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Mechanisms of pollution-induced airway

disease: in vivo studies

studies.

Introduction

Air pollution is a significant public health concern
worldwide. A number of anthropogenic pollutants
are present in the atmosphere, including ozone,
sulphur dioxide (SO,), nitrogen dioxide (NO,),
acid aerosols, and other particulate matter. Epide-
miological studies suggest that each of these pol-
lutants may be associated with increased
respiratory morbidity and mortality. These studies
have led to both animal and controlled exposure
(‘clinical’) studies in which human volunteers were
exposed to specific air pollutants to assess their
effects on lung function.

Several clinical studies suggest that ambient pol-
lutants exert an effect on lung function through
neurally-mediated mechanisms. For example, a
decreased forced vital capacity (FVC) is observed
in subjects exposed to ozone, which is associated
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Several studies have investigated the effects of ozone, sulphur dioxide
(SO,), and nitrogen dioxide (NO,) on lung function in normal and
asthmatic subjects. Decreased lung function has been observed with
ozone levels as low as 0.15 ppm - this effect is concentration dependent
and is exacerbated by exercise. A number of lines of evidence suggest that
the effect on lung function is mediated, at least in part, by neural
mechanisms. In both normals and asthmatics, ozone has been shown to
induce neutrophilic inflammation, with increased levels of several
inflammatory mediators, including prostaglandin E,. However, in normal
subjects, none of the markers of inflammation correlate with changes in
lung function. The lung function changes in asthmatics may be associated
with inflammatory effects; alternatively, ozone may prime the airways

for an increased response to subsequently inhaled allergen. Indeed, an
influx of both polymorphonucleocytes and eosinophils has been

observed in asthmatic patients after ozone exposure. It has been suggested
that the effect of ozone on classic allergen-induced bronchoconstriction
may be more significant than any direct effect of this pollutant in
asthmatics. SO, does not appear to affect lung function in normal subjects,
but may induce bronchoconstriction in asthmatics. Nasal breathing,
which is often impaired in asthmatics, reduces the pulmonary effects of
SO,, since this water-soluble gas is absorbed by the nasal mucosa. NO,
may also influence lung function in asthmatics, but further research is
warranted. SO, and NO, alone do not seem to have a priming effect in
asthmatics, but a combination of these two gases has resulted in a
heightened sensitivity to subsequently inhaled allergen.
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with a subjective inability to perform a full inspi-
ration. In asthmatics, SO, induces bronchospasm,
which is reversible with either B-agonists or anti-
cholinergic medications, again suggesting a neu-
rally-mediated process.

Additionally, a number of pollutants, including
ozone, SO, and NO,, have proinflammatory
actions. Each of these gases has been shown to
induce inflammatory cell influx into the airway,
and also cause a number of proinflammatory
changes in epithelial cells. Indeed, initial signals
from the epithelium, such as the release of various
cytokines and lipids, may be fundamental in medi-
ating the inflammatory action of pollutants.

Asthma is a disease characterized by increased
airway sensitivity to inhaled irritants, increased
airway inflammation, and injury to the epithelium.
Given the effect of ambient air pollutants, such as
ozone, SO, and NO,, on lung mechanics, airway
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inflammation, and proinflammatory changes in
epithelial cells, it seems likely that asthmatics may
be more sensitive than the general population to
the effects of these gases. The proinflammatory
effect of these agents suggests that they may not
only exert direct effects in asthma, but that they
may prime the airways, such that the response of
extrinsic asthmatics to inhaled allergen is also
enhanced.

This paper reviews the effect of ozone, SO, and
NO, on lung function, with a special emphasis on
the inflammatory actions of these pollutants and
their subsequent effects in asthmatics.

Ozone

Normal subjects — lung mechanics

In normal subjects, ozone causes a reproducible
decrease of FVC and forced expiratory volume in
1 s (FEV,), increased non-specific bronchial
responsiveness, and substernal discomfort when
taking a deep breath (1, 2). These effects are
dependent on ozone concentration, duration of
exposure, and the level of exercise (with a corre-
sponding increase in minute ventilation) (3).
Indeed, exposure to ozone without exercise gener-
ally reveals no effect on lung function at levels
below 0.50 ppm (1, 3). With exercise, ozone
induces an increase in respiratory frequency, and
the level of ozone required to cause decreases in
FEV,, FVC, airway resistance, and symptoms, can
be much lower (4).

Dose-response studies employing an alternating
rest and exercise protocol over 2.5 h, with a target
ventilation rate of 67 L/min (normal resting venti-
lation being 15 L/min), at ozone concentrations of
0.12, 0.18, 0.24, 0.30 and 0.40 ppm, revealed that
as little as 0.12 ppm ozone could cause a signifi-
cant decrement in FVC, FEV,, and forced expira-
tory flow at 25-75% of vital capacity (FEF;s_75)
(3). Furthermore, FVC, FEV |, FEF,5_75,, airway
resistance, respiratory frequency, and symptoms,
were all influenced in a concentration-dependent
manner at ozone levels above 0.24 ppm. Other
studies using comparable exercise regimens (venti-
lation rates of 68 L/min and 70 L/min) confirm
that ozone-induced changes in lung function occur
at levels as low as 0.15 and 0.16 ppm (5, 6).

Studies examining the effect of a number of
pharmacological agents on respiratory responses
to ozone support the concept that the effect of
ozone on lung mechanics is mediated, at least in
part, by neural mechanisms. Beckett et al. (7)
revealed that atropine inhibited ozone-induced
decreases in airway resistance (although not spiro-
metry), suggesting that vagally-mediated influ-
ences on bronchial smooth muscle may play a role.
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In addition to cholinergically-mediated responses,
ozone may exert effects via cyclooxygenase-
dependent mechanisms. A positive correlation has
been reported between levels of prostaglandin E,
(PGE,) (a cyclooxygenase pathway product) in
bronchoalveolar lavage (BAL) fluid and decreased
lung function in individuals exposed to ozone (8).
Additionally, several investigators have shown that
cyclooxygenase inhibitors, such as ibuprofen and
indomethacin, can attenuate ozone-induced
decreases in spirometry (9-12).

Lidocaine, when applied to the upper airway,
also results in partial inhibition of ozone-induced
decreases in spirometry. These results suggest that
lidocaine-sensitive irritant receptors in the upper
airway, when stimulated by ozone, exert a reflex-
mediated decrease in inspiratory effort (13). Other
neurally-mediated mechanisms, involving effects
on opioid receptors, may also play a role in ozone-
induced respiratory symptoms. This is supported
by preliminary data in which sufentanyl (a short-
acting narcotic) normalized lung function in sub-
jects with reduced FVC and FEV; after ozone
exposure (14). Thus, pain responses which are sen-
sitive to opioids may partially account for the pul-
monary response to ozone.

Neuropeptides may also be involved in the effect
of ozone on lung function. Krishna et al. (15)
exposed seven healthy subjects to 0.2 ppm ozone
and clean air (on two separate occasions) for 2 h
with intermittent exercise. Bronchial biopsies
obtained 6 h after exposure were stained for sub-
stance P (SP) and calcitonin gene-related peptide
(CGRP). The biopsies obtained after ozone
exposure revealed submucosal neurons containing
CGRP but not SP, indicating that SP had been
released following ozone exposure, whereas those
obtained after clean air exposure revealed neurons
containing both CGRP and SP.

Normal subjects — inflammation

In normal volunteers, controlled exposure ranging
from 0.10 to 0.4 ppm ozone has been shown to
induce neutrophilic inflammation of airways as
observed in both BAL fluid and bronchial mucosal
biopsy. While the time course of ozone-induced
inflammation has not been explored completely,
neutrophil influx appears to be maximal between
1-6 h and persists for 18 h (16-20). Increased levels
of interleukin-6 (IL-6), PGE,, leukotriene B,
(LTB,), thromboxane B, (TXB,), fibronectin, plas-
minogen activator, and elastase in BAL fluid have
also been reported following ozone exposure (8).
In studies where data are available 1 h and 18 h
after ozone exposure, changes in IL-6 and PGE,
are maximal 1 h after exposure, whereas fibronec-



tin and plasminogen activator are higher 18 h after
exposure (8).

Studies examining the effect of ibuprofen on
BAL inflammatory endpoints demonstrate that
ozone-induced increases in polymorphonuclear
neutrophils (PMN), fibronectin, total protein, lac-
tate dehydrogenase, LTB,4, and complement pro-
tein 3a were not inhibited, as were changes in IL-6,
TXB,, and PGE,. It is notable that these subjects
exhibited a blunted effect of ozone on lung func-
tion following ibuprofen treatment, consistent with
studies employing indomethacin (12). Another pre-
liminary study which examined the effect of pre-
treatment with a combination of oral and inhaled
glucocorticoids on ozone-induced changes in spir-
ometry and lower airway inflammation revealed
that corticosteroids have no significant effect on
either PMN influx or lung function (21). It is
intriguing that oral glucocorticoids (40 mg pred-
nisone daily for three consecutive days prior to
ozone exposure), which would logically cause
decreased levels of arachidonic acid products via
inhibition of phospholipase A, (PLA;) had no
effect on lung function. Taken together, these
studies suggest that blockade of PLA, is not suf-
ficient to inhibit ozone-induced changes in lung
function. It is possible that with ozone stimulation,
arachidonic acid is released into the cytoplasm in
a non-PLA, dependent fashion, where it can be
acted upon by the cyclooxygenase cascade.

In vitro studies of epithelial cells or epithelial cell
lines have suggested possible mechanisms by which
ozone may influence inflammation. Epithelial cell
lines exposed to ozone generate the eicosanoids
PGE,, TXB,, PGF,,, the proinflammatory cyto-
kines IL-6 and IL-8, and the proinflammatory pro-
tein fibronectin. Nasal epithelial cells placed into
culture respond to high level ozone (0.5 ppm) by
generating intercellular adhesion molecule-1
(ICAM-1), the major adhesion molecule for neu-
trophils and eosinophils in the airway, as well as
the cytokines IL-1, IL-6, and tumour necrosis
factor-o. (TNF-o). In addition, epithelial per-
meability in human subjects is increased after
ozone exposure (22-24). Thus, epithelial cells most
likely play a major role in the inflammatory
response to ozone, while neural responses (C fibre,
pain fibres, and possibly cholinergic fibres) exert
the major effect on lung function changes.

With the exception of PGE,, none of the above-
mentioned markers of inflammation correlate with
changes in lung function in normal subjects. Fur-
thermore, no association has been made between
ozone-induced inflammation and airway respon-
siveness in normal subjects. Thus, the clinical sig-
nificance of ozone-induced inflammation in
normal subjects remains unclear. It has been sug-
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gested that this proinflammatory effect of ozone
vild be of greater significance in asth aa, a dis-
.der characterized in part by eosinophilic
inflammation of the lower airways.

Asthmatics — lung mechanics

A number of epidemiological studies suggest that
increased ambient ozone levels are linked to
exacerbation of asthma (25). Bates and Sizto (26)
examined hospital admission rates for asthma over
a summer season and found a significant corre-
lation between asthma admissions and increased
ambient ozone and sulphate levels on the previous
day. The time-lag between ozone exposure and
increased evidence of disease exacerbation suggests
that inflammatory changes, rather than immediate
decreases in FVC, account for lung function
changes in both normal subjects and asthmatics.
An alternative possibility is that ozone might
prime the bronchial airways of asthmatics for
increased responses to subsequently encountered
allergens.

Initial controlled exposure studies in asthmatics
with mild disease found little increased sensitivity
to ozone compared with non-asthmatic subjects at
concentrations of =0.25 ppm employing exposure
protocols that involved little or no exercise (27).
However, it is possible that experiments employing
low levels of exercise underestimate the effect of
ozone in asthma. Indeed, Kreit et al. (28) have
demonstrated that, with more rigorous exercise
(ventilation of 30 L/min/m?), exposure to 0.4 ppm
ozone for 2 h causes greater changes in airway
resistance in asthmatics than in normals. Non-spe-
cific airway hyperresponsiveness was also enhanced
in asthmatics after ozone exposure. Silverman (27)
also demonstrated that exposure to 0.25 ppm
ozone for 2 h resulted in decreased pulmonary
function in asthmatics. Other studies indicate that
ozone not only causes the well described decrease
in FVC, but also causes true bronchospasm in
asthmatics (28--30). Thus, ozone has been demon-
strated to directly worsen airflow in asthma.

However, while ozone exposure with exercise
may result in true bronchospasm in asthmatics
beyond the baseline ozone effect observed in
normal subjects, recent studies (31, 32) have
revealed that ozone exposure prior to exercise pro-
duces no effect on subsequent exercise-induced
bronchospasm (EIB). Weymer et al. (32) exposed
a cohort of mild asthmatics with EIB to ozone
(0.0, 0.1, 0.25 and 0.40 ppm) for 1 h with mild
exercise (enough to result in a ventilation rate of
20-30 L/min). Exercise challenge was performed 1
h later if the FEV; had returned to 90% of pre-
exposure baseline. Even though there was a dose-
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dependent effect of ozone exposure on both lung
function and subjective symptom scores immedi-
ately after exposure, the resultant EIB was no
greater after exposure to any ozone concentration
than following a control exposure to clean air. A
separate study examined the effect of exposure to
0.12 ppm ozone at rest for 1 h in asthmatics with
EIB, and also revealed no exacerbation of EIB
attributable to ozone (31).

Asthmatics — inflammation

As with non-asthmatics, exposure to ozone
induces neutrophilic inflammation in both the
nasal and bronchial airway. Bascom et al. (33) ini-
tially examined the effect of ozone on nasal
inflammation in subjects with allergic rhinitis and
found an increase in both PMNs as well as eosino-
phils after a 4-h exposure to 0.5 ppm ozone. These
findings are similar to those obtained from our lab-
oratory, in which nasal lavage fluid from extrinsic
asthmatics exposed to 0.4 ppm ozone for 2 h was
examined. Again, ozone appeared to induce
increases in both eosinophils as well as the level of
eosinophil cationic protein. Thus, in these two
nasal studies, ozone was able to induce not only
an influx of PMNs, but also eosinophil influx into
the airways of atopic subjects.

Subsequent investigations have employed bron-
choscopy to examine the effect of ozone on bron-
chial inflammation in asthmatics. Basha et al. (34)
reported that a cohort of five asthmatics had a
greater PMN response to ozone exposure than a
cohort of five non-asthmatics, as reflected in BAL
fluid. Furthermore, there was also an enhanced IL-
8 response in the asthmatics. In a larger study,
Scannell et al. (35) also compared the effect of
exposure to 0.2 ppm ozone for 2 h on lower airway
inflammation in 19 asthmatics and 20 non-asth-
matic volunteers. Bronchoscopy was performed 18
h later with lavage fluid collected according to
three methods — lavage from an isolated proximal
airway, analysis of the first 10 mL of traditional
BAL (labelled the bronchial fraction), as well as
traditional BAL fluid. Asthmatics had increased
levels of PMNs, lactate dehydrogenase, total pro-
tein, myeloperoxidase, fibronectin, and IL-8, with
each of the three sampling techniques. Asthmatics
also had a greater PMN response in the BAL fluid
than non-asthmatics, and also had a trend for
increased IL-8 levels. Thus, these two studies sug-
gest that asthmatics may be more sensitive to the
inflammatory effects of ozone than non-asth-
matics. Of note was the absence of eosinophils in
lavage fluid obtained from asthmatics.

In contrast to these studies, preliminary reports
from our laboratory indicate that extrinsic asth-
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matics exposed to 0.16 ppm ozone for & h have
a substantial increase in both PMNs and eosino-
phils when compared with the response to clean
filtered air. Bronchial samples included tra-
ditional BAL fluid as well as separate examin-
ation of the first 20 mL recovered (the bronchial
fraction), the latter yielding more striking differ-
ences between clean air and ozone exposure in
asthmatics. Indeed, the enhanced eosinophil level
after ozone exposure was very apparent in the
bronchial fraction; a total of seven subjects have
completed the study to date (36). This obser-
vation is consistent with that of Frampton et al.
(37) who observed a two-fold increase in eosino-
phils following ozone exposure.

Effect of ozone exposure on subsequent responses
to inhaled allergen in asthmatics

The four studies described above all indicate that
asthmatics have a substantial inflammatory
response to ozone. While two of the studies failed
to identify eosinophils in lavage fluid after ozone
exposure, the presence of increased inflammation
in asthmatics suggests that they may be more sus-
ceptible to the effects of subsequently inhaled
allergen. This would be congruent with epidemio-
logical observations showing that increased ambi-
ent ozone correlates with asthma exacerbation on
the following day, a finding that suggests a priming
effect of ozone on subsequent response to indoor
allergens. As an initial test of this hypothesis, Mol-
fino et al. (38) examined seven seasonally allergic
asthmatics after exposure to 0.12 ppm ozone at
rest for 1 h who were subsequently challenged with
inhaled allergen. Six of the seven subjects required
less inhaled allergen to induce a 15% decrease in
FEV, after ozone exposure than after clean air
exposure. However, two recent studies examining
the effect of low-dose ozone exposure (0.12 ppm
for 1 h and 0.2 ppm for 2 h) did not demonstrate
an effect on response to inhaled allergen (39).
Jorres et al. (40) reported increased sensitivity to
inhaled allergen in 18 of 23 mild asthmatics after
exposure to 0.25 ppm ozone for 3 h with intermit-
tent exercise. Smaller changes were also noted in
11 subjects with allergic rhinitis. Both groups, as
well as a cohort of normal subjects, had equivalent
changes in methacholine responsiveness and lung
function. Examination of allergen-induced nasal
inflammation in asthmatics revealed that 0.4 ppm
ozone also augments the late-phase eosinophilic
response to allergen (41). Taken together, these
findings suggest that the effect of ozone exposure
on classic allergen-induced bronchoconstriction
may be more significant than the direct effect of
ozone in asthmatics. It is less clear what level of



ozone is required to exert deleterious effects on
lung function in asthmatics.

Sulphur dioxide and nitrogen dioxide

SO, is released into the atmosphere primarily as
a result of industrial combustion of high sulphur-
containing coal and oil. Common sources of SO,
include paper, steel, and cement manufacturing
plants. Controlled exposure studies clearly reveal
the ability of SO, to induce exacerbations of
asthma. While these studies fail to demonstrate an
effect of SO, on pulmonary function in normal
subjects at levels as high as 0.6 ppm, several inves-
tigators have demonstrated bronchoconstriction in
asthmatics at concentrations as low as 0.25 ppm
(42-43).

Unlike other pollutants, SO, exerts a rapid
effect on lung function in asthmatics; significant
responses occur within 2 min and maximal
response is noted within 5-10 min. Spontaneous
recovery occurs as early as 30 min after challenge,
with a refractory period of up to 4 h. Repeated
exposure to low levels of SO, has been shown to
result in tolerance to subsequent exposure. In one
study, repeated exercise during SO, exposure
resulted in diminished airway responsiveness to
SO,. However, initial responsiveness was restored
within 6 h after the last exposure (49-52).

Responses to SO, include a decrease in FEV,
(decreases as high as 60% have been observed) and
an increase in airway resistance. Asthmatics have
a modest variation in sensitivity to SO, — some
experience lung function decrements at levels of
0.25 ppm, while others have no response at 2.0
ppm. However, levels above 0.50 ppm will usually
induce bronchospasm in asthmatics. Exercise aug-
ments bronchial responses to SO,, and combined
exercise and SO, have additive effects in asth-
matics. Symptoms associated with SO, inhalation
include wheezing, chest discomfort, and dyspnoea.

Interestingly, nasal breathing protects against
the pulmonary effects of SO, because this highly
water soluble gas is absorbed very efficiently
by the nasal mucosa. This may explain why exer-
cise increases its effect, because most people shift
from nasal breathing to oronasal respiration with
exercise sufficient to cause a ventilation rate of
35 L/min. However, even with heavy exercise, up
to 60% of inspired air passes over the nasal
mucosa. This may be an important feature in asth-
matics, who frequently suffer from allergic rhinitis
or sinusitis, both of which cause decreased nasal
airflow and increased oral breathing, thus decreas-
ing the percentage of inspired air exposed to nasal
tissue (53).

A number of pharmacological agents attenuate
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the effect of SO, in asthmatics, including f-
agonists, anti-muscarinic agents, cromolyn
sodium, and nedocromil. Indeed, B-agonists have
the most potent effect in mitigating SO,-induced
bronchospasm. Interestingly, chronic use of meth-
ylxanthines and inhaled corticosteroids, as well as
acute use of antihistamines, has not been shown
to affect the sensitivity to SO,. Many investigators
currently believe that SO, acts as a non-specific
bronchoconstricting agent, analogous to the action
of inhaled histamine and methacholine, to which
asthmatics also have increased sensitivity com-
pared with normal subjects (54, 55). These studies,
combined with the increased sensitivity of asth-
matics to SO,, suggest a cholinergically-mediated
neural mechanism of action. However, recent
observations by Sandstrom et al. (56) demonstrate
that very mild airway inflammation may also be
induced by SO, exposure. Thus, the mechanisms
by which SO, may influence asthma remain incom-
pletely explained.

NO,, a precursor to photochemical smog, is
found in ambient outdoor air in urban and indus-
trial regions and, in conjunction with sunlight and
hydrocarbons, results in the production of ozone.
Automobile exhaust is the most significant source
of outdoor NQ,, although power-generating plants
and other industrial sources that burn fossil fuels
also release NO, into the environment. However,
the most significant exposure to NO, occurs
indoors, with the use of gas cooking stoves and
kerosene heaters.

Controlled chamber studies reveal no consistent
effect of NO, on airway function in normal sub-
jects or asthmatics. Some investigators report that
low levels of NO, induce increased airway reac-
tivity to pharmacological or cold air challenge in
asthmatics, while others found no such effect on
methacholine reactivity in another cohort of asth-
matics (42, 51, 57-59). Higher levels of NO, (4.0
ppm) have been reported to alter airway function
in asthma. The mechanism of effect on airway
function is also unclear. In studies of normal sub-
jects, NO, was much less potent than ozone in
inducing airway PMN influx (60), but it has been
shown to increase proinflammatory cytokine pro-
duction in epithelial cells after in vitro pollutant
exposure (61). Overall, these data suggest that NO,
could influence airway function in asthmatics, but
there is a need for further research.

Priming effects of SO, and NO, in asthma

SO, exposure augments the response to other
environmental agents that exacerbate broncho-
spasm. Exposure to ozone prior to SO, exposure
increases bronchial sensitivity to SO, in asthmatics
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(62). Exposure to cold dry air also exacerbates the
bronchospastic effect of SO, in asthmatics (51).
However, unlike ozone, SO, exposure alone has
not been shown to exacerbate allergen-induced
bronchospasm.

As with SO,, NO, (0.4 ppm) has not been shown
to enhance sensitivity to subsequently inhaled aller-
gen in asthmatics, suggesting that it does not have a
priming effect for allergen-induced inflammation.
In a recent study of nasal inflammation in asth-
matics (63), exposure to 0.4 ppm NO, for 6 h did not
induce mast cell degranulation, eosinophil acti-
vation (as reflected by levels of eosinophil cationic
protein in nasal lavage fluid), neutrophil activation
(as shown by myeloperoxidase release), or cause an
increase in IL-8. Likewise, such exposure did not
enhance mast cell degranulation immediately fol-
lowing allergen challenge. However, there was an
increase in eosinophil cationic protein in nasal
lavage fluid following allergen challenge when this
was preceded by NO, exposure. Thus, NO, appears
to have a modest priming effect for the late-phase
response to allergen.

Although SO, and NO, alone do not appear to
have a priming effect in the airways of asthmatics, it
has recently been demonstrated that exposure to a
mixture of 0.2 ppm SO, and 0.4 ppm NO, for 6 h
enhances sensitivity of mild asthmatics to inhaled
allergen (64). Indeed, in this study, the combination
of these two gases resulted in a 60.5% mean decrease
in allergen required to induce a 20% fall in FEV,
(P=0.015). This finding highlights the importance
of examining the effect of pollutant mixtures, as well
as individual pollutants, in assessing health risks,
especially in special populations such as asthmatics.

Summary

Air pollution is a continuing problem worldwide,
with certain pollutants, such as ozone and SO,,
clearly having marked effects on lung function. In
addition, NO, probably also causes a decrease in
lung function. Although the immediate effect of
inhalation of these gases on lung function has been
studied intensely, their role in modulating airway
inflammation may be of greater significance,
especially in assessing their effect in asthma and
other pulmonary disorders. Asthma severity is
strongly correlated to the degree of airway
inflammation, particularly eosinophilic inflam-
mation. Environmental conditions that contribute
to development of airway inflammation are
thought to be major risk factors in asthma patho-
genesis. While allergen exposure is the traditional
environmental stress considered by clinicians, pol-
lutant exposure could also be important. Indeed,
as outlined above, SO,, ozone, and NO, have all
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been reported to enhance non-specific airway reac-
tivity in human volunteers and increase the
response to inhaled allergens in allergic asthmatics.

While the mechanisms by which these pollutants
alter airway function and inflammation are
unclear, certain novel themes are developing. Non-
adrenergic, non-cholinergic neurons have been
suggested to play a role in the respiratory response
to pollutants in studies of ozone-induced decreases
in lung function, employing both pharmacologic
effects and direct assessment of substance P
depletion in the airway. Additionally, the proin-
flammatory action of epithelial cells, by generation
of active mediators, loss of barrier function, and
expression of adhesion molecules has been sug-
gested in both in vitro and in vivo studies. Pursuing
these themes may lead to better understanding of
the cellular mechanisms by which pollutants alter
lung function and inflammation, and in turn allow
for more complete risk assessment and personal
intervention strategies.
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