
not in MB, CP or HP, despite equally decreased glutathione
levels in all brain regions (Cardozo-Pelaez et al., 2002). In
addition, the DNA repair response to rubratoxin-A (RTA), a
mycotoxin with poorly understood complex mechanisms of
action in brain, was similar but not identical to that of diethyl
maleate. Administration of a single dose of RTA resulted in
significant upregulation of the DNA repair enzyme OGGl1 in
CB, CP, and CX, but not in HP, MB and PM at 24 h, in the
presence of decreased or unchanged levels of lipid peroxidation
in all regions (Sava et al., 2004). In the present study, the OGG1
activity was suppressed equally in all brain regions and only the
CB recovered to baseline levels by 72 h, while other regions
(CP, HP and CX) approached baseline but stayed mildly
suppressed. It should be pointed out that the results in the DEM
and RTA experiments cannot be directly compared with the
present findings because only a single time point was assessed
(6 h in the DEM study and 24 h in the RTA study) and no
measurements of DA levels in striatum were made in those
earlier experiments (Sava et al., 2004).

Based on our previous work with diethyl maleate and
rubratoxin-A, we had expected that the DNA repair response to
OTA would show that some regions of brain were more capable
of OGGI upregulation than others. Our working hypothesis
was based on the concept that variation in DNA repair was a
potential factor in determining neuronal vulnerability; deficient
DNA repair processes have been associated with Parkinson’s
disease (PD) as well as with other neurodegenerative diseases
such as Alzheimer’s disease, amyotrophic lateral sclerosis
(ALS) and Huntington’s disease (HD) (Lovell et al., 2000;
Mazzarello et al., 1992; Robbins et al., 1985). In addition, we
have previously shown that the uneven distribution of oxidative
DNA damage across brain regions caused by endogenous or
exogenous factors was determined, in part, by the intrinsic
capacity to repair oxidative DNA damage (Cardozo-Pelaez
et al., 1999, 2000). In those earlier studies, and in the present
report, we focused on oxyguanosine glycosylase (OGG1), a key
enzyme involved in the repair of the oxidized base, 8-hydroxy-
2'deoxoguanosine (0x08dG). This reaction results in hydrolysis
of 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 (Dianov et al., 1998).
Un-repaired DNA damage in post-mitotic cells, such as
neurons, can result in disruption of transcriptionally active
genes, cellular dysfunction and apoptosis (Hanawalt, 1994).
Hence it was reasonable to hypothesize that diminished DNA
repair capacity in populations of neurons would be associated
with increased vulnerability to potentially genotoxic agents.
Since the CP and MB showed a relatively diminished OGGl1
activity and increased oxidative DNA damage (comet assay),
we postulated that the DA terminals of the striatum would
suffer damage.

This concept was supported by the report of increased
oxidative DNA damage in substantia nigra and striatum in post-
mortem brain from PD cases (Sanchez-Ramos et al., 1994), and
by the observation that MB and CP were less able to upregulate
OGG1 repair activity in response to the pro-oxidant,
diethylmaleate (Cardozo-Pelaez et al., 2002). To further test
this hypothesis, we measured the effects of OTA on striatal DA
levels. Administration of OTA caused a dose-dependent
decrease of striatal DA and a decrease in DA turnover. The
nearly 50% reduction in striatal DA caused by a single dose
(3.5 mg/kg i.p.) did not produce observable changes in daytime
mouse behavior or locomotor activity, though it is likely that
more sensitive, quantitative measures of behavior may reveal
alterations. This dose of OTA also resulted in diminished TH
immunoreactivity in the CP and MB as well as in the locus
ceruleus (which contains noradrenergic neurons). The effects of
OTA on catecholaminergic systems appeared to reflect a
potentially reversible action rather than a cytotoxic effect
because we found no evidence of cell death by 72 h. There were
no apoptotic profiles found in SN and CP or any other region of
the brain. In addition, there did not appear to be cytotoxic
effects on striatal neurons identified by DARPP32 immunos-
taining.

It may be that the more rapid return of OGGI1 activity to
normal by 3 days in CB reflects an uneven distribution of the
mycotoxin across brain regions. In the present report, the
distribution of the toxin itself across brain regions was not
investigated. However, previously published reports indicate
that the cerebellum, ventral midbrain, and striatum accumulate
the highest levels of OTA after 8§ days of intragastric
administration of a low dose (289 wg/kg/day) (Belmadani
et al., 1998). Cerebellar concentrations of OTA accounted for
34% of the total brain OTA and one might expect that this
structure would exhibit the greatest degree of oxidative stress
and decreased capacity to repair oxidative DNA damage. On
the contrary, the present findings demonstrate that the
cerebellum exhibited complete recovery of OGGI1 activity
whereas other regions, reported to accumulate much lower
levels of OTA, did not recover DNA repair capacity to as great
an extent. Similarly, it has been reported that the cerebellum
exhibited the least degree of cytotoxicity evidenced by LDH
release; the greatest release of LDH was reported to be in
ventral midbrain, hippocampus, and striatum which accumu-
lated much less OTA than the cerebellum (Belmadani et al.,
1998). Hence the relationship between regional concentration
of OTA and regional vulnerability to the toxin is not clear.

A potential explanation for the observations reported here
relates to bioenergetic compromise evoked by OTA. This
mycotoxin has been reported to inhibit succinate-dependent
electron transfer activities of the respiratory chain, but at higher
concentrations will also inhibit electron transport at Complex I
(Aleo et al.,, 1991; Wei et al., 1985). The nigro-striatal
dopaminergic system is well known to be especially vulnerable
to the mitochondrial toxicants, MPTP and rotenone, especially
when the latter toxicant is administered chronically at low
doses (Betarbet et al., 2000; Hasegawa et al., 1990; Vyas et al.,
1986). Other mitochondrial poisons like nitroproprionic acid
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and malonate interfere with succinate dehydrogenase/Complex
II. These Complex II inhibitors result in lesions primarily
localized to striatum (Calabresi et al., 2001; Schulz et al.,
1996). Bioenergetic compromise may lead to persistent
activation of NMDA receptors which results in excitotoxicity
mediated by the neurotransmitter glutamate in regions of brain
richly innervated by glutamatergic fibers, accounting for the
vulnerability of the striatum and pallidum, and possibly the SN
(Greenamyre et al., 1999; Turski and Turski, 1993). In addition,
Ca”* entering neurons through NMDA receptors has ‘privi-
leged’ access to mitochondria, where it causes free-radical
production and mitochondrial depolarization (Greenamyre
et al., 1999). Hence the bioenergetic compromise induced by
OTA may be responsible for the generation of free radicals and
reactive oxygen species that resulted in global oxidative
damage to DNA and lipids, as reported here and damage to
proteins through generation of oxygen free radicals and nitric
oxide, as reported elsewhere (Bryan et al., 2004; Thomas and
Mallis, 2001).

Of course OTA may also be toxic through other
mechanisms. Due to its chemical structure (chlorodihydroi-
socoumarin linked through an amide bond to phenylalanine),
OTA inhibits protein synthesis by competition with pheny-
lalanine in the aminoacylation reaction of phenylalanine-
tRNA (Bunge et al.,, 1978; Creppy et al., 1983a) and
phenylalanine hydroxylase activity (Creppy et al., 1990).
These actions could lead to impairment of the synthesis of
DOPA, dopamine and catecholamines or enzymes involved in
metabolism of DA. Interestingly, the initial effect of OTA was
to release DA resulting in increased striatal DA and HVA
levels at 6 h, but with a decreased level of striatal DOPAC.
It is known that DOPAC levels in striatum decline when DA
nerve terminals are exposed to drugs which release newly
synthesized DA, possibly because intraneuronal monoamine
oxidase is deprived of its main substrate (Zetterstrom et al.,
1988). Longer term studies will be required to determine the
extent to which the effects of OTA on striatal DA and its
metabolites is permanent or reversible.

To summarize, OTA administered at a dose that is 10% of the
LD50, resulted in significant reduction of striatal DA, DA
turnover and TH immunoreactivity in catecholaminergic
neurons and fibers. This was not associated with apoptosis
in SN, CP, HP, CB or with loss of striatal neuron
immunostaining for DARPP32. OTA evoked pronounced
global oxidative stress, possibly related to its inhibition of
mitochondrial function. Regional variation in DNA repair did
not appear to explain effects on catecholaminergic neurons. The
vulnerability of the nigro-striatal system to OTA remains
unclear and many questions remain to drive on-going and future
investigations. For example, what are the long-term conse-
quences of chronic administration of more clinically relevant
low doses of OTA? Does a rigid-akinetic syndrome develop and
is it reversible? Given that data derived from analysis of six
macro-dissected brain regions are crude approximations for the
cellular and molecular events occurring in specific populations
of neurons, it will be important to develop refined sampling
methods, including microdissection of specific neuro-anatomical

loci and laser capture microdissection techniques for analysis of
specific neuronal phenotypes.
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