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Abstract

Ozone exposure, depending on the dose, is a noninvasive model of oxidative stress. The purpose of this work was to study striatal damage
and cell death induced by oxidative stress. Sixty-three male Wistar rats were divided into two groups—Group 1: animals were exposed to an
air stream free of ozone for 4 h; and Group 2: animals were exposed to 1 ppm of ozone for 4 h. Four subgroups in each treatment group were
then tested 3 h after control or ozone exposure for: (1) exploratory and freezing behavior; (2) lipid peroxidation levels; (3) in vivo release of
amino acid and monoamine transmitters, and metabolites and nitric oxide; and (4) striatal ultrastructural changes. Results showed that the
ozone decreased exploratory and increased freezing behaviors. It also increased striatal lipoperoxidation levels and basal dopamine,
glutamate, and nitric oxide (arginine, citrulline, and nitrate used as indices) concentrations and decreased those of 5-HT. Concentrations of
GABA were initially decreased 3 h after ozone but then were increased 3 and 5 days afterwards. Increased lipofucsine, neuronal cytoplasm
and dendrite vacuolation, and dilation of rough endoplasmic reticulum cisterns and dark cells were observed in striatal medium spiny neurons

in ozone-exposed rats. These alterations suggest a neurodegenerative process caused by oxidative stress after acute ozone exposure.

© 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction

Ozone exposure, depending on the dose, causes an
increase in free radicals (Dorado-Martinez et al., 2001;
Pryor and Church, 1991), which leads to the formation of
reactive oxygen species (ROS) in the organism. Whenever
the ROS increase is not counterbalanced by the antioxidant
systems, oxidative stress is produced (Sies, 1991). Oxidative
stress plays a major role in aging (Barja and Herrero, 2000;
Carney et al., 1995; Fukagawa et al., 2000; LaVoie and
Hastings, 1999a,b) and age-related neurodegenerative dis-
eases such as amyotrophic lateral sclerosis, Parkinson’s
disease, Alzheimer’s disease, and Huntington’s disease
(Beckman and Ames, 1998; Luo and Roth, 2000; Olanow,
1993; Simonian and Coyle, 1996; Smith et al., 2000). Other
pieces of evidence have shown that oxidative damage and
free radical formation associated with the normal aging
process produce altered hippocampal function and cognitive
deficits (Burke and Taylor, 1992). Similarly, oxidative
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damage to the basal ganglia also produces deficits in
locomotor function (Avila-Costa et al., 2001; Dorado-Mar-
tinez et al., 2001).

Ozone exposure provides a good noninvasive model for
studying the participation of oxidative stress in the neuro-
degenerative process. Ozone increases ROS production in
the lung. When the lung antioxidant defenses cannot
counteract ROS, they reach the bloodstream and diffuse
throughout the organism (including brain), producing a
generalized oxidative stress state.

Free radicals increase lipoperoxidation and protein
oxidation of cell membranes, alter enzymatic activity, and
cause DNA destruction, which lead to cell apoptosis or
necrosis (Floyd and Carney, 1992; Halliwell and Gutteridge,
1984). Additionally, free radicals react with fatty acids,
producing epoxides and dialdehydes such as malondialde-
hyde, which extend cellular damage (Cross et al., 1992;
Halliwell and Cross, 1994; Halliwell and Gutteridge, 1984;
Van der Vliet et al., 1995; Wolff et al., 1986). The enzymatic
antioxidant response (superoxide dismutase, catalase, and
glutathione peroxidase) attempts to balance the production
of free radicals.
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The nervous system is more vulnerable to the deteriorat-
ing effects of free radicals than other tissues (Colton and
Gilbert, 1999; Olanow, 1993). This vulnerability is due to its
high lipid content and oxygen consumption, low catalase
and superoxide dismutase activity, and also to the moderate
activity of glutathione peroxidase. Oxidative stress affects
the entire brain; however, some areas are more vulnerable to
free radical damage than others. In particular, oxidative
stress produces an increase in the release and in the
oxidation of dopamine. Reactive dopamine metabolites,
such as dopamine quinones and ROS, directly alter protein
functioning by oxidative modifications that induce a mito-
chondrial permeability transition pore (Berman and Hast-
ings, 1999) and ATP depletion. Nitric oxide metabolites
formed in the presence of oxidative stress contribute to the
selective vulnerability of dopaminergic neurons (LaVoie and
Hastings, 1999a,b), due to dopamine oxidation induced by
peroxynitrite and nitrite.

Our previous experiments have shown that the brain
regions associated with both cognitive and motor function
are extremely vulnerable to ROS, with the striatum and
hippocampus showing higher lipid peroxidation levels after
ozone exposure than the frontal cortex (Dorado-Martinez et
al., 2001; Rivas-Arancibia et al., 2000, 2001). Ozone
exposure at low doses (0.7 ppm) causes memory alterations,
and at higher doses (1.0 ppm), it produces motor activity
alterations (Rivas-Arancibia et al., 1998, 2000). The aim of
the present study was to elucidate the nature of the effects of
oxidative stress caused by ozone exposure on locomotor
function and on changes in the morphology and neuro-
chemistry of the striatum.

2. Materials and methods

Sixty-three adult male Wistar rats (250-300 g) were
individually housed in acrylic boxes with free access to food
and water and randomly divided into two experimental
groups—Group 1: control animals that were exposed to
air stream free of ozone for 4 h; and Group 2: experimental
animals that were exposed to 1 ppm of ozone for 4 h. Both
groups were exposed on only a single occasion and then 3 h,
3 days, and 5 days afterwards, subgroups from each con-
dition were given one of four different assessment proce-
dures: (1) exploratory and freezing behavior (n=20); (2)
lipid peroxidation levels (n=24); (3) in vivo neurotransmit-
ter release, using microdialysis (z=11); and (4) ultrastruc-
tural changes in the striatum (n =8), which was only studied
3 h after ozone exposure. Animal care and handling were
conducted in accordance with the National Institute of
Health Guidelines for Animal Treatment.

2.1. Ozone exposure

Animals were exposed, as mentioned above, in a closed
chamber with a diffuser connected to a variable-flux ozone

generator (5 I/s). Ozone was generated from a tube through
which a high-voltage current circulated. The tube con-
tained aluminum chips, with two electrodes inside that
allowed the conversion of oxygen that circulated around
the tube into ozone. Ozone production levels were propor-
tional to the current intensity and to the air flow. A PCI
Ozone and Control System Monitor approved by the
Environmental Protection Agency (EPA) was used to
measure the ozone concentration inside the chamber
throughout the experiment. The same chamber was used
when treating the control group where flow of ozone-free
air was used.

2.2. Exploratory and freezing behavior

Twenty rats were randomly assigned to two groups
(n=10 for each treatment group). Both groups were meas-
ured at exactly the same conditions, and each animal was
tested using its own housing box. The number and the
duration of exploratory and freezing behaviors displayed by
each animal were recorded during a 5-min test with meas-
ures being taken at 1-s intervals.

2.3. Lipid peroxidation

Twenty-four rats were randomly assigned to two groups
(n=6 for each treatment group). The animals were sacri-
ficed by decapitation 3 h, 3 days, and 5 days after ozone
exposure concluded. Their brains were removed and the
dorsal striatum of both hemispheres dissected out on an
ice-cold plate and tissues weighed immediately. Each
tissue sample was homogenated in PBS 1:20 and stored
at — 70 °C until the day of the assay in order to carry out
lipid peroxidation measurements. Lipid peroxidation was
measured using the K-assay test (Kamiya Biomedical),
which uses ascorbic oxidase and lipoprotein lipase, chrom-
ogen reagent, buffer, and hemoglobin. Homogenates of
each sample were centrifuged for 5 min, at 8 °C and 3000
rpm. The supernatant was separated and combined with the
enzyme reagent (ascorbic oxidase and lipoprotein lipase).
This mixture was incubated for 10 min at a temperature of
30 °C and the chromogen reagent [10-N-methylcarbamoyl-
3,7-dimethylamino-10H-phenothiazine (MCDP)] was
added. The solution obtained was incubated for 15 min
at a temperature of 30 °C. Finally, absorbance was read
(675 nm) in a spectrophotometer (Jenway 6405 UV/Vis
Spectrophotometer). A curve with two calibration points
was made using a saline blank (0 nmol/ml) and a 50-nmol/
ml cumene hydroperoxide standard. Results were calcu-
lated using the following equation:

LPO value [nmol/ml] = (Es — Ep) x 50.0/(Ega — Ep).

where Eg=sample absorbance, Egq=absorbance of 50
nmol/ml standard, and E,, =blank absorbance.
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2.4. Microdialysis and high-performance liquid chromatog-
raphy (HPLC) analysis

Adult freely moving male Wistar rats (250—300 g)
(control n=35, ozone n=6) were used. Animals were anes-
thesized with choral hydrate (400 mg/kg), and then placed
in a stereotaxic frame with the incisor bar set at 5 mm above
the interaural line. A guide tube (CMA) was implanted into
the right striatum using the following coordinates: 1.0 mm
rostral to bregma, 3 mm lateral to the midline, and 2 mm
down from the surface of the brain (Paxinos and Watson,
1986). It was fixed with dental acrylic. Microdialysis
sampling was then carried out starting 3 days after the
animals had been allowed to recover.

For sampling, a microdialysis probe (CMA 12, 0.5 mm,
OD 3 mm length) was introduced into the guide tube and a
liquid swivel system was used to allow the animals to move
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about freely in the acrylic test box. The animals were
sampled on four occasions for 3 h, once 24 h prior to being
exposed to the air control or ozone exposures and again 3 h,
3 days, and 5 days after they had finished. On each
occasion, the probe was placed in the striatum and sampling
started 3 h later. A solution of Krebs ringer (in mM: NaCl
138, KCI 11, CaCl, 1.5, MgCl, 1, NaHCO; 11, NaH,PO, 1;
pH=7.4) with 10 > M neostigmine methyl sulphate was
passed through the probe at 1.5 pl/min using a syringe pump
(CMA 100) and samples were collected from the outflow
tube of the probe at 15-min intervals for 3 h.
Concentrations of glutamate, y-aminobutyric acid
(GABA), arginine, and citrulline were measured using an
HPLC system with fluorescence detection following precol-
umn derivatisation with o-phthaldialdehyde (OPA) as
described in a previous paper (Guevara-Guzman et al.,
2000). The method used reliably separates all classical
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Fig. 1. (A) Effects of ozone on freezing and exploratory behavior. Freezing and exploratory behaviors in mean () + S.E.M. (s) are depicted on the ordinate. The
treatments, control, and 3 h, 3 days, and 5 days after ozone exposure had finished are depicted on the abscissa (n= 10 for each group). Measures of the control
(light bars) and the ozone-treated groups (dark bars) taken 3 h, 3 days, and 5 days after ozone exposure, mean+S.E.M., respectively, were: exploratory:
220+36, 110+£20, 207 £40, and 228 £38; and freezing: 0, 50+9, 0, and 0. (B) * P<.05. Effects of ozone on lipid peroxidation levels in striatum. The lipid
peroxidation levels (LPLs) in nanomoles per milliliter of homogenated striatal tissue are depicted on the ordinate. The treatments, control, and 3 h, 3 days, and
5 days after ozone exposure are depicted on the abscissa (n =6 for each group). Mean £+ S.E.M. lipid peroxidation levels in the control and ozone-treated groups
3 h, 3 days, and 5 days were, respectively, 0, 8+ 1.8, 2+0.5, and 0 nmol/ml. * P<.05, two-tailed.
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transmitter amino acids as well as citrulline and arginine with
detection sensitivities of 1-5 nM. Previous studies have
shown that citrulline is coproduced in stoichiometric amounts
with nitric oxide and correlates well with altered concen-
trations of the nitric oxide metabolites nitrate and nitrite
(Kendrick et al., 1996). Arginine was measured since it is
the main nitric oxide precursor. Nitrate was measured by
HPLC with UV detection using an anion exchange column as
previously described (Kendrick et al., 1996) with a detection
limit of 100 nM. Dopamine, dihydroxyphenyl acetic acid
(DOPAC), homovanillic acid (HVA), serotonin (5-HT), and
5-hyroxyindoleacetic acid (5-HIAA) were measured using
HPLC with electrochemical detection, as previously
described (Guevara-Guzman et al., 2000; Kendrick et al.,
1996), with a detection sensitivity of 20—50 fg for a 10-pl
injection. At the end of the final session, animals were given a
lethal dose of anaesthetic (sodium phenobarbital) and the
brain removed and frozen prior to being sectioned on a
cryostat to determine probe localization.

5-HT
350 -
300
250
S
2 200
I
<
(\ﬂ 150 -
° ##
100 F —+— —— ———
50 |-
O L
3 hours 3 days 5 days
Time
DOPAC
120 -
100 ——————
80 |-
[0}
2
S eof ## % *
O
B
40 -
20
0 L
3 hours 3 days 5 days
Time

2.5. Electron microscopy

The rats were sacrificed 3 h after air or ozone exposure
concluded (control n=3, ozone-exposed n=5). Animals
were given a lethal dose of sodium phenobarbital and
perfused via the aorta with a saline solution containing 2%
glutaraldehyde and 2% paraformaldehyde in 0.1 M phos-
phate buffer (PB). The striatum was postfixed in 1% osmium
tetroxide, buffered to pH 7.4 with PB, dehydrated in graded
alcohols, and embedded in Araldite. Sections were obtained
with a Reichert—Jung microtome, placed on a grid contrasted
with uranyl acetate and lead citrate, and analyzed with a Zeiss
EM 10 Electron Microscope. Ultrastructural analysis con-
sisted of damage determination in 100 striatal medium spiny
neurons from each rat. Evidence for neuronal damage was
considered to be the presence of vacuoles, lipofucsine
granules, and dark cells. Mean numbers of neurons with cy-
toplasm and dendrite vacuolation, lipofucsine granules, and
necrosis were compared in ozone- and air-exposed groups.
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Fig. 2. Effects of ozone treatment on in vivo striatal monoamine concentrations. Histograms show mean (n) = S.E.M. (%) concentration changes in 5-HT, DA,
DOPAC, and HVA 3 h, 3 days, and 5 days after a 3-h ozone or control air exposure relative to basal levels measured 24 h before (expressed as 100%). Open
bars represent controls (7 =5) and black bars represent animals exposed to ozone (n=06). * P<.05 (Dunnett’s test) compared with concentrations 24 h prior to
exposure; and “P<.05, #P < 01 (U test, two-tailed) compared with the same time point in the control group exposed to air. Mean+ S.E.M. basal concentrations
24 h before exposure in the control and ozone-treated groups, respectively, were: 5-HT, 29.5+ 1.2 and 95.1 +24.7 pg/ml; DA, 90.4+39.8 and 906 +473 pg/ml;
DOPAC, 4.4+1.6 and 19.2+7.7 ng/ml; and HVA, 27.0£12.3 and 14.1+3.8 ng/ml.
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Fig. 3. Effects of ozone treatment on in vivo striatal amino acid concentrations. Histograms show mean (n) +S.E.M. (%) concentration changes in glutamate,
GABA, citrulline, and arginine 3 h, 3 days, and 5 days after a 3-h ozone or control air exposure relative to basal levels measured 24 h before (expressed as
100%). Open bars represent controls (z=5) and black bars represent animals exposed to ozone (n=6). * P<.05, **P<.01 (Dunnett’s test) compared with
concentrations 24 h prior to exposure; and “P<.05, #P<.01 (U test, two tailed) compared with the same time point in the control group exposed to air.
Mean + S.E.M. basal concentrations 24 h before exposure in the control and ozone-treated groups, respectively, were: glutamate, 11.6+2.6 and 5.2+ 1.5 pM;
GABA, 97.7+19.4 and 91.7+19.8 nM; citrulline, 956 +204 and 404+ 77 nM; and arginine, 1284+ 665 and 769+ 125 nM).

2.6. Statistics

Behavioral data from the two control and experimental
groups were expressed as means and analyzed statistically
using the nonparametric Mann—Whitney U test (Siegel,
1991). Lipid peroxidation levels were expressed in means.
To compare changes in basal concentrations of neurochem-
ical substances in the striatum within treatment groups, mean

Table 1
Striatal medium spiny neurons damage after ozone exposure

concentrations at different time points were analyzed by a
nonparametric ANOVA followed by Dunnett’s test (where
P<.05). To compare differences between treatment groups,
neurochemical concentrations from the microdialysis experi-
ments were expressed as percentage changes from those
measured in samples taken during the first control sampling
session prior to either air (control) or ozone exposure.
Differences between control and ozone groups at each time

Vacuoles Lipofucsine Necrosis Proportion with damage
Air-exposed, mean+ S.E.M. 3£3% 14.3+3.5% 0 17.33£1.5%
Ozone-exposed, mean=+S.E.M. 28.6+14.5%* 24.8+4.6%* 0.6+£0.2%* 54.0+11.7%*

Mean proportions of damaged striatal medium spiny neurons in groups of air (control) and ozone-exposed rats. Data are from 100 neurons in each animal (three
rats following air exposure and five rats following ozone exposure). Damage was indicated by the presence of neuronal cytoplasm vacuolation, lipofucsine

granules, and necrotic cells.
* P<.05, two-tailed compared with control animals exposed to air.
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point were then analyzed by Mann—Whitney U test.
Changes in ultrastructural elements within the striatum
following ozone exposure were analyzed by a ¢ test.

3. Results

3.1. Exploratory and freezing behavior

Three hours after ozone exposure, we found that explor-
atory behavior had significantly decreased (P <.05, U test)

and freezing behavior had increased compared with the
control group. No changes were found when compared to
controls 3 and 5 days later (Fig. 1A).

3.2. Lipid peroxidation

Striatal lipid peroxidation means increased significantly
from undetectable (control group) to 8 nmol/ml (3 h after
ozone exposure concluded), and decreased to 2 nmol/ml (3
days later) and undetectable (5 days after ozone exposure)
(Fig. 1B). Striatal lipid peroxidation measures taken 3 h, 3

Fig. 4. Electron photomicrographs of medium spiny neurons of striatum. (A) Neurons of control rats 3 h after sham exposure (scale bar: 1 pm). (B) Neurons 3 h
after ozone exposure, exhibiting a prominent vacuolation (arrow) and dilation of rough endoplasmic reticulum cisterns (arrowheads) (scale bar: 1 pm). (C)
Lipofucsine granules in neurons exposed to ozone (arrows) (scale bar: 0.6 pm). (D) Medium spiny neuron necrotic body with vacuolation 3 h after ozone
exposure (arrow) (scale bar: 1 pm).
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days, and 5 days after control air exposure were undetect-
able (data not shown).

3.3. Microdialysis

Histology confirmed that in every experiment, micro-
dialysis probe locations were within the medial portion of
the striatum. Basal concentrations of substances during the
first control sampling session did not differ significantly
between treatment groups, although with repeated sampling
in the control group, there was a significant decline in
concentrations of glutamate and DOPAC but not in other
substances. However, the proportionate change in basal
concentrations of a number of substances was significantly
different following ozone exposure compared with air-
exposed controls (Figs. 2 and 3). For 5-HT, basal concen-
trations were significantly decreased 3 days after ozone
exposure (P=.011, two-tailed) and showed a tendency to
remain so at 5 days, but this did not quite achieve signific-
ance (P=.082). Dopamine levels were initially significantly
elevated 3 h after ozone exposure (P=.0043) and remained so
at 3 days (P=.017), while at 5 days, this just failed to achieve
significance (P=.08). On the other hand, concentrations of
DOPAC were significantly reduced by 3 h after ozone
exposure (P=.009) but not at other time points. The pattern
for HVA was similar but just failed to reach significance
(P=.07) at the 3-h time point. Glutamate concentrations were
significantly increased by 3 h after ozone exposure
(P=.0043) and remained elevated at 3 days (P=.017) and 5
days (P=.03). By contrast, GABA levels were initially
significantly decreased more 3 h after ozone exposure
(P=.004) but then were elevated at the 3-day time point
(P=.01) and showed a trend towards this at 5 days as well
(P=.08). Concentrations of arginine were significantly
decreased compared with controls at all three time points
(3 h, P=.05; 3 days, P=.017; 5 days, P=.03), whereas those of
citrulline were increased (3 h, P=.008; 3 days, P=.05; 5 days,
P=.069). Nitrate levels showed a similar pattern as for
citrulline, but insufficient samples were analyzed from the
control group to allow statistical comparisons with the ozone
group to be carried out. Taurine, glycine, and 5-HIAA
concentrations were not differentially affected by the two
treatment regimes.

3.4. Ultrastructural analysis

The group exposed to ozone showed a significant
increase in the proportion of damaged medium spiny
neurons increased. Neuronal cytoplasm and dendrite
vacuolation increased significantly as did lipofucsine
granules up and necrosis (Table 1). The total proportion
of cells showing evidence for damage also increased
significantly from 17.3% to 54% (P <.05 compared with
the control group, ¢ test). Dilation of rough endoplasmic
reticulum cisterns also occurred in the ozone-exposed rats

(Fig. 4).

4. Discussion

Ozone exposure at the doses used in this experiment is a
good model to study both the short- and long-term effects of
oxidative stress and ROS effects in brain. The loss of the
oxide reduction balance leads to oxidative damage of lipids,
proteins, DNA, and complex molecules. It also leads to the
production of secondary reactive species, which increases
redox imbalance and the expression of oxidative pathways.
Neurotransmitters such as dopamine and nitric oxide play a
protective role when an oxide reduction balance prevails.
On the other hand, these neurotransmitters participate in
metabolic changes that lead to the loss of the antioxidant
efficacy, an increase in oxidative metabolites, and tissue
damage, which is established when this oxide reduction
balance is lost.

The increase in striatal lipid peroxidation levels found in
this experiment indicates an oxidative stress state caused by
ROS, secondary to ozone exposure (Fig. 1B). This oxidative
stress state induces an increase in striatal dopamine release,
as shown in Fig. 2. The initial high levels of dopamine are
paralleled by a corresponding reduction in concentrations of
the dopamine metabolites, DOPAC and HVA, suggesting
altered transport or metabolism. However, elevated dopa-
mine concentrations persisted 3 and 5 days after ozone
exposure, when the metabolites had returned to normal,
although by 5 days, this just failed to achieve significance.
Dopamine plays a very important role in motor control and
regulation. Ozone not only causes increased extracellular
dopamine concentrations, but oxidative stress also promotes
dysfunctional dopaminergic transmission, due to dopamine
as well as dopamine receptor oxidation. This explains why,
when oxide reduction balance is lost (although dopamine
concentrations increase), the oxidation of this neurotrans-
mitter and its receptor causes motor alterations that in this
experiment are manifested by a decreased exploratory
behavior and the elicitation of freezing (Fig. 1A).

Dopamine can oxidize to form superoxide and hydroxyl
radicals in the presence of transition metals (Graham, 1978).
Also, dopamine oxidation forms dopamine quinones that
react with cysteine, leading to the formation of cystenyl
residues that inhibit protein functions (LaVoie and Hastings,
1999). The sulfhydryl group of the cysteine reacts with
glutathione and antioxidant levels consequently decrease. In
various mitochondrial proteins, reactive dopamine metabo-
lites also alter protein functions and disturb mitochondrial
functions (Berman and Hastings, 1999). This leads to ATP
depletion and further oxidative stress. It has been proposed
that the peroxidase activity of prostaglandin H synthase is
responsible for catalyzing the oxidation of dopamine to
reactive quinones in the presence of arachidonic acid and
hydrogen peroxide (Hastings, 1995; LaVoie and Hastings,
1999). Both metabolites increase during oxidative stress.
These dopamine oxidative pathways are expressed mainly
when oxide reduction balance is lost. They could also play a
toxic role in striatal tissue damage by increasing neuro-
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degenerative processes, contributing in this way to cell
damage and death as evidenced by levels of necrosis found
in the striatum after ozone exposure (Fig. 4, Table 1).

The effect of ozone in reducing basal 5-HT, but not 5-
HIAA, concentrations in the striatum after 3 days suggests
another mechanism whereby it promotes neurodegeneration.
This amine is well established as a scavenger of ROS
(Huether et al., 1997) and, therefore, one might expect that
reduced basal concentrations would reflect a decreased
capacity for the brain to counter the buildup of ROS.

Together with the alteration in dopamine and 5-HT
release, we found an initial decrease in GABA levels 3 h
after ozone exposure, although by 3 and 5 days afterwards,
this had altered to become a significant increase. The cause
of these biphasic GABA concentrations changes is unclear.
Haughey et al. (1999) have reported that lipid peroxidation
in synaptosomes resulted in the reduction of GABA release
(Chan et al., 1983). However, like most neurotransmitters,
GABA accumulates in the extracellular space during brain
damage, such as in cerebral ischemia, and reaches normal
levels within an hour (Globus et al., 1991; Phillis et al.,
1994; Shuaib et al., 1994). It has also been proposed that
during oxidative stress, GABA release increases whereas its
uptake decreases (Rego et al., 1996; Saransaari and Oja,
1998). A large proportion of the medium spiny neurons
within the striatum, which we have shown to exhibit
ultrastructural changes indicative of neurodegeneration fol-
lowing ozone exposure, would be GABAergic. On the other
hand, it has also been proposed that GABAergic neurons are
more resistant to brain damage. For example, within the
striatum, the enzyme glutamic acid decarboxylase (GAD) is
relatively resistant to cerebral ischemia (Gonzalez et al.,
1992) despite the degeneration of GAD-containing neurons
that project to the substantia nigra (Saji et al., 1994). Thus,
altered GABA concentrations following ozone exposure
may be both a reflection of neurodegenerative changes as
well as altered function of undamaged cells. However, one
might have expected levels of dopamine and glutamate to
decrease and those of GABA to increase, but these changes
may reflect compensatory changes brought on by oxidative
stress that are still clearly insufficient to restore normal
locomotor activity.

While our results indicated that repeated sampling within
the striatum significantly depleted basal extracellular glu-
tamate concentrations in the vicinity of the microdialysis
probes, ozone exposure nonetheless stimulated a propor-
tionate elevation in the levels of this transmitter compared
with controls at all time points (Fig. 3). It has been reported
that ROS formation stimulates increased glutamate release
and this transmitter can cause neuronal damage either
through a receptor-mediated pathway that produces excito-
toxicity (Choi, 1988), or through a nonreceptor-mediated
oxidative pathway (Murphy et al., 1989) that inhibits
cysteine uptake. In addition, glutamate uptake inhibition
occurs in astrocytes by blocking Na" /K" ATPase activity
during oxidative stress (Volterra et al., 1994). This leads to

glutamate toxicity, depending on the amount of free radical
production, contributing in this form to an increase in
neuronal damage. The ultrastructural alterations found after
ozone exposure support this conclusion (Fig. 4, Table 1).

Cells normally use glutathione peroxidase to remove
H,0,. On the other hand, glutamate increase causes a
decrease in glutathione levels (Murphy et al., 1989) and
an increase in H,O, levels before the overt manifestation of
cell death. Monoamine metabolism is also involved in
glutamate toxicity (Maher and Davis, 1996). Glutamate
toxicity via the oxidative pathway requires monoamine
metabolism as a source of free radicals and is inhibited by
monoamine oxidase type A inhibitors.

Citrulline and nitric oxide are produced from arginine by
nitric oxide synthase (Zhang and Snyder, 1995). Our results
indicate that oxidative stress caused an alteration in nitric
oxide such that the levels of its precursor, arginine, were
reduced while those of nitric oxide itself (as indexed by
citrulline) were increased (Fig. 3). These effects occurred
immediately after ozone exposure and were maintained for
the rest of the 5 days afterwards. This shows a pattern
similar to that of increased glutamate concentrations, sug-
gesting that it is glutamate that may be stimulating these
nitric oxide changes through NMDA and AMPA receptors
(Kendrick et al., 1996). Presumably, basal arginine levels
may be depleted through its increased conversion into nitric
oxide following ozone exposure. During oxidative stress, it
is possible for nitric oxide to react rapidly with superoxide
to form peroxynitrite, which induces dopamine oxidation
and protein alteration (LaVoie and Hastings, 1999). Perox-
ynitrite also causes oxidative lesions to DNA (Wink et al.,
1999), increasing oxidative damage. Nitric oxide reduces
glutathione and transforms it into oxidized glutathione,
causing cellular GSH depletion and making cells more
vulnerable to the toxic effects of free radicals (Kroncke et
al., 2000).

A state of oxidative stress induces metabolic changes that
lead to the expression of oxidative pathways. Pro-oxidant
metabolites are also produced and can interfere with enzym-
atic antioxidant defense systems. This increases oxide
reduction imbalance and it is possible that the same mes-
sengers that carry out a specific physiological role during
redox balance function differently during oxidative stress.
When there is oxidative stress, cell signaling or metabolic
pathways are modified, leading to damage or death of the
cells. Ultrastructural alterations found in medium spiny
neurons of striatum can be an example of this kind of
damage (Fig. 4, Table 1) and could be associated with
neuronal degeneration caused by the circulation of ROS in
the blood as a secondary reaction produced by ozone
exposure.

Studies carried out in our laboratory 24 h after ozone
exposure showed that there is a significant reduction in the
number of dendritic spines in primary and secondary den-
drites in the olfactory bulb (Colin-Barenque et al.,1999).
The Golgi apparatus and mitochondria in the olfactory bulb
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(Colin-Barenque et al., 1999), hippocampus (Avila-Costa et
al., 1999), striatum, and prefrontal cortex (Avila-Costa et al.,
2001) are also swollen.

In summary, therefore, we hypothesise that the neuro-
chemical and ultrastructural changes we have found follow-
ing short-term exposure to ozone reflect a neurodegener-
ative process caused by oxidative stress. This model allows
the study of the role of ROS in neural damage and cell death
without any other complicating factors. Ozone disruption to
redox homeostasis in vivo results in neural cell damage with
rapid (by 3 h) concomitant alterations in dopamine, glutam-
ate, GABA, and nitric oxide levels, which are still evident 5
days after exposure.
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