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Abstract Ozone (O3) is widely distributed in environ-
ments with high levels of air pollution. Since cerebellar
morphologic disruptions have been reported with prenatal
03 exposure, O3 may have an effect on some neurotrans-
mitter systems, such as monoamines. In order to test this
hypothesis, we used 60 male rats taken from either,
mothers exposed to 1 ppm of O3 during the entire preg-
nancy, or from mothers breathing filtered and clean air
during pregnancy. The cerebellum was extracted at 0, 5,
and 10 postnatal days. Tissues were processed in order to
analyze by HPLC, dopamine (DA) levels, 3,4 dihydroxy-
phenilacetic acid (DOPAC) and homovanillic acid (HVA),
norepinephrine (NA), serotonin, and 5-hydroxy-indole-
acetic acid (5-HIAA) contents. Results showed a decrease
of DA, NA, DOPAC and HVA mainly in 0 and 5 postnatal
days. There were no changes in 5-HT levels, and 5-HIAA
showed an increase after 10 postnatal days. DOPAC +
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HVA/DA ratio showed changes in 0 and 10 postnatal days,
while 5-HIAA/5-HT ratio showed a slight decrease in
0 days. The data suggest that prenatal O3 exposure disrupts
the cerebellar catecholamine system rather than the indole-
amine system. Disruptions in cerebellar NA could lead to
ataxic symptoms and also could limit recovery after cor-
tical brain damage in adults. These finding are important
given that recovery mechanisms observed in animals are
also observed in humans.

Keywords Ozone - Prenatal exposure - Monoamines -
Cerebellum - Brain recovery - Rats

Introduction

Ozone (O3) is a major pollutant present in photochemical
smog that is formed by photochemical reactions in
response to intense sunlight. Many studies regarding the
health effects of O3 have mainly focused on the respira-
tory tract. However, there are some papers documenting
extra-pulmonary effects, particularly detriments in the
central nervous system (CNS) such as decreased para-
doxical sleep (PS) [1, 2] effects on kindling development
[3], and changes in the metabolism and contents of some
neurotransmitters [4, 5], (Gonzalez-Pina et al. 1997).
There are a few studies documenting the mechanisms
involved O3-induced toxicity of the CNS. For example, it
has been demonstrated that paradoxical sleep disruptions
caused by O3 exposure are mediated by changes in
serotonin (5-HT) activity in the dorsal raphe [6] and also
by extracellular acetylcholine in the hypothalamic medial
preoptic area [7]. These disruptions could be mediated by
secondary products, such as hydrogen peroxide, alde-
hydes, and free radicals, which are produced by initial
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reactions between O3 and the respiratory system. Despite
the fact that free radicals are highly reactive, these
products are thought to reach the brain through the
bloodstream [8], because thiobarbituric acid-reactive
substances, as an index of lipidic peroxidation produced
by oxidative stress, increase in the brain after O3 expo-
sure [9, 10]. The possibility of free radicals reaching other
organs and systems implies also that they could pass
through the blood—placental barrier. This represents a risk
for the offspring when the mother is exposed to O3
during pregnancy. In this context, there are very few
reports documenting the effects of prenatal O3 exposure
on the developing CNS [11, 12]. Morphological studies
have been conducted focusing on the cerebellum of off-
spring whose mothers were exposed to O3 during
pregnancy. It has been described that rat pups show cer-
ebellar necrotic signs at postnatal day 0, diminishment of
the molecular layer at day 12 and unusual clumps of
chromatin in the nucleus periphery of purkinje cells at
postnatal day 60 [13], as well as a reduction in the
number of purkinje cells at postnatal day 90 [14]. Due to
the important morphological changes produced by pre-
natal O3 exposure in the cerebellum, it is expected that
some neurotransmitter systems could be disrupted by
prenatal O3 exposure. Thus, we measured the monoamine
contents in cerebellum of pups whose mothers were
exposed during pregnancy, as a functional indicator of
risk for offspring development derived from prenatal O3
exposure.

Materials and methods

Twelve female wistar rats in estrus, with confirmed vag-
inal sperm from healthy males, were used to obtain study
litters (12 litters). In order to obtain control animals, six
pregnant rats were housed individually in acrylic cages
(30 cm wide x 30 cm depth x 40 cm height each) and
were provided with filtered air airflow as well as hoses for
the administration and measurement of gases. The rats
were maintained breathing activated coal filtered air
(clean-air; 4 I/min) with food and water ad libitum. The
other six rats were housed in similar conditions as above
breathing clean air containing 1 ppm of O3. Ozone was
administered by means of an O3 generator (TRIOZON
mod. P-15) coupled to a previously calibrated domestic
variant, a device that modifies the domestic line output
voltage between O and 120 V and varies the UV light
contained in the O3 generator. This variant was used to
adjust the voltage in order to maintain a constant O3
supply. Concentration was monitored using an UV O3
measuring device (DASIBI mod. 1008-PC). Both, expo-
sure to clean air and O3 were performed for 12 h/day

(20:00-8:00 h) during the entire gestation (21 days). At
birth, 10 males randomly taken from mothers that breathed
clean air and 10 taken from mothers exposed to 1 ppm of
O3 during pregnancy, were killed by decapitation. The
remaining offspring were distributed to 10 pups per litter,
with an equal number of males and females. All animals
were nursed in a pollution-free environment, in standard
vivarium conditions. Then, 10 males of each group were
taken and sacrificed at postnatal day 5 and another 10 pups
of each group were taken and sacrificed at postnatal day
10. Thus, we obtained six groups: prenatal exposure to
clean-air sacrificed at O days after birth (CA + 0), prenatal
exposure to 1 ppm of O3 sacrificed at 0 days after birth
(O3 + 0), prenatal exposure to clean air sacrificed at
5 days after birth (CA + 5), prenatal exposure to 1 ppm of
03 sacrificed at 5 days after birth (O3 + 5), prenatal
exposure to clean-air sacrificed at 10 days after birth
(CA + 10) and prenatal exposure to 1 ppm of O3 sacri-
ficed at 10 days after birth (O3 + 10). The brains were
immediately extracted and the cerebellum dissected on a
cool plate according to the Glowinski and Iversen tech-
nique [15]. Tissues were sonicated in 0.4 N perchloric
acid with 1% (w/v) sodium metabisulfite, followed by
10 min of centrifugation at 15,000 rpm at 4°C. Superna-
tants were kept frozen at —70°C until chromatographic
analysis. The contents of dopamine (DA), norepinephrine
(NE), serotonin (5-HT) and the metabolites 3,4-dihydr-
oxyphenilacetic acid (DOPAC), homovanillic acid (HVA)
and 5-hydroxy-indole-acetic acid (5-HIAA) were analyzed
by high-performance liquid chromatography with an
electrochemical detector as described by Diggory and
Buckett [16]. A Perkin—Elmer LC-250 liquid chromato-
graph  coupled to an electrochemical detector
(Bioanalytical Systems mod. LC-4C) was used. Calibra-
tion curves for monoamines were constructed by known
concentrations of standards prepared in a perchloric
metabisulfite solution injected into a 20 pl loop of the
chromatograph. Peaks were integrated with a Perkin—
Elmer LC-1020 program. The monoamine concentrations
of samples were obtained by interpolation in their
respective standard curves. In order to separate the neu-
rotransmitters, an Alltech adsorbosphere catecholamine
analytical column (4.1 x 100 mm) with 3 pm of particle
size was used. The mobile phase consisted of an aqueous
phosphate buffer solution (0.1 M, pH 3.2) containing
0.2 mM sodium octyl sulphate, 0.1 mM of EDTA and
15% v/v methanol. Flow rate was 1.2 ml/min, and the
potential was set at 0.80 V against an Ag/AgCl reference
electrode. Monoamines and the metabolite/neurotransmit-
ter ratio found in prenatally O3-exposed rats and
prenatally clean-air exposed animals in each age group
were statistically compared using a non-paired ?-test
(P < 0.05).
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Results

It was found that DA (Fig. 1) is decreased in the cerebel-
lum of O3 + 0 rats when they were compared with the
CA +0 group (P < 0.033). This pattern was equally
observed in O3 + 5 rats when they were compared with
CA + 5 rats (P < 0.030). However, there were no signifi-
cant differences between CA + 10 and O3 + 10 groups
(P < 0.252). The metabolite DOPAC (Fig. 2) was signifi-
cantly decreased in O3 + 0 rats when compared with the
CA + 0 group (P < 0.045), and it was also observed a
marginally significant decrease between CA + 5 and
03 + 5 rats (P < 0.066). There were no observed signifi-
cant changes between CA + 10 and O3 + 10 groups
(P <0.471). On the other hand, HVA (Fig. 3) showed
dramatic changes since lower levels of metabolite were
found for all ages when they were compared with their
respective controls: 0 days of age (P < 0.010), 5 days of
age (P < 0.011), and 10 days of age (P < 0.05). The same
pattern of change was found in NE content (Fig. 4) and
such decreases were significant for all the ages: 0 days of
age (P < 0.037), 5 days of age (P < 0.000), and 10 days
of age (P < 0.009). On the other hand, DOPAC + HVA/
DA ratio (Fig. 5) was significantly decreased in O3 + 0
rats (P < 0.004) and also in O3 + 5 rats (P < 0.046),
while a non-significant decrease was observed in O3 + 10
rats (P < 0.090).

Cerebellar 5-HT content (Fig. 6) was not observed
modified in any of the ages assayed, as depicted in the plot.
However, its metabolite 5-HIAA (Fig. 7) was significantly
increased in rats of the O3 + 10 group (P < 0.001). In
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Fig. 1 Dopamine (DA) content in the cerebellum of rats after 0, 5,
and 10 days of birth. A significant decrease in 0 and 5 postnatal days
is observed, while at 10 days the DA levels were found without any
difference. Comparisons were performed between prenatal clean-air
exposed rats (clear bars) and prenatal O3-exposed rats (dark bars).
Non-paired #-test (*P < 0.05)
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Fig. 2 3.4-di-hydroxyphenilacetic acid (DOPAC) content in the
cerebellum of rats after 0, 5, and 10 days of birth. A significant
decrease in 0 postnatal day is observed, while a marginally significant
(m.s.) decrease was found in 5 days and at 10 days the DOPAC levels
were found without any difference. Comparisons were performed
between prenatal clean-air exposed rats (clear bars) and prenatal O3-
exposed rats (dark bars). Non-paired -test (*P < 0.05)

contrast, 5-HIAA/5-HT ratio (Fig. 8) was observed to
decrease in O3 + 0 rats (P < 0.042).

Discussion

The negative health effect of air pollution is not a new
issue. It is widely known that aged men and newborn
children died in December 4-8, 1952 in London and also
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Fig. 3 Homovanillic acid content in the cerebellum of rats after 0, 5,
and 10 days of birth. A significant decrease in 0, 5, and 10 postnatal
days is observed. Comparisons were performed between prenatal
clean-air exposed rats (clear bars) and prenatal O3-exposed rats (dark
bars). Non-paired #-test (¥*P < 0.05, **P < 0.01)
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Fig. 4 Norepinephrine content in the cerebellum of rats after 0, 5,
and 10 days of birth. A significant decrease in 0, 5, and 10 postnatal
days is observed. Comparisons were performed between prenatal
clean-air exposed rats (clear bars) and prenatal O3-exposed rats (dark
bars). Non-paired #-test (¥*P < 0.05, **P < 0.01)

500 people in New York in 1963, as a consequence of air
pollution [17]. In the case of O3, the benefits of mitigating
ozone pollution on global health has been discussed [18],
since it has been associated in epidemiological studies with
daily premature mortality [19, 20]. Therefore, O3 pollution
is a global problem that needs to be studied using diverse
perspectives, such as its effects on health and the risks
associated with high exposure. In this context, our findings
document that prenatal O3 exposure is capable of inducing
changes in cerebellar monoamine content in young
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Fig. 5 DOPAC + HVA/DA ratio in the cerebellum of rats after 0, 5,
and 10 days of birth. A significant decrease in 0 and 5 postnatal days
is observed, while at 10 days the DOPAC + HVA/DA ratio was
found decreased but without a significant difference. Comparisons
were performed between prenatal clean-air exposed rats (clear bars)
and prenatal O3-exposed rats (dark bars). Non-paired #-test
(*P < 0.05)
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Fig. 6 Serotonin (5-HT) content in the cerebellum of rats after 0, 5,
and 10 days of birth. Non-significant changes were observed.
Comparisons were performed between prenatal clean-air exposed
rats (clear bars) and prenatal O3-exposed rats (dark bars). Non-paired
t-test

offspring. It is widely accepted that the cerebellum influ-
ences mainly motor behavior, eye movement, and
conditioning [21]. Cerebellar projections are also though to
influence respiration [22], cognition [23], and prediction of
sensory events [24] in addition to being involved in autism
[25], and it exerts an influence in recovery after somato-
sensory and motor cortical brain injury [26, 27, 28].
However, there are no studies that assess the effects of O3
on such behaviors in prenatal animals exposed to O3.
However, there are some reports documenting a depression
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Fig. 7 5-Hydroxy-indole-acetic acid (5-HIAA) content in the cere-
bellum of rats after 0, 5, and 10 days of birth. A significant increase in
10 postnatal day rats is observed, while at 0 and 5 days the 5-HIAA
levels were found without any difference. Comparisons were
performed between prenatal clean-air exposed rats (clear bars) and
prenatal O3-exposed rats (dark bars). Non-paired #-test (**P < 0.001)
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Fig. 8 5-HIAA/5-HT ratio in the cerebellum of rats after 0, 5, and
10 days of birth. A significant decrease in 0 postnatal day rats is
observed, while at 5 and 10 days the 5-HIAA/5-HT ratio was found
without significant difference. Comparisons were performed between
prenatal clean-air exposed rats (clear bars) and prenatal O3-exposed
rats (dark bars). Non-paired t-test (¥*P < 0.05)

of motor activity in adult animals after acute O3 exposure
[29, 30]. Subepithelial sensory nerve stimulation with
substance P release has been reported in humans exposed
to 0.2 ppm of O3 [31], although such effects could be
related to local stimulation.

We found that DA content in the cerebellum was the
same in both groups of rats at 10 days of age. We also
observed important reductions in the metabolites DOPAC
and HVA as well as in the DOPAC + HVA/DA ratio, as
an index of neurotransmitter metabolism, suggesting that
dopaminergic enzymatic machinery and the release and re-
uptake of this neurotransmitter was disrupted. These
findings are also supported by the effects observed in NE
content, which decreased at all ages studied. NE is a
neurotransmitter derived by the [-hydroxylation of DA
and is involved in GABAergic response modulation of
developing Purkinje cells [32]. It has been also suggested
that NE contributes to the wiring of definitive neuronal
circuits in the cerebellum [33]. The critical period for the
establishment of such functions is at postnatal days 5-9,
when NE enhance inhibitory activity [32]. Interestingly,
these were the days in which we found disruptions in
cerebellar NE content. Thus, it is possible that animals
prenatally exposed may show some alterations in Purkinje
cell modulation of GABA-mediated inhibition, leading to
such symptoms as ataxia. This is consistent with the
observation of important morphological alterations in the
cerebellum, mainly in Purkinje cells, during development
[13] and into adulthood [14] of prenatally exposed ani-
mals. On the other hand, some lines of evidence strongly
suggest that cerebellar NE is involved in functional
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recovery after motor brain injury [26, 27, 28]. Since
administration of substances that mimic NE enhance
recovery in experimental animals and humans, while
substances that deplete central NE impair motor recovery
[34], then we expect that recovery mechanisms in prena-
tally O3-exposed animals will present difficulties
recovering from motor cortical injury. This represents a
potential risk in human health because the mechanisms of
recovery observed in animals seem to be similar to those
described in humans [35].

Serotonin showed a disruption pattern similar to that
found in adult animals after acute O3 exposure. The effects
were observed in the metabolite, 5-HIAA as it has been
reported in adult animals in other brain regions [4, 5].
Serotonin is involved in the inhibition of glutamate release
in the cerebellum [36], suggesting a role in cerebellar
glutamatergic modulation. It has been documented that the
5-HT system is highly plastic [37, 38, 39, 40] and the fact
that its metabolite is affected by O3 exposure suggest that
serotonergic plasticity mechanisms could be mediated in
part by mono-amino-oxidase activity. We do not think that
another aspect of the metabolism could be involved
because we did not observe changes in the 5-HIAA/5-HT
ratio. These observations represent an example of resis-
tance of the organism to O3 exposure and open a field of
study regarding 5-HT mechanisms as an experimental
model of defense from secondary products derived from
exposure to such a gas.

It is unlike that O3 causes the observed effects itself, due
to its high reactivity. Probably, the formation of free rad-
icals (FR) in the lung [41], which in turn reach the placenta
and go beyond via a cascade mechanism [8], could be
involved in cerebellar monoamine disruptions observed.
There is evidence of extra-pulmonary FR toxicity in the
adult brain after O3 exposure since brain malondialdehyde,
a product of neuronal membrane peroxidation, increases [9,
10] while antioxidant supplementation diminishes these
effects [42]. It is possible that the increase of monoamines
reported in adult animals exposed to O3 [4] could be a
defensive mechanism against FR since antioxidant prop-
erties of monoamines has been documented [43]. In this
viewpoint, our results suggest that the antioxidant system
could be disrupted at birth in prenatally O3-exposed ani-
mals, which could lead to serious cellular malfunctions that
are critical in fetal development.

Although we used a high concentration of O3 in order to
ensure observable effects in this work, there are reports that
describe the effects of O3 exposure on the CNS of adult
rats using models that mimic conditions found in the cities
with air pollution, such as exposure to concentrations of
0.25 ppm for 4 h that alters locomotor behavior [44], or
0.35 ppm that decreased paradoxical sleep after 2 h
breathing O3 [45], and the O3-induced changes in the
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extracellular 5-HIAA and acetylcholine activity while rats
were breathing concentrations ranging from 0.1 to 0.5 ppm
[6, 7]. Maximum levels of O3 measured in Mexico City
have been 0.49 ppm [46]. These observations suggest that
1 ppm of O3 exposure is valid for assessing environmental
risk because emphasize the effects that are also observed
using low concentrations. However, there is no direct
evidence that atmospheric O3 could affect the CNS of
humans, although a study reported fatigue, lethargy, and
headache referred by subjects exposed to O3 [47], symp-
toms that could be a consequence of sleep disturbances, as
reported in experimental animals [2]. In order to develop
preventive strategies, it is important to design more studies
focused evaluate the risk of prenatal O3 exposure,
regarding extra-pulmonary effects. The cerebellar mono-
amine disruptions reported here could lead to poor
psychomotor development in children and also affect brain
recovery after stroke, making rehabilitation difficult. In
addition, while secondary effects are elucidated, care must
be advised when medical use of O3 in obstetrics and
gynecology [48] is prescribed.
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