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In 1986 and 1987, approximately 136 metric tons of particulates, sulfur 
oxides, nitrogen oxides, volatile organic compounds, carbon monoxide, and 
lead were released per year into the atmosphere in the United States. Although 
the amounts of lead and particulate matter released into the atmosphere have 
substantially decreased since the 1940s, the amounts of nitrogen and sulfur 
oxides have remained largely unchanged (1) as illustrated in Figure lAo It is 
only necessary to read the newspaper reports of smog alerts in Los Angeles 
and other cities to realize the potential hazards of breathing air pollutants. 
Some respiratory diseases are increasing in incidence. As shown in Figure 
1B, the frequency of death from chronic obstructive pulmonary diseases as a 
class has increased (1, 2). Particularly disturbing has been the rise in the 
incidence of deaths due to asthma and pneumonia. The rise in the rate of death 
due to pulmonary diseases has occurred despite the advances made in the 
treatment of respiratory ailments. Whether there is a direct causal relationship 
between the continued presence of pollutants in the atmosphere and the 
increase in death due to respiratory disease is still a matter of debate. It has 
been clearly established, however, that air pollution has deleterious effects on 
respiratory function, particularly in a susceptible population, such as asthmat­
ics. Many people by choice also inhale toxicants in large quantity in the form 
of tobacco smoke and some drugs of abuse (e.g. cocaine or crack). 
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Figure 1 A. The number of tons of pollutants put into the atmosphere in the United States from 1940 to 1987. 

B. Number of deaths per 100,000 for various diseases normalized to the number of deaths for each of those diseases in 1980. Note the 

rise in deaths due to pulmonary disease. The deaths due to pulmonary disease, however, represent only 2% of the deaths relative to cardiac 

disease and malignances. (The data in graph were extracted from Tables 350 and 115, respectively, in US Bureau of the Census, Statistical 

Abstracts of the United States: 1990 (I 10th edition). 
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TOXICANTS AND THE AIRWAY 69 

This review provides an overview of the effects of inhaled toxicants on the 
function of the airways. It examines both the acute and chronic actions of 
toxicants on several tissues within the airway. A brief review of the physiolo­
gy of the airways is given first. Several excellent reviews and books are 
available on this subject (3-S). Since the various cell types within the airways 
affect each other (9), the interaction of the various cells and tissues is 
discussed. The discussion is limited to only a few toxicants: ozone, cocaine, 
sulfur oxides, and tobacco smoke. Other reviews deal with the short- and 
long-term biological effects associated with inhalation of air pollutants ( lO­
IS). 

PHYSIOLOGY OF THE AIRWAY 

Many different cells make up the airways. A schematic of a cross section 
through the airway wall is shown in Figure 2. The dotted arrows in the figure 
represent identified or proposed interactions between cell types. The tissue 
types will be broken down into several major groups. Many different types of 
nerves control the functions within the airways. The parasympathetic system 
innervates both the submucosal gland cells and the airway smooth muscle (19, 

20). This system has ganglia imbedded within the airway wall (21). Sympa­
thetic nonadrenergic, noncholinergic nerves also supply the mucous glands 
(4, 22). Airway smooth muscle is under the control of the parasympathetic 
autonomic nervous system and peptidergic nerves (23-27). The airways are 
lined with a mucosal layer consisting of many cell types, including epithelial 
and mucus cells, both of which are sources of the secretions that coat the 
airway lumen. The immune responsive cells, including lymphocytes, mast 
cells, etc, which can react to antigens and other stimulation, are important in 
the development of inflammation responses in the airways (2S, 29). Obvious­
ly, there are many other cell types in the trachea/bronchioles, such as cartil­
age, blood vessels, and alveoli with Type I and Type II cells, which are not 
considered. 

Innervation 

Airway diameter and secretion from the mucosal layer are controlled largely 
via the autonomic nervous system. Airway smooth muscle in the airways is 
primarily controlled by parasympathetic nerves, which bring about contrac­
tion. Relaxation of the muscle occurs either via blood borne factors (i.e. 
epinephrine release from the adrenal medulla) or by nonadrenergic innerva­
tion (24-27). Airway smooth muscle is not innervated by sympathetic nerves 
to any great extent (30, 31). Nerve-evoked relaxation occurs via activation of 
NANC inhibitory nerves (27, 32). The identity of the neurotransmitter re­
leased from the NANC nerves is unknown, but vasoactive intestinal 
polypeptide (VIP) is a good candidate (33). 
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70 FARLEY 
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Figure 2 This schematic illustrates the interrelationships of the tissues in the airway. The 
squares at the bottom are shaded to match the types of cells in the diagram. Broken arrows 
indicate possible interactions between cells. Note that possible interactions between the sensory 

neurons are not shown and the neuroepithelial cells are not shown. 

The surface epithelium forms a barrier between the air and underlying 
tissue and consists primarily of ciliated columnar epithelial cells and goblet 
cells. This is a tight epithelium with both absorptive and secretory properties 
(3). Secretion of water by the surface epithelium keeps a thin layer of solution 
on the airway surface (sol phase). The secretion of water is controlled by 
activation of J3-adrenoceptors and other substances (3, 4). The surface gland 
cells are not innervated (34). The ciliated epithelial cells normally beat toward 
the mouth and provide a constant flow of sterile solution over the surface. 
washing it free of trapped substances. 

Embedded within the airway lining are also myelinated and nonmyelinated 
sensory nerve endings (35) and neuroepithelial bodies (20). These respond to 
various stimuli and may initiate local (axon) as well as central reflexes, 
thereby inducing contraction of airway smooth muscle or mucus secretion. 
After epithelial damage, these nerve endings would be exposed to higher 
concentrations of airborne toxicants, which could initiate bronchoconstrictor 
and secretory reflexes. The location of the neuroepithelial bodies (neuroen­
docrine cells) within the surface epithelium would place them in a good 
location for exposure to inhaled toxicants (20). 

Within the surface epithelial layer, primarily in the upper airways in 
healthy individuals, there are Clara and Goblet cells. The exact function and 
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TOXICANTS AND THE AIRWAY 71 

control of these cells in unknown, but they can secrete glycoproteins (mucins, 
glycolipid, etc) into the lumen of the airways. Mucus forms a gel phase on top 
of the sol (liquid) layer covering the surface of the epithelium. The tips of the 
cilia are in contact with the mucus layer and propel it toward the mouth. 
Mucins are large (> 106 Daltons) glycoproteins that tangle and cross-link to 
form a network that can trap particulates, bacteria, etc (6). The trapped 
particulates can then be transported by the beating of the cilia and be swal­
lowed or expectorated. 

The epithelium also contains submucosal glands. The glands consist of 
acini, made up of serous and mucus gland cells connected to the surface by a 
network of ducts (3, 7). The gland system also contains myoepithelial cells 
that contract to aid in expulsion of the mucus into the lumen of the airway 
(36). The primary function of the glands is to secrete mucus glycoproteins; 
however, they may have other functions as well, such as the transport of water 
(both absorptive and secretory) (4, 37, 38). The glands are innervated by the 
parasympathetic system. Acetylcholine induces increases in mucus secretion 
(7,39,40) and ion transport by the glands (38, 41). Other transmitters may 
also be involved through activation of a and f3 adrenoceptors (39, 40, 42, 43) 
or nerves releasing substance P and neurokinins (32). The glands are also 
innervated by VIP-containing fibers (44). Although acetylcholine can induce 
mucus release from both serous and mucus gland cells, beta adrenoceptor 
activation appears to cause release from mucous cells and alpha adrenoceptor 
activation from serous cells (43). Mucus secretion is also induced by the 
release of local factors from mast cells, such as histamine and leukotrienes 
(7). 

Cell-to-Cell Interactions 

Other cells within the mucosal tissue release factors that induce changes in 
smooth muscle function. Mast cells present throughout the tissue degranulate 
in response to a wide variety of inflamntatory stimuli. The products released 
upon degranulation lead to airway smooth muscle contraction. For example, 
the release of histamine, platelet-activating factor, leukotrienes (LTB4' LTC4, 
LTD4, etc), and prostanoids can directly induce smooth muscle contraction 
and mucus release. Mast and other immune responsive cells release enzymes 
(1, 45) that can directly cause tissue damage. A recent review by Leff et al 
(29) elucidates in great detail the role of invading cells in epithelial damage 
and airway hypersensitivity. The release of chemotactic factors will attract 
neutrophils, eosinophils, and basophils (28). The invasion of the tissue by 
eosinophils, neutrophils, and basophils in tum causes further inflammation 
and releases prostanoids and leukotrienes. The products released during the 
invasion of the tissue by the various leukocytes appear to be the cause of the 
late phase of an asthmatic attack (28). Various tissue-damaging enzymes and 
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72 FARLEY 

major basic protein (MBP) released from eosinophils are cytotoxic, causing 
death of epithelial cells (46). 

Epithelial tissue also appears to have a direct function in control of airway 
tone through the release of relaxing factors (reviewed in Ref. 47). The exact 
nature of the factor is unknown; however, the factor may be analogous to the 
endothelial-derived relaxing factors (EDRF) of blood vessels and has been 
termed EpDRF (epithelial-derived relaxing factor). A relaxing factor would 
have the greatest physiological significance in the smaller airways, where the 
epithelium lies close to the smooth muscle. Recently, MBP has been shown to 
cause an epithelial-dependent contraction of airway smooth muscle, presum­
ably by the direct release of a contracting factor (48). 

Therefore, since the various tissues form an interactive system, alterations 
in function of one cell type through the action of toxicants may lead to 
alterations in function of one or more of the other parts of the system. The 
effects of toxicants on airway epithelium is considered first. Airway epithe­
lium is the first tissue exposed to airborne pollutants and therefore is exposed 
to the highest concentrations of the compounds. 

TOXICANTS AND THE MUCOSA 

The surface epithelium forms the main barrier between the external environ­
ment and the underlying tissues in the airways. The secretion of water and 
ions by the surface and submucosal cells keeps the tissue surface hydrated. 
Mucus forms a gel layer on top of the liquid layer, which can trap particulates, 
bacteria, spores, etc. In addition to these active processes, the airway epithe­
lium forms a physical barrier between noxious stimuli and the underlying 
nerve fibers and cells. 

Ozone 

Ozone is a very reactive molecule' generated by photochemical/electrical 
oxidation that can react with proteins and lipids. Ozone has been proposed to 
act primarily by damaging the epithelium, thereby causing an inflammatory 
response. The inflammation brings about release of prostanoids, leukotrienes, 
and other factors from mast cells and leukocytes and causes bronchoconstric­
tion and increased secretions (9). Short-term exposure to ozone causes 
changes in the epithelium, including cell death (15, 49-51), damage or loss of 
cilia (16, 49), loss of cell-to-cell contact, and increased permeability of the 
epithelium (15, 51-53). Exposure of underlying nerve fiber endings (9), 

invasion of the epithelium by neutrophils (9, 54), and changes in the transport 
properties of the epithelium (50) also occur. There is an increase in lipid 
peroxidation (51), which may explain the direct tissue damade due to ozone. 

Longer term exposure (60--90 days) has been shown to cause changes in the 
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TOXICANTS AND THE AIRWAY 73 

structure of the epithelium, such as increased cell division and cells with 
shorter cilia (49, 55), Clara cell hyperplasia (56-58), increase in nonciliated 
cells, and a thicker epithelium-interstitial cell layer with cells containing more 
protein synthetic machinery (59). Mariassy et al (60) have demonstrated that 
ozone caused a decrease in cell density and a change in the pattern of 
development of mucus gland cells in sheep exposed just after birth to ozone 
(four hours per day for five days). In animals exposed to ozone, the mucus 
gland cell types, as defined by lectin-binding profiles, were similar to those 
found at birth rather than those observed at five days of age. This suggests that 
ozone exposure during critical developmental periods could have lasting 
structural or functional effects even when shorter exposures are considered. 

Therefore, although damage to the epithelium would increase the probabil­
ity of reflex bronchoconstriction/secretion, the tissue damage would also 
provide freer access of mast cells to antigens (52). Mast cell products would 
then cause further increases in secretion and bronchoconstriction. The release 
of chemotactic factors would initiate the invasion of the tissue by eosinophils, 
neutrophils, and basophils. The resultant release of mediators would cause 
further secretion and bronchoconstriction. Cell damage would ensue from the 
release of enzymes and major basic protein and through direct tissue damage. 
More subtle forms of damage may also occur. For example, a loss, decrease 
in length, or change in beat frequency of the cilia would result in poor 
mucociliary clearance (16, 17), as would increases in mucus secrction (17). 
The communication between epithelia could also be damaged (16,51), thus 
leading to alterations in mucociliary transport. The coordination of ciliary 
activity between cells is dependent on this coupling (16). In addition, it has 
been shown in guinea pig that short-term exposure to ozone increases net 
sodium absorption, a condition that could lead to a decreased sol layer on the 
airways (50), although Phipps et al (61) demonstrated that water secretion 
increased. Increased mucus secretion, changes in water movement, and other 
alterations in mucociliary transport could lead to inspissation of mucus and 
mucus plugging. 

The increased permeability of the epithelium will permit greater penetration 
of antigenic compounds, which could result in mast cell degranulation. 
Osebold et al (52) demonstrated that ovalbumin-sensitized mice exposcd to 
ozone were much more sensitive to the effects of inhaled ovalbumin. Roum & 
Murlas (62) suggested, however, that the increase in permeability of the 
airway could not totally explain the consistent hypersensitivity response 
(bronchospasm) they observed to a parenteral cholinergic challenge when 
compared to the inconsistent nature of the response to a nebulized methacho­
line challenge. Lipid peroxidation and the production of thromboxane (TxA2) 
have also been suggested to be primary effects of ozone (14, 63-65). It is 
interesting that neutrophil depletion blocks the hypersensitivity response to 
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74 FARLEY 

ozone (66). Thus, although changes in the penneability barrier to antigens and 
other noxious substances occur after ozone exposure, other changes in epithe­
lial transport and structural properties are likely to be involved in the patho­
logical actions of ozone. 

Sulfur Dioxide 

Sulfur dioxide is a common pollutant arising from the burning of high sulfur 
coal and other fossil fuels. High concentrations can be reached indoors from 
the use of kerosene heaters. In addition, it is a preservative added to many 
medicines (67) and to foods to improve crispness or freshness (e.g. on the 
lettuce at salad bars in restaurants). The use of sulfur dioxide (bisulfite or 
metabisulfate) is approved by the FDA and is on the generally recognized as 
safe (GRAS) list. A thorough review of the metabolism and chemistry of 
sulfites was made by Gunnison & Jacobson (68). Sulfur dioxide dissolves in 
water to form sulfurous acid and, depending on the pH, bisulfite and/or 
metabisulfite may form. 

Sulfur dioxide has been known since the 1970s to cause airway 
hypersensitivity (see 67, 68). Imai et al (69) demonstrated a positive correla­
tion between the sulfur oxide pollution levels and deaths due to asthma and 
bronchitis. The number of deaths attributed to asthma decreased quickly after 
decreases in the level of pollution, whereas the problems associated with 
chronic bronchitis took several years to abate. This suggests fundamental 
changes in the structure and function of the airways, probably including the 
epithelium. Chronic bronchitis is characterized by elevated levels of mucus 
secretion (70). The effects of sulfur dioxide on epithelial function have not 
been well defined. It has been argued that the main mechanism of the action 
of sulfur dioxide occurs through the generation of an acid and that the acid 
alters the function of the airway (68). Schlesinger (18) has reviewed the action 
of inhaled acids and their ability to reduce nonspecific clearance from the 
lungs. Gatzy & Stutts (71) demonstrated that acids caused a nonspecific 
increase in alveolar epithelial permeability. Fine (72) and Balmes et al (73) 
have suggested, however, that the sulfite or sulfur dioxide are active com­
ponents and that changes in pH alone cannot explain the actions of sulfur 
dioxide. Also, the acid concentration that nonnally occurs in air pollution 
seems to have little effect on airway properties (74). 

Short-term exposure to sulfur dioxide can increase the release of mucus 
(75, 76). Sulfur dioxide in environmentally significant concentrations gener­
ally does not cause great changes in tissue structure; however, there is an 
increased responsiveness to allergens (77). Exposure to high levels (300--500 
ppm) of sulfur dioxide caused focal loss of cilia or exfoliation of ciliated cells 
(78). Sulfur dioxide also induced a dose-dependent increase in nonelectrolyte 
permeability of the epithelium and decreases in the potential difference across 
and electrical resistance of the epithelium (78). 
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TOXICANTS AND THE AIRWAY 75 

The density of mucus-secreting cells is much lower in the smaller airways 
than in the trachea. Long-term exposure to sulfur dioxide, however, has been 
shown to increase mucus secretion in the lower airways and to change the 
nature of the glycoproteins secreted to be closer to that of the upper airways 
(70). This finding suggests that an increase in the number of mucus-secreting 
cells in the lower airways occurs after long-term exposure to sulfur dioxide. 
Increases in mucus cell mass in the smaller airways could increase the 
possibility of the occurrence of obstructive pulmonary disease. Epidemiologi­
cal evidence suggests that there is a connection between sulfur dioxide and 
obstructive lung diseases (69, 79). 

The increased mucus secretion is induced through reflex stimulation of the 
glands (75, 76). The mechanism by which the stimulation of these fibers 
occurs is unclear. Sulfur dioxide is a reactive molecule and it can react with 
disulfide bonds (68). For example, bisulfite acts on the nicotinic .receptor at 
the neuromuscular junction, thereby inducing changes in the activity of the 
ion channel associated with the receptor (80). The activity of the receptor is 
potentiated. Whether this action occurs at the epithelial, mucus, or nerve cells 
is unknown. In addition, sulfur dioxide could have effects on immune cells 
within the epithelium either directly or through reflex release of neuropeptides 
(see Ref. 77). 

Tobacco Smoke 

Tobacco represents both a social and a biological insult. There are numerous 
reports linking tobacco use with cancer of the lung and other organs not 
considered here. Smoking of tobacco exposes the lung to high concentrations 
of particulates, organic compounds of various types (e.g. tars), nicotine, 
cyanide, carbon monoxide, and many other compounds. There is a correlation 
between smoking and the occurrence of chronic obstructive pulmonary dis­
ease (2, 81, 82). The mortality rates due to chronic obstructive pulmonary 
disease for heavy smokers are 2-25 times that for nonsmokers. In recent 
years, passive smoking has been associated with increased respiratory health 
risks, particularly to children (12,81). Children exposed passively to smoking 
experience an increase in respiratory illnesses and a decrease in growth of 
lung functions (12, 81). 

The large number of tobacco smoke products makes isolation of individual 
mechanisms of action on the epithelium difficult. The effects of in vitro 
exposure of the epithelium to tobacco smoke were studied by Welsh (83), 
who showed that the particulate phase of the smoke inhibited chloride secre­
tion, thus causing an increase in transepithelial resistance and a decrease in 
short-circuit current. The decrease in chloride secretion would lead to a 
decrease in water secretion. These actions were not prevented by the use of 
oxygen radical scavengers or indomethacin. Thus the effects appear to be due 
to a direct action on the epithelium rather than through stimulation of the 
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76 FARLEY 

release of cyclooxygenase or lipid peroxidation. By contrast, an oxygen 
radical scavenger, desferoxamine, blocked the increase in asbestos fiber 
penetration induced by cigarette smoke (53), and nonsteroidal anti­
inflam�atory drugs decreased the hyperplasia of epithelial cells (84). Ciga­
rette smoke increases the permeability of the epithelium to penetration by 
large molecules [e.g. horseradish peroxidase (85), asbestos (53, 86)]. This 
increased permeability has been attributed to the decrease in coupling at the 
tight junctions (87, 88), although some workers have suggested that this is not 
the case (89). Gap junctions between cells in culture were shown to be 
reduced in number (87). The increased permeability to larger molecules 
would permit penetration of the epithelium by antigens or other factors and 
lead to stimulation of sensory fibers and antigen-responsive cells. Acute 
effects of cigarette smoke include an increase in the rate of mucus secretion, 
which is caused partly by reflex stimulation of glands but also by local 
stimulation of the mucosa through direct stimulation of the ganglia (7). There 
is a variable response of mucociliary clearance to acute exposure to tobacco 
smoke (16). 

Longer exposures to tobacco smoke induce changes in the morphology of 
the airway. Tobacco smoke increases mitotic activity in the epithelium tran­
siently after even a single exposure (84). With continued exposure, there is an 
increase in the number of cells within the epithelium. In culture, hyperplasia 
of the cells and atypical cells are observed after exposure of the cells to 
cigarette smoke condensate (90, 91). Mucus gland cells are increased in 
number 2-7 times (92-95) over controls, and the number of secretory cells in 
the lower airways increases significantly (93). The acute effects of stimulation 
of mucus secretion, increased epithelial permeability to larger molecules, and 
decreased chloride secretion will give rise to thicker secretions. After contin­
ued exposure to tobacco smoke, the additional problem of increased mucus 
cell mass will lead to the increased probability of mucus accumulation in the 
airways. Decreased mucociliary clearance is a common finding after pro­
longed exposure to tobacco smoke (17). 

The initial mechanisms by which tobacco smoke brings about these 
changes are complex. An oxygen radical scavenger, desferoxamine, can 
decrease asbestos fiber penetration into the epithelium (53). This suggests that 
free radical production is involved in the effect of tobacco. Rogers & Jeffrey 
(95) demonstrated that N-acety1cysteine, a mucolytic drug, when given pro­
phylactically was able to prevent many of the changes in gland cell number 
normally observed after exposure to tobacco smoke. They suggested that this 
agent was acting as a nonsteroidal anti-inflammatory drug. N-Acetylcysteine 
also acts as an antioxidant. Therefore, free-radical-induced damage could be 
one mechanism of induction of cellular hyperplasia and possibly also of 
mucus release. The free radicals could be supplied directly through the smoke 
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or indirectly through metabolic activation of foreign substances by epithelial 
cells. Epithelial cells have the capacity to metabolize xenobiotics (96, 97). 
Epithelial damage would then induce inflammatory responses, thus leading to 
release of mast cell and other mediators (thromboxanes, prostaglandins, etc), 
as discussed above. Induction of reflexes also could occur. The direct actions 
of the tobacco smoke on epithelial properties (83), in addition to increased 
mucus secretion, increased mucus cell mass, and decreased mucociliary 
clearance, would lead to accumulation of mucus in the lower airways and 
obstruction of the smaller airways. 

Cocaine 

Little is known about the effects of cocaine on mucous gland or epithelial cell 
function. Cocaine is taken either by "snorting" the crystalline form or smok­
ing "crack." Although absorption of cocaine through the mucosa occurs 
readily, cocaine can be detected on the mucosa for hours after exposure (98). 
We have calculated that the concentration of cocaine that can be reached on 
the mucosa could be > 1 M after inhaling 25 milligrams (99). Thus, not only 
will the cells be exposed to high concentrations of cocaine, but exposure can 
occur for extended periods, even after a single application. Cocaine paralyzes 
the cilia of the surface epithelial cells, presumably by the local anesthetic 
action of cocaine (100), and decreases the rate of mucus clearance from the 
airways, further slowing the clearance of the drug from the surface epithe­
lium. We have recently shown that cocaine applied in vitro can increase at 
low concentrations « 1 roM) and decrease at higher concentrations the 
short-circuit current developed across the epithelium (99). Cocaine also in­
hibited the increase in short-circuit current induced by both acetylcholine and 
isoproterenol. The inhibition was presumably due to effects on ion channels. 
These actions would alter the water transport across the cells. Effects on the 
respiratory epithelium can be deduced from the signs of cocaine exposure 
such as a runny nose and a chronic cough in cocaine users (101). The runny 
nose is at least consistent with the hyperemia known to occur in the nasal 
mucosa (102) and the stimulation we have observed after in vitro application 
of concentrations of cocaine < 1 roM .  Mucus and water secretion would be 
expected to increase after acute exposure due to the sympathomimetic action 
of cocaine (103) and the known sympathetic innervation of the glands. The 
inhibition of epithelial function due to the local anesthetic action of cocaine as 
noted above would decrease secretions. The chronic cough of users of cocaine 
also suggests that changes in secretion occur. 

A recent review by Ettinger & Albin (104) also noted the association of 
many different airway problems with cocaine: foreign body granulomas, a 
type of pneumonia, pulmonary edema, pulmonary hemorrhage, etc. Slavin & 
Goldwyn (105) discuss the nasal septal defects that occur with chronic 
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cocaine use and that result in loss of the epithelium and even perforation of the 
septum. Thus cocaine has both short- and long-term actions on the epithelium 
that cause dysfunction and decreased responsiveness. 

TOXICANTS AND AIRWAY SMOOTH MUSCLE 

The contraction of airway smooth muscle is the primary problem during an 
asthmatic attack. Airborne toxicants, such as ozone and sulfur dioxide that 
can induce airway hyperreactivity, have been used to develop models for 
asthma or as challenges in the study of airway hypersensitivity. A thorough 
review of the agents involved in induction of asthma in the workplace has 
been made by Chan-yeung & Lam (11). 

Ozone 

Asthma, and the response to ozone, have been related to inflammation of the 
epithelium (9, 54). Inflammation does not always cause hyperresponsiveness 
of the airways (13), however, thus suggesting that the responses to inflamma­
tion are complex. Ozone is a very reactive compound that causes an increase 
in response to inhaled bronchoconstrictors in both asthmatics and nonasthma­
tics (62, 106, 107). 

The increased responses to inhaled challenges (cholinergic or histaminer­
gic) after ozone exposure are not inhibited by blockade of autonomic reflex 
mechanisms (108), although earlier work had suggested a role for parasympa­
thetic reflex mechanisms (109, 110). The effects of ozone can be eliminated 
by nonsteroidal anti-inflammatory drugs, presumably through inhibition of 
arachidonic acid metabolism (64, 111). It has been proposed that arachidonic 
acid metabolites are important in the hypersensitivity induced by ozone (9, 
63,66, 108, 112). Ozone is thought to produce bronchoconstriction primarily 
through inflammation and the release of mediators from the epithelium (e.g. 
L TB4) that act as chemotactic factors and cause invasion of the airways by 
other inflammatory cells, particularly neutrophils (9, 13, 54, 113). Neut­
rophils also have been implicated as important in the response to ozone 
because their depletion results in a loss of the response (66). Mast cells 
(113-115) obtainable by bronchial alveolar lavage also increase in number. 
Jones et al (116) have also demonstrated that ozone exposure in vivo does not 
alter the release of EpDRF in vitro, thus suggesting that the loss of EpDRF 
after exposure to cocaine cannot explain the effects of ozone. Another possi­
ble explanation for the effects of ozone is that neutral endopeptidase, an 
enzyme responsible for the degradation of a number of neuropeptides (sub­
stance P for example), might be inhibited. Borson (117) discusses this 
possibility in a recent review and suggests that any chemical that can reduce 
neutral endopeptidases may cause symptoms of airway disease. 
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Airway smooth muscles retain their hyperresponsiveness in vitro after in 
vivo exposure to ozone. Walters et al (118) found that field-stimulation­
evoked (i.e. nerve evoked) contraction of airway smooth muscle from dogs 
exposed to ozone occurred at lower stimulation frequencies than for muscle 
from control dogs. They found no effect on the maximal tension developed by 
the muscle strips or on the concentration-tension curves obtained for ex­
ogenously applied acetylcholine. The effects of ozone on nerve stimulation 
reversed in vitro after 6 hr of intermittent washing in vitro. Daniel et al (63) 
have suggested that thromboxane A2 both dlrectly contracts smooth muscle 
and permits increased release of acetylcholine from parasympathetic nerves. 
The actions of arachidonic acid metabolites are consistent with the effects 
observed by Walters et al (118). Jones et al (19), however, have found that 
ozone exposure in vivo caused increased contractile response of the tracheal 
muscle in vitro to field stimulation and to acetylcholine, but not to elevated 
potassium. They found no effect of ozone on the amplitude of excitatory 
junction potentials. They concluded that ozone has a potential-independent 
action on the muscle to increase its responsiveness to stimulation. Clearly, 
more work on the identification of the mediators of these responses needs to 
be done. 

As noted above, ozone induces an increase in mast cells and other cells in 
bronchial alveolar lavage solutions. ' One would presume that this would 
increase the responsiveness of the airways to release of mediators of in­
flammation and exacerbate the effect of an inhaled toxicant. Turner et al (113) 
have demonstrated, however, that acute pretreatment with ozone blocks the 
antigen-induced late asthmatic response, but does not affect the early re­
sponse. The late-phase response has been attributed to the invasion of the 
tissues by eosinophils, neutrophils, and basophils (28). Thus ozone may not 
only initiate an increase in sensitivity to inhaled challenge agents, but it may 
also acutely blunt the immune responsiveness of the airways. Longer term 
treatment with ozone concurrent with hexachloroplatinate (a potent 
pulmonary-sensitizing agent) enhanced the development of sensitivity to the 
platinum compound (120). Ozone could therefore have a major long-term 
action of enhancing sensitivity to allergens. 

Long-term exposure to ozone (90 days) leads not only to changes in the 
epithelium, as mentioned above, but also to increases in the amount of smooth 
muscle present (59). Thus most of the effects that ozone causes lead to an 
increase in airway sensitivity to challenge or to the potential for greater 
constriction in response to challenge. 

Sulfur Dioxide 

Sulfur dioxide has been known to induce bronchoconstriction and trigger 
asthmatic attacks since the early 1970s (see 67, 68). Asthmatics are much 
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more sensitive to the bronchoconstrictor effects of sulfur dioxide than non­
asthmatics (67). The mechanism of action of sulfur dioxide in the induction of 
bronchoconstriction is unknown. As noted above, there is little change in the 
structure of the epithelium after exposure to sulfur dioxide and thus it seems 
unlikely that a change occurs in epithelial permeability (62). 

The response to sulfur dioxide occurs rapidly, within 2 min after exposure 
(121). This is a fairly fast response for an inhaled substance and suggests 
possible neural involvement and reflex-induced bronchoconstriction. Nadel et 
al (122) found that reflex bronchoconstriction occurred in response to sulfur 
dioxide exposure, which was inhibited by atropine. In asthmatic subjects, 
however, it has been shown that atropine or ipratropium do not inhibit the 
bronchoconstriction induced by sulfur dioxide (123, 124). Similarly, inhibi­
tion of transmitter release from parasympathetic nerves by activation of 
presynaptic autoreceptors inhibited sulfur-dioxide-induced bronchoconstric­
tion in nonasthmatics but not in asthmatics (125). These differences were 
attributed to defective presynaptic autoreceptors in asthmatics; however, at 
least in asthmatics, parasympathetic reflex stimulation does not explain 
bronchoconstriction induced by sulfur dioxide. 

Exposure of guinea pigs to low concentrations of sulfur dioxide can facili­
tate local allergic reactions to ovalbumin in sensitized animals (126). In­
hibitors of mast cell degranulation, nedocromil sodium and sodium cromogly­
cate, are effective in preventing the effects of sulfur dioxide (124, 127). 
Whether sulfur dioxide has a direct effect on mast cell degranulation or other 
immune responsive cells in the epithelium is unknown. Mast cell degranula­
tion would release histamine, chemotactic factors, and cyclooxygenase prod­
ucts, thereby leading to bronchoconstriction. Sulfur dioxide does not seem to 
cause mast cell degranulation, however, (128) although this conclusion may 
be dependent on the mast cell type considered. Pearce (28) has demonstrated 
that superficial mast cells in the lung obtained by bronchial alveolar lavage, 
which would be exposed directly to inhaled substances, are significantly more 
sensitive to the inhibitory actions of sodium cromoglycate and nedocromyl 
sodium. Sulfur dioxide has been shown to increase the release of mediators 
from leukocytes of asthmatic patients in some studies but not in others (see 
68). 

Snashall & Baldwin (124) suggested that noncholinergic reflex mech­
anisms might be involved in the action of sulfur dioxide and that these might 
be inhibited by sodium cromoglycate. Afferent fiber stimulation has been 
proposed as a mechanism for the action of sulfur dioxide by Dixon et al (127). 
Sheppard (77) has suggested that the effects of sulfur dioxide could be 
mediated via actions on sensory neurons containing neuropeptides [for ex­
ample, those containing substance P or calcitonin-gene-related peptide 
(CGRP)]. Boushey et al (129) have shown that sulfur dioxide induces afferent 
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discharge. Nerves containing substance P (both afferent and efferent) and 
CGRP (afferent) are present in most of the tissues within the epithelium, 
mucus glands, and the smooth muscle in cats and rats, respectively (24, 130). 

Capsaicin induced increases in CGRP in the lumen of guinea pig airways. 
Therefore, the neuropeptide-containing fibers are in an excellent location for 
stimulation during exposure to a toxicant such as sulfur dioxide. In addition, 
the neuroepithelial bodies (neuroendocrine cells) could also be affected (131). 

Sensory fibers containing substance P or CGRP located within the airway 
epithelium could be stimulated by sulfur dioxide or other toxicants, thereby 
initiating axon reflexes within the airway and inducing both secretion and 
bronchoconstriction (32). It has been proposed that, in addition to the known 
direct stimulatory effects of neuropeptides on airway epithelial and smooth 
muscle cells, neuropeptides may also be immunomodulatory (132). In this 
case, the neuropeptides released from the sensory fibers would initiate mast 
cell degranulation, leading to an inflammatory response within the epithe­
lium, bronchoconstriction, and mucus secretion. It is interesting that the 
response to sulfur dioxide shows tachyphylaxis (124, 127) that takes approx­
imately 24 hr to recover (124). A speculative explanation would be that the 
tachyphylaxis is due to the depletion of neuropeptides, which must be syn­
thesized and transported to the terminals from the nerve cell body. 

Tobacco Smoke 

Even though inhalation of tobacco smoke is inflammatory to the airways, can 
induce mucus release and cell hyperplasia, and lead to chronic obstructive 
airway disease, it is not generally recognized to induce bronchial responsive­
ness (13). Acute increases in sensitivity to inhaled acetylcholine were 
observed in guinea pigs after exposure to the smoke from six cigarettes (133, 

134). This was attributed to an increase in the permeability of the airway 
epithelium, since heart rate decreased in response to inhaled acetylcholine 
after tobacco smoke exposure but not before. One would hypothesize that the 
initial exposure to tobacco smoke should lead to bronchoconstriction from the 
inhaled nicotine. Tobacco smoke does not generally increase the ability of 
other agents to sensitize the animal (11). Recently it has been shown that 
tobacco smoke can increase the sensitivity to substance P challenge due to a 
decrease in neutral endopeptidase activity (135). In general, however, there is 
a lack of effect of tobacco smoke on the sensitivity of the airways. The reason 
is unknown. 

Cocaine 

The actions of cocaine on the epithelium are described above. Less is known 
about the actions of cocaine on airway smooth muscle. Several recent reports 
associate the incidence of severe cases of asthma with the snorting or smoking 
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of cocaine (136, 137). As noted above, cocaine can reach very high con­
centrations on the epithelium and therefore might be directly cytotoxic, 
causing epithelial cell damage and inflammation. Cocaine has been proposed 
to alter the immune system, probably indirectly via neuroendocrine mech­
anisms (138). The changes effected by cocaine in lymphoid cells have been 
variable. Thus, although long-term usage of cocaine can induce airway 
hypersensitivity, the mechanism is currently unknown but may involve im­
munomodulation. 

CONCLUSION 

The airway epithelium is very important in the activity of the airway. Several 
investigators have stated that asthma is a disease related to inflammation of 
the airways, particularly the epithelium. Although the epithelium functions as 
a secretory organ, secreting water and mucus, it also is a source for many 
other compounds that influence the reactivity of the airway. Changes in the 
modulatory action of the epithelium may form a common site for the action of 
the toxicants discussed in this review. Do all of the toxicants discussed here 
work in the same way? This question has not yet been answered completely, 
but let me speculate. 

Ozone is a very reactive substance. It seems most likely that much of its 
action would be limited to the surface epithelial layer or the cells within the 
lumen of the airway. The initial step in the action of ozone may be the 
oxidation of proteins or lipids in the epithelial cells, which might bring about 
the release of prostanoids and lead to chemotaxis of neutrophils, eosinophils, 
etc. Other cells in the surface epithelium may also be directly affected, 
however, notably the neuroendocrine cells or sensory nerve fibers. The 
activation of these cells would induce the release of peptide mediators (e.g. 
substance P) that could stimulate mast cell degranulation, smooth muscle 
contraction, mucus release, etc. If the enzyme for the degradation of these 
substances is also inhibited by ozone, the peptides could reach higher, more 
persistent concentrations. 

Sulfur dioxide reacts with disulfide bridges, although this generally is not 
suggested in its mechanism of action. Sulfur dioxide may work in a manner 
similar to ozone, inducing the release of peptides via stimulation of sensory 
fibers and initiation of axon reflexes or through the stimulation of the 
neuroepithelial cells. 

Cocaine would alter the properties of the airway, reducing blood flow to the 
mucosa and causing damage to the epithelia through this mechanism, local 
anesthetic actions, or osmotic shock. During chronic use, these changes may 
bring about inflammation of the epithelium and an increased responsiveness 
due to invasion of the tissue by cells of the immune system. In addition, 
cocaine may alter immune function. 
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Cigarette smoke clearly alters the structure and function of the epithelium, 
yet even in the face of large changes in epithelial structure, there does not 
appear to be an induction of smooth muscle hyperreactivity. The inhibition of 
neutral endopeptidase by free radicals in the smoke suggests some commonal­
ity of action with the other toxicants. The epithelium is hyperresponsive; 
mucus gland cell hypertrophy and hypersecretion lead to airway obstruction. 

Clearly, a lot of work still must be done before the site of action of even one 
of the compounds is fully elucidated. Examining in detail changes in the 
function of the surface epithelial cells in response to toxicants may provide the 
key to that initial step in the induction of hyperresponsiveness that will lead to 
a greater understanding of asthma and other diseases of the airway. A full 
understanding of the molecular action of toxicants will also provide better 
methods for the treatment of airway diseases such as asthma. 

ACKNOWLEDGMENTS 

I thank Angie Ruffin and Martha Wood for their assistance in preparation of 
this manuscript. I am supported by NIDA grant 05094 and a grant from the 
Mississippi Lung Association. 

Literature Cited 

1. US Bureau Census. 1990. StatisticalAb­
stract of the United States: 1990. Wash­
ington, DC: Dept. Commerce 

2. Sherrill, D. L., Lebowitz, M. D., Bur­
rows, B. 1990. Epidemiology of chronic 
obstructive pulmonary disease. Clin. 
Chest Med. 1l:375-87 

3. Nadel, J. A., Widdicombe, J. H., Peat­
field. A. C. 1985. Regulation of airway 
secretions, ion transport, and water 
movement. In Handbook of Physiology, 
Sect. 3, Vol. 1, ed. A. P. Fishman, pp. 
419-45. Bethesda, MD: Am. Physiol. 
Soc. 

4. Marin, M. G. 1986. Pharmacology of 
airway secretion. Pharmacal. Rev. 38: 
273-89 

5. Hogg, J. C. 1986. Airway structure and 
function in asthma, N. Engl. Reg. 
Allergy Proc. 7:228-35 

6. Kaliner, M., Shelhamer, J. H., Borson, 
B., Nadel, J., Patow, C., Marom, Z. 
1986. Human respiratory mucus. Am. 
Rev. Respir. Dis. 134:612-21 

7. Richardson, P. S., Peatfield, A. C. 
1987. The control of airway mucus 
secretion. Eur. J. Respair. Dis. 71 
(Suppl. 153);43-51 

8. Barnes, P. J., Rodger, I. W., Thomp­
son, N. C., eds. 1988. Asthma: Basic 
Mechanisms and Clinical Management. 
London: Academic. 784 pp. 

9. Nadel, J. A. 1984. Inflammation and 

asthma. J, Allergy. Clin. Immunol. 
73:651-53 

10. Stanbury, M., Rosenman, K. D. 1988. 
Chemical and dust-related diseases. NJ 
Med. 85:929-35 

11. Chan-Yeung, M., Lam, S. 1991. Occu­
pational asthma. Am. Rev. Respir. Dis. 
In press 

12. Hoppenbrouwers, T. 1990. Airways and 
air pollution in childhood: State of the 
art. Lung 168:335-46 (Suppl.) 

13. Kerrebijn, K. F. 1986. Triggers of air­
way inflammation. Eur. J. Respir. Dis. 
Suppl. 147:98--104 

14. Boushey, H. A. 1985. Bronchial chal­
lenge by physical agents. Clin. Rev. 

Allergy 3:411-26 
15. Boucher, R. C. 1980. Chemical modula­

tion of airway epithelial permeability. 
Environ. Health Perspect. 35:3-12 

16. Konietzko, N. 1986. Mucus transport 
and inflammation. Eur. J. Respir. Dis. 
Suppl. 147:72-79 

17. Wolff, R. K. 1986. Effects of airborne 
pollutants on mucociliary clearance. En­
viron. Health Perspect. 66:223-37 

18. Schlesinger, R. B. 1985. Effects of in­
haled acids on respiratory tract disease. 
Environ. Health Perspect. 63:25-38 

19. Laitinen, A., Laitinen, L. A., Her­
vonen, A., Partanen, M. 1982. Innerva­
tion of the human lower airway tract. 
Eur. J. Respir. Dis. 63:83 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

2.
32

:6
7-

88
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 C

en
tr

al
 C

ol
le

ge
 o

n 
12

/0
9/

11
. F

or
 p

er
so

na
l u

se
 o

nl
y.



84 FARLEY 

20. Laitinen, L. A. 1987. Detailed analysis 
of neural elements in human airways. In 
Neural Regulation of the Airways in 
Health and Disease, ed. M. Kaliner, P. 
J. Barnes, pp. 35-56. New York: Mar­
cel Dekker 

2 1 .  Coburn, R. F. 1984. The anatomy of the 
ferret paratracheal parasympathetic 
nerve-ganglion plexus. Exp. Lung Res. 
7: 1-9 

22. Peatfield, A. C . ,  Richardson, P. S. 
1 983. Evidence for non-cholinergic non­
adrenergic nervous control of mucus 
secretion in the cat trachea. Am. Rev. 
Respir. Dis. 342:335-45 

23.  Barnes, P. J. 1 99 1 .  Ncuropcptides and 
asthma. Am. Rev. Respir. Dis. 143:S28-
S32 (Suppl. )  

24. Cadieux, A . ,  Springall, D. R. ,  Mul­
derry, P. K . ,  Rodrigo, J., Ghatei, M.  
A. ,  et  aI. 1986. Occurrence, distribution 
and ontogeny of CGRP immunoreactiv­
ity in the rat lower respiratory tract: 
Effect of capsaicin treatment and sur­
gical denervations. Neuroscience 19: 
605-27 

25. Dey, R .  D . ,  Shannon, W. A. Jr., Said, 
S. 198 1 .  LocaIisation of VIP-immunore­
active nerves in airways and pulmonary 
vessels of dogs, cats and human sub­
jects . Cell Tissue Res. 220:23 1-38 

26. Laitinen, A . ,  Partanen, M . ,  Hervonen, 
A . ,  Pelto-Huikko, M . ,  Laitinen, L. A. 
1985 . VIP-like immunoreactive nerves 
in human respiratory tract. Histochemis­
try 82:3 1 3-19 

27. Barnes, P. J. 1987. Airway neuropep­
tides and asthma. Trends Pharmacol. 
Sci. 8:24-27 

28. Pearce, F. L. 1988. Mast cells and 
basophils. See Ref. 8 ,  pp. 8 1-96 

29. Leff, A .  R . ,  Hamann, K. J., Wegner, C. 
D. 1 99 1 .  Inflammation and cell-cell in­
teractions in airway hyperresponsive­
ness . Am. J. Physiol. Lung Cell. Mol. 
Physiol. 260:1189-L206 

30. Doidge, J. M. , Satchell, D. G. 1982. 
Adrenergic and non-adrenergic in­
hibitory nerves in mammalian airways. 
J. Auton. Nerv. Syst. 5:83-99 

3 1 .  Richardson, J. B . ,  Beland, J. 1976. 
Nonadrenergic inhibitory nervous sys­
tem in human airways. J. Appl. Physiol. 
41 :764-71 

32. Barnes, P. J. 1988. Airway 
neuropeptides. See Ref. 8, pp. 395-
4 1 3  

33.  Barnes, P. J .  1989. Vasoactive intestinal 
peptide and asthma. N. Engl. J. Med. 
321 : 1 128-29 

34. Florey, H . ,  Carlton, H. M . ,  Wells, A.  
Q. 1932. Mucus secretion in the trachea. 
Br. J. Exp. Pathol. 1 3:269-84 

35.  Laitinen, L. A. , Laitinen, A. 1988. 
Neural pathways in human airways. See 
Ref. 8, pp. 341-56 

36. Shimura, S . ,  Sasaki, T. ,  Sasaki, H . ,  
Takishima, T .  1986. Contractility of iso­
lated single submucosal gland from 
trachea. J. Appl. Physiol. 60:1237-47 

37. Farley, J. M . ,  Adderholt, F. , Dwyer, T. 
M. 1991 . Autonomic stimulation of 
short circuit current in swine trachea. 
Life Sci. 48:873-80 

38. Yang, C. M . ,  Farley, J. M . ,  Dwyer, T.  
M. 1988. Acetylcholine-stimulated 
chloride flux in tracheal submucosal 
gland cells. J. Appl. Physiol. 65: 1 89 1-
94 

39. Borson, D. B . ,  Charlin, M . ,  Gold, B .  
D . ,  Nadel, J .  A. 1984. Neural regulation 
of 35S0 4-macromolecule secretion from 
tracheal glands of ferrets. J. Appl. Phy­
siol. 57:457-66 

40. Borson, D. B . ,  Chinn, R.  A . ,  Davis, B . ,  
Nadel, J .  A. 1980. Adrenergic and 
cholinergic nerves mediate fluid secre­
tion from tracheal glands of ferrets. J. 
Appl. Physiol. 49: 1027-3 1 

4 1 .  Farley, J. M . ,  Dwyer, T. M. 199 1 .  
Pirenzepine block o f  ACh-induced 
mucus secretion in tracheal submucosal 
gland cells. Life Sci. 48:59-67 

42. Culp, D. J. , McBride, R. K. , Graham, 
L. A . ,  Marin, M. G. 1990. a­
Adrenergic regulation of secretion by 
tracheal glands. Am. J. Physiol. Lung 
Cell. Mol. Physiol. 259:1198-L205 

43. Gashi, A. A . ,  Nadel, J. A . ,  Basbaum, 
C. B. 1989. Tracheal gland mucous cells 
stimulated in vitro with adrenergic and 
cholinergic drugs.  Tissue Cell 21 :59-67 

44. Uddman, R . ,  Alumets, 1 . ,  Densert, 0 . ,  
Hakanson, R . ,  Sundler, F .  1 978. Occur­
ence and distribution of VIP nerves in 
the nasal mucosa and tracheobroncial 
wall. Acta Otolaryngol. 86:443-48 

45. Todisco, T. 1 986. Surfactants and en­
zymes in respiratory mucus. Lancet 
2:468 

46. Ford-Hutchinson, A. W. 1988. The 
neutrophil and lymphocyte. See Ref. 8 ,  
pp. 1 3 1-42 

47. Fedan, J. S . ,  Hay, D. W. P . ,  Farmer, S .  
G . ,  Raeburn, D. 1988. Epithelial cells: 
Modulation of airway smooth muscle 
reactivity . See Ref. 8, pp. 143-62 

48. White, S. R. , Ohno, S. , Munoz, N. M. , 
Gleich, G. J., Abrahams, C . ,  et al. 
1990. Epithelium-dependent contraction 
of airway smooth muscle caused by eo­
sinophil MBP. Am. J. Physiol. Lung 
Cell. Mol. Physiol. 259:L294-1303 

49. Nikula, K. J., Wilson, D. W. , Giri, S .  
N . ,  Plopper, C. G. , Dungworth, D .  L .  
1988. The response of the rat tracheal 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

2.
32

:6
7-

88
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 C

en
tr

al
 C

ol
le

ge
 o

n 
12

/0
9/

11
. F

or
 p

er
so

na
l u

se
 o

nl
y.



TOXICANTS AND THE AIRWAY 85 

epithelium to ozone exposure. Injury , 
adaptation and repair. Am. J. Patho!. 
1 3 1 :373-84 

50. Stutts, M. J . ,  Bromberg , P. A. 1 987. 
Effects of ozonc on airway cpithelial 
permeability and ion transport. Toxieol. 
Lett. 35:3 1 5- 1 9  

5 1 .  Alpert, S .  E . ,  Kramer, C .  M . ,  Haynes , 

M .  M . ,  Dennery, P. A. 1990. Morpho­
logic injury and lipid peroxidation in 
monolayer cultures of rabbit tracheal 
epithelium exposed in vitro to ozone. J. 
Toxicol. Environ . Health 30: 

287-304 

52. Osebold, J. W . ,  Gershwin, L. J . ,  Zee, 
Y. C. 1 980. Studies on the enhancement 
of allergic lung sensitization inhalation 
of ozone and sulfuric acid aerosol. J. 
Environ. Patho!. Toxicol. 3:221-34 

53. Churg, A . ,  Hobson, J . ,  Berean, K . ,  
Wright, J .  1989. Scavengers of active 
oxygen species prevent cigarette smoke­
induced asbestos fiber penetration in rat 
tracheal explants. Am. J. Patho!. 1 35 :  

599-603 

54. Fabbri, L. M. 1985 . Airway inflamma­
tion and asthma. Importance of arachi­
donate metabolites for airway hyperre­
sponsiveness. Prog. Bioehem. Pharma­
col. 20: 1 8-25 

55. Harkema, J. R . ,  Plopper, C. G. , Hyde, 
D. M . ,  SI. George, J. A . ,  Wilson, D .  
W . ,  et a l .  1 987. Response o f  the maca­
que nasal epithelium to ambient levels of 
ozone: A morphologic and morphomet­
ric study of the transitional and respira­
tory epithelium. Am. J. Patho!' 1 28:29-
44 

56. Plopper, C. G . ,  Chow, C. K . ,  Dung­
worth, D. L. ,  Brummer, M . ,  Nemeth, 
T. J. 1 978. Effect of low level of ozone 
rat lungs. II. Morphologic responses 
during recovery and re-exposure. Exp . 
Mol. Pathot. 29:400--1 1  

57. Penha, P.  D . ,  Werthamer, S .  1 974. Pul­
monary lesions induced by long-term ex­
posure to ozone. II. Ultrastructural 
observations of proliferative and regres­
sive lesions. Arch. Environ . Health 
29:282-89 

58.  Moore, P. F. ,  Schwartz, L. W . ,  1 98 1 .  
Morphological effects of prolonged ex­
posure to ozone and sulfuric acid aerosol 
on the rat lung. Exp. Mol. Pathol. 35: 
1 08-23 

59. Moffatt, R. K . ,  Hyde, D. M . ,  Plopper, 
C. G . ,  Tyler, W. S . ,  Putney, L. F. 
1 987. Ozone-induced adaptive and reac­
tive cellular changes in respiratory bron­
chioles of bonnet monkeys. Exp . Lung. 
Res. 1 2:57-74 

60. Mariassy, A. T . ,  Sielczak, M. W . ,  
McCray, M .  N . ,  Abraham, W. M . ,  

Wanner, A. 1 989. Effects o f  ozone on 
lamb tracheal mucosa: Quantitative gly­
coconjugate histochemistry. Am. J. 
Pathol. 1 35:87 1-79 

6 1 . Phipps, R.  J . ,  Denas, S. M . ,  Sielczak, 
M. W . ,  Wanner, A. 1 986. Effect of .5 
ppm ozone on glycoprotein secretion, 
ion and water fluxes in sheep trachea. J. 
Appl. Physiol. 60:91 8-27 

62. Roum, J. H . ,  Murlas, C. 1984. Ozone­
induced changes in muscarinic bronchial 
reactivity by different testing methods. 
J. Appl. Physiol. 57: 1 783-89 

63. Daniel, E. E . ,  Serio, R . ,  Jury, J . ,  Pash­
ley, M . ,  O' Byrne, P. 1988. Effects of 
inflammatory mediators on neuromuscu­
lar canine trachea in vitro. Prog. CUn. 
Bioi. Res. 263 : 1 67-76 

64. Fabbri , L. M . ,  Aizawa, H . ,  O'Byrne, P. 
M . ,  Bethel, R. A . ,  Holtzman, M. 1 . ,  et 
al. 1 985 . An anti-inflammatory drug 
(BW755C) inhibits airway hyperre­
sponsiveness induced by ozone in dogs. 
1. Allergy Clin . Immunol. 76: 1 62-66 

65 . Boushey, H. A . ,  Holtzman, M. J. 1 985. 

Experimental airway inflammation and 
hyperactivity. Searching for cells and 
mediators. Am. Rev. Respir. Dis. 1 3 1 :  
3 12-13 

66. O'Byrne, P. M . ,  Walters, E. H . ,  Gold, 
B .  D. 1984. Neutrophil depletion in­
hibits airway hyperresponsiveness in­
duced by ozone exposure. Am. Rev. 

Respir. Dis. 1 30:2 1 4- 1 9  

6 7 .  Simon, R .  A. 1 986. Sulfite sensitivity. 
Ann. Allergy 56:28 1-88 

68. Gunnison, A. F . ,  Jacobsen, D. W .  
1987. Sulfite hypersensitivity. A critical 
review. CRC Crit. Rev. Tnxicol. 17:  
1 85-2 1 4  

69. Imai , M . ,  Yoshida, K . ,  Kitabatake, M .  
1 986. Mortality from asthma and 
chronic bronchitis associated with 
changes in sulfur oxides air pollution. 
Arch. Environ . Health 4 1 :29-35 

70. Reid, L. M. 1 986. The pathology of 
obstructive and inflammatory airway 
diseases. Eur. J. Respir. Dis. Suppl. 
147:2�37 

7 1 .  Gatzy, J. T . ,  Stutts, M. J. 1 980. Chemi­
cal modulation of alveolar epithelial per­
meability. Environ . Health Perspect. 
35 : \ 3-20 

72. Fine, J. M . ,  Gordon, T . ,  Sheppard, D. 
1 987. The roles of pH and ionic species 
in sulfur dioxide and sulfite-induced 
bronchoconstriction. Am. Rev. Respir. 
Dis. 1 36: 1 1 22-26 

73. Balmes, J. R . ,  Fine, J. M . ,  Gordon, T. , 
Sheppard, D. 1 989. Potential broncho­
constrictor stimuli in acid fog . Environ . 
Health Perspect. 79: 1 63-66 

74. Hackncy, J. D . ,  Linn , W. S . ,  Avo1, E. 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

2.
32

:6
7-

88
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 C

en
tr

al
 C

ol
le

ge
 o

n 
12

/0
9/

11
. F

or
 p

er
so

na
l u

se
 o

nl
y.



86 FARLEY 

L. 1989. Acid fog: Effects on respiratory 
function and symptoms in healthy and 
asthmatic volunteers. Environ. Health 
Perspect. 79: 1 59-62 

75. Lamb, D . ,  Reid, L. 1968. Mitotic rates, 
goblet cell increase, and histochemical 
changes in mucus in rat bronchial epithe­
lium during exposure to sulfur dioxide. 
J. Pathol. Bacteriol. 96:97-1 1 1  

76. Schultz, H. D . ,  Roberts, A .  M . ,  Hahn, 
H. L . ,  Nadel, J.  A . ,  Coleridge, H. M . ,  
et al. 1982. Mechanism o f  airway con­
striction and secretion evoked by 
laryngeal administration of 502 in dogs. 
Physiologist 25:226 

77. Sheppard, D. 1988. Sulfur dioxide and 
asthma-a double-edged sword? J. 
Allergy CUn. lmmunol. 82:961-64 

78.  Man, S. F. P. , Hulbert, W. C . ,  Mok, 
K . ,  Ryan, T. , Thomson, A. B. R. 1986. 

Effects of sulfur dioxide on pore pop­
ulations of canine tracheal epithelium. J. 
Appl. Physiol. 60:41 6--26 

79. Euler, G. L.,  Abbey, D. E . ,  Magie, A. 
R.,  Hodgkin, J.  E.  1 987. Chronic ob­
structive pulmonary disease symptom 
effects of long-term exposure to ambient 
levels of total suspended particulates and 
sulfur dioxide in California Seventh-Day 
Adventist residents. Arch. Environ. 
Health 42:213-22 

80. Steinacker, A . ,  Zuazaga, D. C. 1 98 1 .  

Changes in neuromuscular junction end­
plate current time constants produced by 
sulfhydryl reagents. Proc. Natl. Acad. 
Sci. USA 78:7806--9 

8 1 .  Crofton, J. , Masironi, R. 1989. Chronic 
airways disease. The smoking com­
ponent. Chest 96:349S-55S 

82. Sheppard, D. 1 986. Mechanisms of 
bronchoconstriction from nonimmuno­
logic environmental stimuli. Chest 
90:584--87 

83. Welsh, M. J. 1 983. Cigarette smoke in­
hibition of ion transport in canine epithe­
lium. J. CUn. Invest. 7 1 : 1 6 1 4--23 

84. Bolduc, P., Jones, R . ,  Reid, L. 198 1 .  

Mitotic activity of airway epithelium af­
ter short exposure to tobacco smoke and 
the effect of the anti-inflammatory agent 
phenylmethyloxadiazole. Br. J. Exp. 
Pathol. 62:461-68 

85.  Simani, A. S . ,  Inoue, S . ,  Hogg, J. C. 
1 974. Penetration of the respiratory 
epithelium of guinea pigs following ex­
posure to cigarette smoke. Lab. Invest. 
3 1 :75-8 1  

86. McFadden, D . ,  Wright, J. , Wiggs, B . ,  
Churg, A .  1986. Cigarette smoke in­
creases the penetration of asbestos fibers 
in airway walls. Am. J. Pathol. 1 23 :95-

99 
87. Rutten, A. A . ,  Jongen, W. M . ,  de 

Haan, L. H . ,  Hendriksen, E. G. , Koe­
man, J. H. 1988 . Effect of retinol and 
cigarette-smoke condensate on dye­
coupled intercellular communication be­
tween hamster tracheal cells. Carci­
nogenesis 9:3 15-20 

88. Boucher, R. C . ,  Johnson, J . ,  Inoue, S . ,  
Hulbert, W . ,  Hogg, J .  C. 1980. The 
effect of cigarette smoke on the per­
meability of guinea pig airways .  Lab . 
Invest. 43:94--100 

89. Walker, D.  c . ,  Burns, A. R.  1 988. The 
mechanism of cigarette smoke induced 
increased epithelial permeability in 
guinea pig airways. Prog. CUn. Bioi. 
Res. 263:25-34 

90. Rutten, A. A . ,  Beems, R. B . ,  Wilmer, 
J. W. 1988. Effects of all-trans retinol 
and cigarette smoke condensate on 
hamster tracheal epithelium in organ cul­
ture. II. A histomorphological study. 
Virchows Arch. B 55: 177-86 

9 1 .  Rutten, A. A . ,  Wilmer, J. W . ,  Beems, 
R. B . ,  1988. Effects of all-trans retinol 
and cigarette smoke condensate on 
hamster tracheal epithelium in organ cul­
ture. I. A cell proliferation study. Vir­
chows Arch. B 55: 167-75 

92. Jones, R. 1977. Modification of mucus 
in animal models of disease. Adv. EXp. 
Med. BioI. 89:397-41 2  

93. Jones, R .  1978. The glycoproteins of 
secretory cells in airway. Ciba Found. 
Symp. 57: 175-93 

94. Rogers, D. F. , Jeffery, P. K. 1986. In­
domethacin and flurbiprofen speed 
recovery of rat epithelium after exposure 
to cigarette smoke. Exp. Lung Res. 
10:299-3 1 2  

95. Rogers, D .  F . ,  Jeffery, P .  K .  1986. In­
hibition by oral N- acetylcysteine of 
cigarette smoke-induced "bronchitis" in 
the rat. Exp. Lung Res. 10:267-83 

96. Rosen, O. M . ,  Hassett, D. J . ,  Yankas­
kas, J. R . ,  Cohen, M. S. 1 989. Detec­
tion of free radicals as a consequence of 
dog epithelial cellular xenobiotic 
metabolism. Xenobiotica 1 9:635-43 

97. Boyd, M. R. 1984. Metabolic activation 
and lung toxicity: A basis for cell­
selective pulmonary damage by foreign 
chemicals.  Environ. Health Perspect. 
55:47-5 1 

98. Van Dyke, C . ,  Ungerer, J. , Jatlow, P. , 
Barash, P. , Byck, R. 1982. Intranasal 
cocaine: Dose relationships of psycho­
logical effects and plasma levels. Int. J. 
Psychiatry Med. 1 2: 1-13 

99.  Farley, J .  M., Adderholt, J .  G . ,  Dwyer, 
T. M. 1 99 1 .  Cocaine and tracheal 
epithelial function: Effects on short cir­
cuit current and neurotransmitter recep­
tors. J. Pharmacal. Exp. Ther. In press 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

2.
32

:6
7-

88
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 C

en
tr

al
 C

ol
le

ge
 o

n 
12

/0
9/

11
. F

or
 p

er
so

na
l u

se
 o

nl
y.



TOXICANTS AND THE AIRWAY 87 

100. Barton, R. P. E . ,  Gray, R. F. E. 1979. 
The transport of crystalline cocaine in 
the nasal mucous blanket. Ann. Laryn­
gol. Otol. 93: 1201-4 

1 0 1 . Gold, M.  S . ,  Washton, A. M . ,  Dackis, 
C. A. 1985 . Cocaine abuse: Neurochem­
istry, phenomenology, and treatment. In 
Cocaine Use in America: Epidemiologic 
and Clinical Perspectives, pp. 1 30-50. 
Washington, DC: Supt. Doc . ,  US GPO 

1 02 .  Gay, G. R. 1982. Clinical management 
of acute and chronic cocaine poisoning. 
Ann. Emerg. Med. 1 1 :562-72 

103. Pitts, D .  K . ,  Marwah, J. 1989. Auto­
nomic actions of cocaine. Can. J. Physi-
01. Pharmacol. 67: 1 168-76 

104. Ettinger, N. A . ,  Albin, R. J. 1989. A 
review of the respiratory effects of 
smoking cocaine. Am. J. Med. 87:664-
68 

105 . Slavin, S. A . ,  Goldwyn, R. M. 1 990. 
The cocaine user: The potential problem 
patient for rhinoplasty. Plastic Recon­
struct. Surg. 86:436-42 

106. Koenig, J. Q. ,  Morgan, M. S . ,  Horike, 
M . ,  Pierson, W. E. 1985. The effects of 
sulfur oxides on nasal and lung function 
in adolescents with extrinsic asthma. J. 
Allergy Clin. Immunol. 76:81 3-18 

107.  Kreit, J.  W . ,  Gross, K.  B. ,  Moore, T. 
B . ,  Lorenzen, T. J., D'Arcy, J., Es­
chenbacher, W. L. 1989. Ozone­
induced changes in pulmonary function 
and bronchial responsiveness in asthmat­
ics. J. Appl. Physiol. 66:217-22 

108. O'Byrne, P. M . ,  Jones, G. L . ,  Lane, C. 
G . ,  Pashley, M.,  Daniel, E.  E. 1988. 
Neural transmission during ozone­
induced airway hyperresponsiveness. 
Prog. Clin. Bioi. Res. 263:3-13 

109. Golden, J. A., Nadel ,  J .  A., Boushey, 
H. A. 1978. Bronchial hyperirritability 
in healthy subjects after exposure to 
ozone. Am. Rev. Respir. Dis. 1 18:287-
94 

1 10. Holtzman, M. J . ,  Cunningham, J. H . ,  
Sheller, J .  R . ,  Irsigler, G. B . ,  Nadel, J.  
A . ,  et al .  1979. Effect of ozone on bron­
chial reactivity in atopic and non-atopic 
subjects. Am. Rev. Respir. Dis. 120: 
1059-67 

1 1 1 .  O'Byrne, P. M . ,  Walters, E .  H . ,  Aiza­
wa, H . ,  Fabbri, L. M . ,  Holtzman, M.  
J . ,  et  al. 1984. Indomethacin inhibits the 
airway hyperresponsiveness but not the 
neutrophil influx induced by ozone in 
dogs. Am. Rev. Respir. Dis. 130:220-
24 

1 12.  Mukherjee, S . ,  Heap, P . ,  Carswell, F. 
1 988. Effect of aerosol challenge with 
sensitising antigen on the permeability 
of the surface of the rat trachea in life . 
Thorax 43: 1 007-10 

1 13 .  Turner, C. R.,  Kleeberger, S .  R . ,  
Spannhake, E. W. 1 989. Preexposure to 
ozone blocks the antigen-induced late re­
sponse of th� canine peripheral airways.  
J. Toxicol. Environ. Health 28:363-71 

1 14.  Murias, C. G. , Roum, J.  H. 1985 . Se­
quence of pathological changes in the 
airway mucosa of guinea pigs during 
ozone-induced bronchial hyperreactiv­
ity. Am. Rev. Respir. Dis. 1 3 1 :3 1 4-
20 

1 15 .  Sielczak, M. W . ,  Denas, S .  M . ,  Abra­
ham, W. M. 1983. Airway cell changes 
in tracheal lavage of sheep after ozone 
exposure. J. Toxicol. Environ. Health 
1 1 :545-53 

1 16. Jones, G. L. , Lane, C. G. ,  Daniel, E. 
E., O'Byrne, P. M.  1988. Release of 
epithelium-derived relaxing factor after 
ozone inhalation in dogs. J. Appl. Physi-
01. 65: 1 238-43 

1 17 .  Borson, D. B. 199 1 .  Roles of neutral 
endopeptidase in airways. Am. J. Physi-
01. 260:L212-25 

1 18.  Walters, E. H . ,  O'Byrne, P. M. , Graf, 
P. D . ,  Fabbri, L. M . ,  Nadel, J. A. 1 986. 
The responsiveness of airway smooth 
muscle in vitro from dogs with airway 
hyper-responsiveness in vivo. CUn. Sci. 
7 1 :605-1 1  

1 19. Jones, G. L . ,  O'Byrne, P. M . ,  Pashley, 
M . ,  Serio, R . ,  Jury, J. , Daniel, E. E. 
1 99 1 .  Airway smooth muscle respon­
siveness from dogs with airway 
hyperresponsiveness after 03 inhalation. 
J. Appl. Physiol. 65:57-64 

120. Biagini, R. E. , Moorman, W. J . ,  Lewis, 
T. R . ,  Bernstein, I. L. 1986. Ozone 
enhancement of platinum asthma in a 
primate model. Am. Rev. Respir. Dis. 
134:7 19-25 

1 2 1 .  Horstman, D. A . ,  Seal, E . ,  Folinsbee, 
L. J . ,  Ives, P . ,  Roger, L. J. 1 988. The 
relationship between exposure duration 
and sulfur dioxide-induced bronchocon­
striction in asthmatic SUbjects. Am. In­
dust. Hyg. Assoc. J. 49:38-47 

122. Nadel, J.  A. ,  Salem, H . ,  Tamplin, B . ,  
Tokiwa, Y .  1965. Mechanism of 
bronchoconstriction during inhalation of 
sulfur dioxide. J. Appl. Physiol. 
20:1 64-67 

1 23.  McManus, M. S . ,  Koenig, J. Q. ,  
Altman, L. C. , Pierson, W.  E. 1989. 
Pulmonary effects of sulfur dioxide 
exposure and ipratropium bromide 
pretreatment in adults with nonaller­
gic asthma. J. Allergy Clin. Immunol. 
83:619--26 

124. Snashall, P. D . ,  Baldwin, C. 1982. 
Mechanisms of sulphur dioxide induced 
bronchoconstriction in normal and 
asthmatic man. Thorax 37: 1 18-23 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

2.
32

:6
7-

88
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 C

en
tr

al
 C

ol
le

ge
 o

n 
12

/0
9/

11
. F

or
 p

er
so

na
l u

se
 o

nl
y.



88 FARLEY 

1 25 .  Minette, P. A. H. , Lammers, J. W. J . ,  
Dixon, C. M .  S . ,  McCusker, M. T. , 
Barnes , P. J. 1 989. A muscarinic ago­
nist inhibits relfex bronchoconstriction 
in normal but not in asthmatic subjects. 
1. Appl. Physiol. 67:2461-65 

126. Riedel, F. , Kramer, M . ,  Scheiben­
bogen, C . ,  Rieger, C. H. L. 1988. 
Effects of S02 exposure on allergic 
sensitization in the guinea pig. J. Allergy 
Clin. Immunol. 82:527-34 

127. Dixon, C. M . ,  Fuller, R. W . ,  Barnes, P. 
J. 1 987. Effect of nedocromil sodium on 
sulpher dioxide induced bronchocon­
striction. Thorax 42:462-65 

128.  Altounyan, R. E .  C .  1980. Review of 
the clinical activity and modes of action 
of sodium cromoglycate . In The Mast 
Cell, ed. J. Pepys, A. M. Edwards, pp. 
199-216.  London: Pitman Medical 

1 29. Boushey, H. A . ,  Richardson, P. S . ,  
Widdicombe, 1. G . ,  Wise, J .  C. M. 
1974. The response of  laryngeal afferent 
fibers to mechanical and chemical stimu­
li. J. Physiol. 240: 153-75 

1 30. Dey, R. D . ,  Hoffpauir, J . ,  Said, S. 1. 
1988. Co-localization of vasoactive in­
testinal polypeptide and substance P 
containing nerves in cat bronchi. 
Neuroscience 24:275-8 1 

1 3 1 .  Widdicombe, J. G. 1 987. Nervous con­
trol of airway tone. In Bronchial 
Hyperresponsiveness: Normal and 
abnormal control, assessment and ther-

apy. ed. J. A. Nadel, P. Snashall, R. 
Pauwels, pp.  46-67. Oxford: Blackwell 
Sci. Pub!. 

132. Payan , D .  G . ,  Levine, J .  D . ,  Goetz!, E. 
J. 1984. Modulation of immunity and 
hypersensitivity by sensory neuropep­
tides. J. Immunol. 132:1601-4 

133.  Pare, P.  D . ,  James, A.  L. 1988. Non­
pharmacological modulators of airway 
responsiveness. Prog. Clin. BioI. Res. 
263:301-15 

134. James , A. L., Dirks, P., Ohtaka, H . ,  
Schellenberg, R .  R . ,  Hogg , J .  C .  1 987. 
Airway responsiveness to intravaneous 
and inhaled acetylcholine in the guinea 
pig after cigarette smoke exposure. Am . 
Rev. Respir. Dis. 1 36: 1 158-62 

1 3 5 .  Dusser, D. J . ,  Djokic, T. D . ,  Borson, 
D. B . ,  Nadel, J. A. 1989. Cigarette 
smoke induces bronchoconstrictor 
hyperresponsiveness to substance P and 
inactivates airway neutral endopeptidase 
in the guinea pig. Possible role of free 
radicals. J. Clin . Invest. 84:900-6 

1 36. Rubin, R. B . ,  Neugarten, J. 1990. 
Cocaine-associated asthma. Am. J. Med. 
88:438-39 

1 37.  Taylor, R. F . ,  Bernard, G. R. 1 989. 
Airway complications from free-basing 
cocaine. Chest 95:476-77 

1 3 8 .  Watzl, B . ,  Watson, R. R. 1990. Im­
munomodulation by cocaine-A neuro­
endocrine mediated response. Life Sci. 
46: 1 3 1 9-29 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

2.
32

:6
7-

88
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 C

en
tr

al
 C

ol
le

ge
 o

n 
12

/0
9/

11
. F

or
 p

er
so

na
l u

se
 o

nl
y.


	Annual Reviews Online
	Search Annual Reviews
	Annual Review of Pharmacology and Toxicology Online
	Most Downloaded Pharmacology and Toxicology Reviews
	Most Cited Pharmacology and Toxicology Reviews
	Annual Review of Pharmacology and Toxicology Errata
	View Current Editorial Committee


	ar: 
	logo: 



