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A B S T R A C T

Ozone, a major photochemical pollutant, produces rapid damages in the pulmonary airway tract and in

the central nervous system. This study focused on the neural mechanisms underlying the adaptive

responses to an acute ozone exposure. Vascular endothelial growth factor (VEGF) is a factor associated

with cellular recovery following brain injury. The aim of this study was to assess and localize the cellular

expression of VEGF, since the central respiratory areas show a neuroplasticity in response to ozone.

Adult rats were subjected to 0.5 ppm ozone for 3 h and then recovered for further 3 h. The expression of

VEGF was evaluated by immunocytochemistry in the central respiratory areas, i.e., the nucleus tractus

solitarius (NTS) and the ventrolateral medulla (VLM). The data show a VEGF overexpression at the end of

ozone exposure, which persisted during the 3-h recovery. Interestingly, using confocal analysis the bulk

of VEGF labeling was observed in astroglial cell bodies and branches, while neuronal labeling was hardly

noticed. Moreover, VEGF colocalized with IL-6 and TNFa in astrocytes closely apposed to blood vessel

walls. The vasculature area was markedly increased (+58%) during post-ozone recovery. The data

show that an acute ozone exposure affects primarily glial cells in the central nervous system. The VEGF

up-regulation which persists after ozone exposure may contribute to brain repair and consecutive

functional adaptations.
Ozone, a highly reactive gas, is a major component of photo-
chemical urban air pollution formed from atmospheric pollutants
such as hydrocarbons or nitrogen oxides (Wright et al., 1990). This
environmental chemical represents a threat for human health
that affects the well being of living world. Currently, exposure to
ozone becomes more and more a worldwide society issue due to
progressively increased levels in the urban air. Inhalation of
ozone induces rapid damages of epithelial cell membranes in the
pulmonary airway tract, altering the cellular and functional
homeostasis of the respiratory system, particularly breathing,
and inducing lung inflammation (Schelegle et al., 2001; Shore et al.,
2000). Furthermore, effects of ozone are not restricted to the
* Corresponding author at: Laboratoire de Physiologie Intégrative, Cellulaire et
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Doua, Bat. Raphaël Dubois, Villeurbanne Cedex F-69622, France.

Tel.: +33 472 43 11 71; fax: +33 472 43 11 72.

E-mail address: araneda@univ-lyon1.fr (S. Araneda).
respiratory functions since the central nervous system is also
affected (Calderon-Garciduenas et al., 2003, 2007). A variety of
neural dysfunctions, such as sleep disturbances, impaired mental
performance, headache, decreased locomotor activity, neurochem-
ical alterations and cellular degeneration, have been reported
(Huitron-Resendiz et al., 1994; Rivas-Arancibia et al., 1998; Rivas-
Manzano and Paz, 1999; Soulage et al., 2004).

The mechanism by which ozone causes cell injury is linked to its
powerful oxidative effect, leading to the generation of reactive
oxygen species from lipid peroxidation of lung cell membranes
(Wright et al., 1990). In response to brain injury induced by
oxidative stress, the central nervous system is able to express
neuroprotective factors which play a major role in reducing the
cellular and neural damages. Increased activity of antioxidant
enzymes has been reported in the brain, the lung and the heart of
rats exposed to ozone (Pereyra-Munoz et al., 2006; Rahman et al.,
1992; Servais et al., 2005).

Vascular endothelial growth factor (VEGF) is a dimeric
glycoprotein, which presents structural homology with platelet
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Fig. 1. Photomicrographs showing immunocytochemical detection of VEGF-immunoreactive cells in the nucleus of tractus solitarius (NTS), (A and B), the ventrolateral

medulla (VLM), (D and E), the region lateral to the central canal (CC), (G and H). All pictures correspond to the control group. Enlarged frame of (A), (D) and (G) is displayed in

(B), (E) and (H), respectively. Note that VEGF immunolabeling is observed in cells showing the morphology of astrocytes with numerous and ramified branches. Most neuronal

cells are devoid of VEGF labeling. The density of VEGF-immunoreactive cells is higher in NTS than in area postrema (AP) or motor nucleus of vagus (nX). VEGF-

immunoreactive cells were counted in a selected area indicated as a rectangle in each structure. Quantification of VEGF-immunoreactive cells was performed in the NTS (C),

the VLM (F) and the region lateral to the CC (I) of the control, 3 h ozone-treated and post-ozone groups. The quantification of the number of VEGF-immunoreactive cells is

depicted as the number of VEGF-IR cells/mm2. (J and K) show data obtained from measurement of branch length (mm) in the NTS (J) and VLM (K) of the three experimental

groups. Data are mean � S.E.M. values of five independent experiments. Scale bar: 10 mm. One way ANOVA analysis and Newman–Kewls test give the following significance

between groups: *P < 0.05, **P < 0.01 and ***P < 0.001.
derived growth factor. Several epitopes of the VEGF have been
described, that arise by alternative mRNA splicing. Primarily,
VEGF is recognized as a powerful inducible factor of angiogen-
esis, which interacts with growth factors having angiogenic
activity in tumours. Following injury of central nervous system,
VEGF can exert neuroprotective effects in inflammatory pro-
cesses of neural tissues where it has been associated to other
neurotrophic factors such as NGF and BDNF (Brockington et al.,
2004; Sun et al., 2006). In the central nervous system of adult
mice exposed prenatally to ozone, Santucci et al. (2006) found
increased expression of NGF and BDNF. Therefore, we hypothe-
sized that VEGF is a marker of brain cellular adaptive responses
to ozone. The aim of the present study was to demonstrate and
characterize the putative influence of an acute inhalation of



Table 1
Quantification of VEGF immunoreactive cells and length of astrocyte branches.

Density (cells/mm2) Branch length (mm)

NTS

Control 420 � 29 8.1 � 0.6

3 h ozone 580 � 47; <0.05a 11.4 � 0.5; <0.001a

Post-ozone 670 � 73; <0.001a 13.3 � 0.5; <0.01a; <0.01b

VLM

Control 140 � 8 10.4 � 0.7

3 h ozone 172 � 15 13.2 � 0.8; <0.01a

Post-ozone 220 � 12; <0.01b; <0.05a 13.5 � 0.4; <0.01a

CC

Control 173 � 8.5

3 h ozone 246 � 18; <0.05a

Post-ozone 273 � 14; <0.05a

One-way ANOVA followed by Newman–Kewls gives the statistical significance: a,

compared to control; b, compared to 3 h ozone. NTS: nucleus tractus solitarius;

VLM: ventrolateral medulla; CC: area lateral to the central canal.
ozone on VEGF expression in areas involved in the regulation of
breathing: the nucleus tractus solitarius (NTS) and the
ventrolateral medulla (VLM), which are located in the brainstem
(Bianchi et al., 1995).

Using VEGF immunocytochemistry and confocal microscope,
the cellular localization of the VEGF was analysed in rats subjected
to 0.5 ppm ozone for 3 h. The data obtained at the end of ozone
exposure were compared to those obtained after 3-h post-ozone
recovery: a persistent VEGF overexpression during recovery was
observed in astroglial cells of brainstem respiratory areas.

1. Materials and methods

1.1. Animals

Fifteen male Sprague–Dawley rats (280–320 g) were purchased
from IFFA-CREDO (L’Arbresle, France). Animals were housed in an
air-conditioned room (23 � 1 8C with a 12-h light–dark cycle, light
on at 7:00 a.m.) and allowed free access to food and water. The rats
were fed with a standard commercial diet (AO4C, UAR, Villemoisson/
Orge, France), which contains 17.4% plant and animal proteins, 3%
lipids, 58.7% glucids, 4.3% cellulose, 5% minerals, 12% water. All
experiments were carried out in accordance with the guidelines of the
French Ethics Committee (no. 87-848) and the European Commu-
nities Council Directive (86/609/EEC).

1.2. Exposure to ozone

Rats were placed in plexiglas chambers supplied with a
constant air flow 1 day before the ozone experiment in order to
habituate them. On the day of the experiments, 10 rats were
subjected to ozone for 3 h and five rats were subjected to air
(control group) from 9 h a.m. At the end of the ozone exposure, the
rats were separated in two groups, five rats were anesthetized
for perfusion (ozone group), and five rats were kept at room
atmosphere for the three subsequent hours (post-ozone group).
Ozone was generated by passing filtered air across an ultraviolet
light source. Using a calibrated ozone monitor, the ozone
concentration (0.5 ppm) was regulated by adjusting the inlet flow
of air to the ozone generator.

1.3. Brain fixation and sectioning

Animals were anaesthetized (pentobarbital, 0.1 ml/100 g body
weight i.p.) and fixed by transcardial perfusion of phosphate buffer
(PB 0.1 M, pH 7.4) containing 4% paraformaldehyde. Brains were
dissected out and postfixed in the same fixative overnight. Then,
they were cryoprotected, frozen and stored at �80 8C. Twenty-five
micrometers thick coronal sections were collected at the level of
the medulla oblongata (from �13.80 to �14.60 mm rostro-
caudally from Bregma level) (Paxinos and Watson, 1986) by using
a cryostat (Reichert-Jung, Germany).

1.4. Immunocytochemistry

Two immunocytochemical reactions were performed: one
developed with avidin–biotin peroxidase in order to count cells or
to estimate vessel areas and the other one developed with fluor-
escent antibodies in order to study the cellular colocalization of
antigens VEGF and glial fibrillary acid protein (GFAP), a marker of
astrocytes, and the proinflammatory cytokines: the interleukin-6
(IL-6) and the tumour necrosis factor (TNFa). Cell groups were
identifiedusingPaxinosandWatson’s atlasasreference(Paxinosand
Watson, 1986).At leastsixcoronal sections wereselectedatthe same
rostro-caudal level and countedinfiveindependent experiments.Six
floating slices per brain were H2O2-treated (0.5%, 20 min), incubated
overnight with rabbit polyclonal VEGF antibody that recognizes N-
terminal VEGF A (Santa Cruz Biotechnology) (dilution: 1/100), or
with mouse monoclonal rat endothelial cell antigen (RECA-1)
antibody (Serotec, MCA970R) (dilution: 1/500), then slices were
incubated with the biotinylated goat anti-rabbit immunoglobulin or
biotinylated goat anti-mouse (dilution: 1/1000 for 1 h), respectively,
and finally with avidin–biotin peroxidase complex (ABC reagent,
Vector, USA) (dilution:1/1000 for 1 h). The peroxidase activity was
developed using the 3,30-diaminobenzidine (DAB) and nickel
sulphate (DAB–Ni) as substrates. The DAB–Ni blue dark reaction
was stopped using PB–Na azide 0.5%. In order to count immunor-
eactive cells, the reaction time of peroxidase was strictly controlled.

1.5. Double immunolabeling

Floating sections were incubated overnight with the same
polyclonal VEGF antibody (dilution: 1/50) and with mouse GFAP
antibody (Sigma, G 3893) (dilution: 1/500) or with mouse RECA-1
antibody (dilution: 1/250) in phosphate saline buffer (0.1 M and
0.9% NaCl) containing 0.05% NaN3, 0.1% bovine serum albumin and
0.3% Triton. Then the sections were incubated for 45 min with
Alexa 488 conjugated affinity-purified goat anti-rabbit (dilution:
1/300) and Alexa 633 conjugated affinity-purified goat anti-
mouse (Jackson Laboratories Inc., USA) (dilution: 1/200), in PBS
containing 0.5% gelatin. Another set of slices from control and
post-ozone groups were incubated with VEGF antibody, devel-
oped with Alexa 488 conjugated affinity-purified goat anti-rabbit
and then incubated with either primary goat antibody anti-IL-6
(Santa Cruz) (dilution: 1/500) or goat antibody anti-TNFa (Santa
Cruz) (dilution: 1/100), both reactions were developed with Alexa
633 conjugated affinity-purified donkey anti-goat (dilution: 1/
300). After antibody incubation, all washes were done with the
same buffer. Slices were counterstained for 2 min with 2 mg/ml
Hoechst.

1.6. Confocal microscope analysis

Two sections per brain were analysed in each group. Series of
five pictures were observed under a Leica confocal system TCS-SP2
(oil immersion objective: 63� magnification), and captured with
filter set at 505–559 nm for Alexa 488 (VEGF), 678–768 nm for
Alexa 633 (GFAP, IL-6 and TNFa) and 403–496 nm (Hoechst).
Photographs were obtained and analysed using a Leica (DMR,
Germany) microscope equipped with a color video camera (Kodak
DC290 zoom digital) coupled to a computer (MacOS 9.2).



1.7. Data analysis

When using DAB–Ni, the number of VEGF-immunoreactive
cells was counted in the NTS (sample area = 0.10 mm2), VLM
(sample area = 0.25 mm2) and the area lateral to the central canal,
CC (sample area = 0.15 mm2). NTS and VLM, but not CC lateral area,
are involved in the respiratory control. Also, the area of RECA-1
immunoreactive vessels was estimated. All data were analysed
using the Image Tools Program, version 2.02 (UTHSCSA, USA) or
Image J. Data are presented as number of cells/counted area; each
value corresponds to the mean � S.E.M. Sources from confocal
microscope were analysed and merged by using ADOBE PHOTOSHOP
and JASC or Image J.

2. Results

The body weights were measured before perfusion in
the control (320.4 � 3 g), ozone (322 � 6 g) and post-ozone
(317 � 4 g) groups. Body weight was not affected by the acute
ozone exposure.

2.1. Counted VEGF DAB–Ni-labeled cells and length of branches

In each experimental group (control, ozone, post-ozone rats)
VEGF immunoreactive cells were observed in the NTS, the VLM and
the lateral area of CC (Fig. 1).

2.1.1. Control group

VEGF immunoreactivity was detected in the NTS (Fig. 1A and B),
the VLM (Fig. 1D and E) and the CC (Fig. 1G and H). The
immunolabeled cells showed the morphology of astrocytes with
numerous branches.

The density of VEGF immunoreactive cells was higher in the
NTS than that observed in the VLM and the CC (Table 1). The
density of VEGF immunoreactive cells in the NTS was markedly
higher than that observed in the adjacent regions (dorsal motor
nucleus of vagus and area postrema) (Fig. 1A).

2.1.2. Ozone group

At the end of ozone exposure, the density of the VEGF
immunoreactive cells increased significantly (P < 0.05) in the
NTS and the CC compared to the control group (Fig. 1C and I;
Table 1), but was unchanged in the VLM (Fig. 1F; Table 1). The
length of branches was measured using Image tools in the NTS and
VLM. In both regions, the immunopositive VEGF cells revealed
significantly longer branches than that observed in control group
(Fig. 1J and K; Table 1).

2.1.3. Post-ozone group

Three hours after the end of ozone exposure, the density of the
immunoreactive cells remained higher in the NTS, the VLM and the
CC compared to the control group (Table 1). Compared to the ozone
group, the density of the VEGF-immunoreactive cells was
increased in the VLM (Fig. 1F; Table 1) but was not significantly
changed in the NTS (Fig. 1C) and the CC (Fig. 1I) (Table 1). In the NTS
the length of astrocyte branches was increased compared to
control and ozone groups (Fig. 1J; Table 1). In the VLM the branch
length was increased compared to the controls but did not differ
from the ozone group (Fig. 1K; Table 1).

2.2. Confocal microscopy

2.2.1. Cellular localization of VEGF expression

VEGF immunolabeling was mainly observed in cells showing
the morphology of astrocytes but only a very diffuse VEGF staining
was detected in some sparse neuron-like cells. Thus, the cellular
localization of VEGF expression was investigated by double
labeling with the astrocytic marker GFAP in the three experimental
groups but not with a neuronal marker. Red GFAP was detected in
the NTS (Fig. 2A), the VLM (Fig. 2D), sub-ependymal cells of the CC
equivalent to the lamina X of Rexed (Fig. 2G) the medial
longitudinal bundle and surrounding vessels (Fig. 2J). Green
immunolabeling corresponding to VEGF was also observed on the
same pictures (Fig. 2B, E, H and K). Merged pictures showed that
VEGF was localized in GFAP immunoreactive cells of the three
experimental groups. Yellow colocalized labeling was mainly
observed in the NTS (Fig. 2C), the VLM (Fig. 2F) and surrounding
vessels (Fig. 2L). The ependymal cells of central canal appeared
neither stained with GFAP nor with VEGF (Fig. 2G and H). However,
double-labeling GFAP–VEGF was mainly located in the sub-
ependymal layers of the area lateral to the central canal (Fig. 2I)
in the three experimental groups.

2.2.2. Vascular bed

The blood vessel walls were observed by using RECA-1
immunolabeling, which stains all mature vasculature (Croll et al.,
2004). Fig. 2M–O shows close apposition of VEGF-immunoreactive
astrocytes to blood vessel walls. The vascular bed area was
quantified, revealing a 58% increase (P < 0.01) after 3 h post-ozone
recovery.

2.2.3. Colocalization of VEGF, IL-6 and TNFa in astrocytes

IL-6 and TNFa immunolabelings were selectively observed in
cells showing the morphology of astrocytes whereas neuron-like
cells failed to display a detectable immunoreactivity. Red
immunolabeling corresponding to IL-6 or TNFa was detected
in the NTS (Fig. 3A and G, respectively), subependymal cells of
the central canal (Fig. 3D and J, respectively). Green immuno-
labeling corresponding to VEGF was observed on the same
pictures (Fig. 3B and H for NTS; Fig. 3E and K for CC). Merged
pictures showed yellow colocalized labeling of IL-6 or TNFa
with VEGF in astrocyte-like cells (Fig. 3C and I for NTS; Fig. 3F
and L for CC).

3. Discussion

The present study demonstrated that an acute ozone
exposure enhanced VEGF expression in the NTS and VLM (the
major structures crucially involved in the regulation of breath-
ing) as well as in the region lateral to the central canal (an area
not involved in the respiratory control). Moreover, the bulk of
VEGF expression is colocalized with GFAP, a marker of astroglial
cells, and with the proinflammatory cytokines IL-6 and TNFa. In
contrast, VEGF, IL-6 and TNFa expressions were hardly noticed
in neurons and ependymal cells of the central canal. Interest-
ingly, VEGF overexpression observed in the astroglial cells was
in close apposition to the blood vessel, which appear dilated in
the NTS.

3.1. VEGF overexpression in glial cells and ozone

The VEGF expression is not specific to respiratory areas but is
restricted to one cell type, the astroglial cell. Our data showed that
the number of immunolabeled cells increased not only after ozone
exposition but also during the post-ozone recovery period. The
length of astroglial cell branches was also significantly enhanced
during post-ozone recovery. These cells, located between the blood
vessels and neurons, play a major role in providing a metabolic and
energetic support for the neurons (Bolanos and Almeida, 2006;
Hundal, 2007). In our study, we found that VEGF-immunoreactive



Fig. 2. Photomicrographs from confocal microscopy showing immunocytochemical detection of VEGF and GFAP proteins in the NTS (A–C), the VLM (D–F), the region lateral to

the central canal (G–I), a blood vessel (J–L) and the detection of VEGF and RECA proteins in the NTS (M–O) after post-ozone recovery. Sections stained for VEGF protein (green),

GFAP and RECA proteins (red) were counterstained with Hoechst dye for nuclei (blue). Colocalization of GFAP and VEGF proteins are observed in all studied structures

(merged images in figures C, F, I and L). Note that both immunolabelings are mainly seen in the cytoplasm and in the arborisation of astrocytes. In the NTS (B) and VLM (E),



Fig. 3. Photomicrographs from confocal microscopy showing immunocytochemical detection of VEGF and cytokines (IL-6 and TNFa) in the NTS (A–C and G–I, respectively)

and the region lateral to the central canal (D–F and J–L, respectively) after post-ozone recovery. Sections stained for IL-6 and TNFa cytokines (red) and VEGF protein (green)

were counterstained with Hoechst dye for nuclei (blue). Colocalization of both cytokines and VEGF proteins are observed in all studied structures (merged images in figures C,

F, I and L). In the region lateral to the central canal, the colocalization of the VEGF and cytokines is observed in the area surrounding the ependymal cells, which were not

labeled. Scale bar: 50 mm for all photomicrographs.
cells are in contact with blood vessel walls and that the blood
vessel area was markedly increased during post-ozone recovery
indicating changes in the blood supply to cells. Since VEGF is
considered as a vascular permeability factor by disrupting vascular
barrier (Weis and Cheresh, 2005) and by promoting brain oedema
VEGF immunolabeling is mainly observed in glial cells. In the region lateral to the centr

surrounding the ependymal cells which appear devoid of both staining (G–I). The VEGF s

M), whereas epithelial cells are not labeled for VEGF. In addition, RECA-1 immunolabelin

(green) (N). (O) represents merged image. Scale bar: 50 mm for all photomicrographs. (Fo

to the web version of the article.)
(Kimura et al., 2005), a non-protective effect of ozone on cerebral
tissue could be proposed from our results. The question arises
how inhaled ozone can exert effects on the central neural cells
apart from the pulmonary airways. The present data support the
hypothesis that the derivatives of ozone peroxidation, produced
al canal (G–I), colocalization of the VEGF and GFAP proteins is observed in the area

taining also colocalizes with GFAP labeling in the area surrounding blood vessel (K–

g (red) (M) shows wall vessels in striking contact with VEGF immunoreactive cells

r interpretation of the references to color in this figure legend, the reader is referred



locally in the lungs, may reach the astroglial cells in contact with
the blood vessel via the blood stream and with ependymal cells via
cephalorachidian liquid. Because NTS lacks a complete blood–
brain barrier, it is directly vulnerable to circulating ozone
peroxidation products. Implication of glial cells suggests that
ozone may have a crucial effect on the metabolic and energetic
compartments of the central nervous system. According to
earlier data evidencing the role of VEGF in the process of brain
repair after injury (Jin et al., 2002; Krum and Khaibullina, 2003), it
may be suggested that the VEGF overexpression after ozone
exposure participates in the revascularization and repair of the
blood–brain barrier in order to re-establish metabolic and trophic
support to the neural tissue (Krum et al., 2008; Rosenstein and
Krum, 2004).

An important finding of the present study is the evidence for a
selective co-localization of VEGF with IL-6 and TNFa in astroglial
cells but not in neurons. Such an anatomical observation provides
a support for a proinflammatory-signalling pathway of VEGF up-
regulation induced by ozone. Since exposure to ozone produced
chronic brain inflammation (Calderon-Garciduenas et al., 2003)
and since cytokines are associated with angiogenic factors (Levina
et al., 2008), our data suggest that VEGF may be up-regulated by
expression of cytokines such as IL-6 and TNFa. In addition, VEGF
exerts neuroprotective effect by promoting survival of damaged
neuronal cells (Brockington et al., 2004) and stimulating
neurogenesis from neural stem cell (Sun et al., 2006). If any a
neuroprotective effect of VEGF is activated in the brainstem, it
may arise from the interaction between blood vessels and glial
cells, which would lead to neural remodeling of the NTS (Chen
et al., 2003). The effects of ozone depend on duration of exposure
(acute, chronic, single or repeated challenges) (Cottet-Emard
et al., 1997; Schmelzer et al., 2006; Soulage et al., 2004; Van Bree
et al., 2002). Although our study focused on acute ozone exposure
(3 h) and further short-term ozone recovery (3 h), the reported
VEGF overexpression during recovery from single ozone exposure
may represent the first step involved in the pre-conditioning
adaptive mechanism after repeated ozone exposures (Tepper
et al., 1989).

3.2. Brainstem areas involved in control of respiratory

responses to ozone

Exposure to ozone induces ample respiratory dysfunctions
(Shore et al., 2000; Watkinson et al., 2001) and specific catecho-
laminergic changes in brainstem areas involved in respiratory
processes, the NTS and the VLM (Soulage et al., 2004). The NTS
receives and integrates the inputs from vagal C-fibres arising from
airways and from chemosensory fibers arising from peripheral
arterial chemoreceptors (Bonham and McCrimmon, 1990; Housley
and Sinclair, 1988). One major output of NTS is the projection to the
VLM, a region which contains catecholaminergic cells and respira-
tory motoneurons. This integrative respiratory process has been
mainly studied in hypoxia: the catecholaminergic neurons located
in the NTS and VLM are activated to modulate the respiratory
motoneurons (Joseph and Pequignot, 2003). Moreover, VEGF is also
expressed in the brain under hypoxia (Ijichi et al., 1995; Perrin et al.,
2008), ischemia (Bernaudin et al., 2002) and toxic chemicals
(Collombet et al., 2007). Ozone and hypoxia share some similar
features: (1) sustained ozone inhalation elicits a decrease in arterial
PO2 (Paterson et al., 1992), (2) hypoxia and subsequent reoxygena-
tion generate free radicals and is considered as oxidative cellular
stress (Kumar et al., 2006) and (3) both are controlled by peripheral
chemosensory inputs and central respiratory control (Soulage et al.,
2004). Thus, inhaled ozone may affect the central nervous system
either by the blood stream or peripheral chemosensory inputs.
3.3. Implications for human health

Ozone pollution has both acute and chronic adverse effects on
human health affecting a number of systems and organs. In this
study, we chose the rat as an animal model (Tepper et al., 2003),
subjected to 0.5 ppm ozone. Although this level is about twofold
high in comparison with the values measured in polluted urban
areas (Lipman, 1989), a 0.5 ppm concentration is at least required
to mimic the pathological effects on the human lung because the
rat respiratory system is less sensitive to ozone than that of human.
Acute ozone exposure lasted for a short period of 3 h in order to
reveal the early cellular effects. During the 3-h post-ozone period,
rats inhaled room air, which elicited the investigation of recovery
processes. The early expression of VEGF, which enhances during
the post-ozone recovery, underlines the capacity of the brain to
respond to inflammatory insults. The astroglia blood vessel wall
response could develop the defensive mechanisms that face up to
brain tissue injury.

To conclude, the present study demonstrates the ozone-
induced VEGF overexpression in the brainstem. This effect may
be relevant in human respiratory disturbances, which develop
under acute or chronic ozone exposition (Calderon-Garciduenas
et al., 2007; Kampa and Castanas, 2008).
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