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I. Introduction

THE INTERFACE presented by the lungs to the external
environment is large. Multiple body defenses protect the
lungs against inhalation of noxious materials (122). One

group of these defenses is predicated upon the secretion
of protective substances by airway cells. In addition to
mucous glycoproteins, water, and electrolytes, these sub-
stances also include immunoglobulins, proteinases, an-
tiproteinases, and bactericidal and bacteriostatic agents

(22). Additionally, the tracheobronchial cells elaborate a
number of neurohumoral agents which may serve to

modulate airway secretion. During the past decade,
knowledge concerning the cellular mechanisms of normal
and pathological airway secretion and the effects of phar-
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macological agents on this secretion has grown at a rapid

rate. A variety of experimental model systems have been
utilized to understand airway secretory mechanisms.
However, often these systems have yielded divergent
results. The models have employed different animal spe-
cies and various portions of the airways. At present, only
an incomplete picture of airway secretory function has
emerged. The purpose of this review is to describe what

is known concerning this secretory function and to delin-
eate the effects of various pharmacological agents on
known mechanisms of secretion. Initially, I will describe
the cellular structure of airway epithelium which may be
of pertinence to understanding airway secretion. The
complexity and variability of this structure are most
likely responsible for the divergent information which
has been derived from these differing experimental
models used to study secretion. I will also delineate the
physiological and pathophysiological mechanisms which
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may regulate airway secretion prior to discussing the

effects of pharmacological agents.

II. Cellular Structure of Airway Epithelium

This manuscript will briefly outline cellular structure
with an emphasis on those aspects of importance to an

understanding of airway secretory mechanisms.
In mammals, 13 cell types occur in the surface epithe-

hum, nine cell types occur in submucosal glands which

open into the airways, and several other cell types are
found in the submucosal connective tissue of airways

(29). Not all cell types are present in each species, and
the distribution of cell types varies depending upon the

generation and portion of the airway involved (29). Fur-
thermore, aging and both pharmacological and patholog-
ical agents can alter the type and distribution pattern of
airway cells (29). Because of the complexity of airway
tissue, knowledge concerning the secretory properties of
many of the individual cell types is indirect or postulated
based upon cellular appearance.

A. Surface Epithelial Structure

In general, the surface structure of trachea and bronchi
of mammals consists of a pseudostratified columnar ep-

ithelium which is composed of ciliated, globlet, interme-
diate, basal, as well as a variety of less common cell types

(29).
1. Ciliated cells. The predominant cell type which lines

the airway lumen is the ciliated cell (29). In addition to
approximately 250 cilia, the apical membranes of these
cells contain microvilli and fine cytoplasmic processes

(29, 60, 138). The main function ofthese cells is to propel
airway secretions toward the mouth in the defense mech-
anism of mucociliary clearance (29). By virtue of the
number of ciliated cells and their apical membrane struc-

ture, these cells may also be important either in the
secretion or absorption of water by airways (84, 150).
Water movement is mediated by active ion transport and
probably plays a key part in regulating the depth of

periciliary fluid in which the cilia beat (124).
2. Goblet celLs. Goblet cells, present in the surface

epithelium, are 5-fold less numerous than ciliated cells
(60, 138). In normal human mucosa, there are approxi-
mately 6800 goblet cells per mm2 (54). These cells contain
secretory granules which stain positively with both alcian

blue and periodic acid-Schiff stain (PAS), indicating the
presence of acidic mucous glycoproteins (111). Normally,
there are more goblet cells overlying cartilage than the
membranous portion of the airways (29, 157), and their
number increases in a craniocaudal direction in both

portions of the airway (157). Chronic airway infection is
associated with a generalized increase in goblet cell num-
ber (83, 155). In mammals, these cells are not under
nervous control (29); they have a continuous base-line
secretion of the apocrine type of acidic mucins (29). With
certain nonspecific stimuli, e.g., chemical irritants, they
increase their secretory activity (see below).

3. Other surface cells. Other cell types in the surface

layer include basal and intermediate cells. These cells,
which are thought to be differentiating into ciliated and

goblet cells (29), have no known secretory activity (29).

However, intermediate cells may function in protein
transport (29). Less frequently occurring cells in this

layer include: epithelial serous cell; brush cell; K cell;
oncocyte; special type cell; nonciliated bronchiolar secre-
tory (Clara) cell; lymphocyte; globule leukocyte; and

neuroepithelial bodies. The oncocyte and special type
cell have no known secretory function and will not be

considered further (29).

The epithelial serous cell has been identified in rat
trachea and bronchi (80). It has similar appearance and

staining characteristics to serous cells found in submu-
cosal glands (80) and may contribute to the production
of the periciliary fluid layer (80). As in glandular serous
cells, this cell appears to contain lysozyme and to produce
the secretory component of IgA (29).

Brush cells are present in the tracheobronchial surface

epithelium of a number of species, including rat (137),
mouse (71), guinea pig (78), pig (16), and possibly human
(163). These infrequently found cells contain filament

bundles which occur throughout the cytoplasm and a

dense population of apical microvilli (29). Although not

definitely known, based upon the presence of numerous
microvilli, an absorptive function has been postulated

for this cell type (29).
K cells have been identified in the tracheobronchial

tree of humans (64), mouse (56), and rat (45, 115). The
cells resemble the Kultschitzky cell found in the gastroin-
testinal tract (29). The cell has the appearance of a

neurosecretory cell and contains characteristic secetory
granules of several different types (70). Hage (70) de-

scribed three subclasses of K cells based on different

morphological features of the secretory granules. Intra-

epithelial nerve axons have been identified in the close
proximity of K cells and have been described as sensory
(85), cholinergic (93), or adrenergic (56). The secretory
function of K cells remains unknown and may differ

depending upon the generation of airway (29). These
cells may produce amines or kinins (29, 96), which pos-

sibly have an effect on airway smooth muscle tone (29)

or upon the secretory responses of other airway cells.

Nonciliated bronchiolar secretory cells or Clara cells

are usually found in abundance in the terminal bron-

chiolar epithelium (29); however, in certain smaller ro-

dents, e.g., mouse (72) and rat (80), they are more nu-
merous in proximal airways and even the trachea. These

cells have been identified in numerous species including
humans (18), mouse (72), pig (16), rat (80), dog (62), and
llama (29). The cells are characterized by a lack of cilia,
a columnar shape, a round or finger like apical process,

and a large vacuolated droplet (29). Although there is a
general consensus that they are secretory, the product of

the nonciliated bronchiolar cell is not definitely known
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and has been the source of considerable controversy (29).

Most authors believe that the cell is involved in some

aspect of the secretion of the surface active layer which

is present in bronchioles and alveoli and perhaps the
periciliary fluid in larger airways (29).

Lymphocytes are present in the surface epithelium
and presumably function as they do in the rest of the
body (29). Globule leukocytes are similar in appearance

to mast cells (29). They are occasionally identified in the
surface epithelium, as well. The function of these cells is

presumed to be similar to subepithelial mast cells (see

below).
Neuroepithelial bodies are intraepithelial corpuscles

composed of several tall, nonciliated cells arranged in
parallel, forming a corpuscle within the epithelium (97).
They occur throughout the entire airway (97) and have
been identified in the cat (77), mouse (77), rabbit (94),

rat (147), and human (20). Their role is not known, but
based upon structure, they are presumed to have neuro-
receptor function (95). They are well innervated with

both afferent and efferent fibers and contain intracyto-
plasmic dense-cored granules which contain serotonin

(93). These cells may be sensitive to inhaled particles or

to oxygen or carbon dioxide tension of the inhaled gas
(29). It has been postulated that they may mediate a

number of possible functions including hypoxia-induced
pulmonary vasoconstriction, regulation of smooth mus-

cle tone, regulation of airway secretion, and control of

pulmonary hemodynamics.

B. Submucosal Gland Structure

The complexity of structure of the submucosal glands
varies with species (29). In certain rodents, e.g., the rat

and mouse, glands are rudimentary or even nonexistent
(29, 66, 68). In humans and other mammals such as the

cat, dog, and pig, the glands are complex structures (29).
Three regions of the human submucosal gland can be

identified: ciliated duct; collecting duct; and secretory
tubules (113).

1. Ciliated duct. The ciliated duct contains cells similar

to surface epithelium. In humans, the duct extends into
the gland approximately 350 �tm from the surface of the

lumen. Presuambly these cells have similar secetory
function to those cells found in the surface epithelium.
The probable primary function of these cells is to move

the glandular secretory product onto the airway surface
via ciliary beating (113).

2. Collecting duct. The collecting duct cells are tall and
columnar in shape (29). Based upon their large numbers

of mitochondria and sparse PAS-positive secretory gran-
ules, these cells may be important in adjusting water and
ion content of the glandular secretory product (113). The
cells probably do not secrete mucins (29).

3. Secretory tubules. The secretory tubules branch off
the collecting ducts. These tubules are lined by mucous
and serous cells. The mucous cell is columnar and is
filled with secretory granules which stain positively with

both alcian blue and PAS (29). The granules flatten the

nucleus against the base of the cell (29). Mucous cells

secrete acidic mucous glycoproteins (136). Serous cells

have densely packed spherical membrane-bound secre-
tory granules which stain with PAS. These cells are

presumed to secrete neutral mucins (29). Like the surface
serous cells, these cells may also be involved with both
IgA and lysozyme secretion (29). There is both morpho-

logical and physiological evidence that the mucous and
serous cells are under cholinergic, adrenergic, and non-

cholinergic nonadrenergic nervous control (see below).
4. Other glandular celLs. Lymphocytes, mast cells, glob-

ule leukocytes, and K cells are occasionally found in the

glandular acini (29). Also, myoepithelial cells are found
between the basement membrane and the mucous, se-
rous, and collecting duct cells (29). These cells probably
serve to squeeze secretions out of the glands (29).

C. Subepithelial cells

Several cell types that are present below the airway
epithelium are of potential importance to airway secre-
tion. These include subepithelial mast cells and bron-
chus-associated lymphoid tissue cells. Mast cells appear

to contain intracellular IgE within granules (29) and may
function to transfer this IgE into the secretions which

line the airways. These cells respond to specific antigens
by releasing biogenic amines (29). Nodules of lymphoid
tissue are present within the bronchial mucosa down to
the level of the small bronchioles (29). The nodules are
analogous to such gut-associated lymphoid tissue as the
intestinal Peyer’s patches (29). It appears that these cells

are involved in immune processes that protect the orga-

nism from inhaled antigens. These nodules may provide
B cells which produce IgA and T cells for cell-mediated
reactions in the airways. The role of this tissue has been
reviewed recently (19).

D. Variability of Airway Structure

The structure of airways is variable. Differences exist
between species; there are also structure changes in
response to pharmacological and pathological influences.
The full spectrum and implications of these differences
and changes in terms of secretory responses are not
entirely known. However, it seems that certain of this
variability may be of relevance and is described below.

1. Species differences in airway structure. Although

most mammalian species have the type of cells outlined
above, variability does exist in the relative numbers and

distribution of airway cells. Several review articles delin-
eate some of these differences (29, 68), the complete

details of which are beyond the scope of this review. The
difference in airway structure most important to secre-
tory processes may be the relative complexity and distri-
bution of submucosal glands and the presence or absence
of Clara-like cells in larger airways. In several rodent
species, the submucosal glandular structure is rudimen-

tary (66, 68, 125, 126). In mouse, submucosal glands are
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either rudimentary or absent (125, 126). Additionally,
large airways differ from those of other mammalian
species, in that goblet cells are nearly absent, and large

numbers of Clara-like cells are present (125, 126). The

larger airways of many rodents resemble more distal
airways of other mammalian species (125, 126). This

difference may serve to keep the relatively narrow air-
ways of rodents free of obstructing mucin secretions

(126).
2. Effects ofpharmacological and pathological agents on

airway structure. The relative proportion of airway cell
types is not fixed. Rather, there is evidence that cell

number and characteristics can change. For instance,

Jones and Reid (82) showed in rat airways that both
isoproterenol (injected for 6 days, 10 mg/100 g of body
weight) and salbutamol (injected for 6 or 12 days, 10 mgI

100 g of body weight) caused a change in both the number

and staining characteristics of secretory cells located in

the surface epithelium. In all instances, the number of

cells staining positively for secretory granules (contain-

ing either acidic or neutral glycoproteins) increased (82).

The increase was not uniform throughout the airways,

and there was an alteration in the composition of secre-

tory granules in the different secetory cells in response
to the various agents (82). In this study the change in

cell number and secretory type was in response to a
pharmacological stimulus. Based upon this responsive-

ness, the authors speculated that, even in normal air-
ways, there could be changes which reflect alterations

due to normal physiological stimuli. The details of these
putative normal alterations were not delineated. Vidic et

a!. (161) have shown that estrogen alters the epithelial

secretory cells in rat trachea. They surgically removed
the ovaries of female rats. For a period of 8 days, they

injected an experimental group with 17fl-estradiol (25

�.tg/day). A control ovariectomized group received no

estrogen. On the ninth day, both groups were killed, and
the tracheas were studied both histochemically and mor-
phologically. Estrogen treatment caused a change in the
secretory cell population. A significant decrease occurred
in estrogen-treated rats in the number of large PAS-
reactive secretory cells, while cells staining for both

weakly acidic and neutral glycoproteins increased signif-

icantly. Morphological changes were present in the se-

cretory cells consistent with an increased rate of synthe-
sis and secretion by cells containing weakly acidic mu-

cous glycoproteins (161). These alterations suggested

that hormonal effects may play a role in altering the
quantity and character of mucus glycoprotein secretion

by airways. Nygren et al. (123) studied the effects of
cholera toxin, dibutyryl cyclic adenosine monophosphate

(cAMP), and prostaglandin E1 on the morphological
appearance of mouse intrapulmonary airway epithelium.

All of these agents are known to increase intracellular
cAMP. These materials were instilled intranasally into

mice, in doses which were known to cause physiological

responses. The airways were examined for morphological
changes. The instillations resulted in an increased num-
ber of mucous cells in the airways relative to control.
Breuer et a!. (30) showed that human neutrophil elastase,

a proteinase released into mucous secretions during the
inflammatory response, caused a metaplasia of secretory

cells in the airways of hamsters. In an earlier similar
study in hamster employing instillation of porcine type

III elastase, McDowell et a!. (112) suggested that the
apparent increase in secretory cells was due to an accu-

mulation of secretion granules within the cells rather
than due to conversion of undifferentiated cells to secre-

tory cells or the production of new cells by mitosis.

Cholera toxin is a bacterial product, and prostaglandins
and elastase are released during the inflammatory re-
sponse. This morphological responsiveness to these
agents raised the possibility that pathological agents and

diseases might result in cellular alterations which are of
significance to airway secretion.

A number of studies are compatible with this hypoth-
esis. Pathological agents, such as viruses (36, 42, 154),

bacteria (42, 75, 118), and cigarette smoke and other
irritants and pollutants (17, 34, 50, 55, 61, 69, 79, 81, 90,
102, 112, 134, 153), also caused an increase in the secre-
tory cells of the airways, morphological changes which
may alter the secretory responses. Further, a number of
disease states, including chronic bronchitis (34, 52, 155,
158), cystic fibrosis in its later stages (35, 98, 151), and

asthma (149), are characterized by hyperplasia of both

submucosal gland and goblet cells in the airways.

E. Condusions from Morphological Studies

It is important to consider a number of features of
airway morphology when describing the pharmacology

of airway secretion. (a) Multiple cells may be responsible
for the airway secretory product. (b) There are species
and regional differences in the distribution of airway

cells. This variability is increased further by the apparent
morphological alterations which occur in response to
pharmacological and pathological agents and perhaps in
response to normal physiological stimuli. Such a change
may be reflected in alterations in airway secretion. In

considering the pharmacology of airway secretion, it is

necessary to be aware of these confounding factors.

III. Physiological Regulation of Airway Secretion

A knowledge of normal mechanisms which regulate

airway secretion is prerequisite to understanding the
pharmacology of this secretion. In this portion of the
review, I will provide an overview of normal mechanisms
of airway secretion. Available information largely relates
to the function of submucosal glands and surface epithe-

hal cells of the airways and their secretion of mucin and
electrolytes. The mechanisms which control the secre-
tion of submucosal glands are more fully characterized
than either the secretory function of surface epithelial

cells or other subepithelial cells.
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A. Physiology of Submucosal Glandular Secretion

1. Nervous control of submucosal glandular secretion.

There are both anatomical (12, 51, 53, 91, 103, 117, 120,
159) and physiological (26, 48, 49, 67, 89, 119, 135, 160)

data to indicate that glandular secretion is under nervous

control. The known secretory products of submucosal

glands include acidic and neutral mucous glycoproteins,
IgA, and lysozyme (22). There is also indirect evidence

that serous cells of the submucosal glands may secrete
sodium and chloride which, by forming osmotic gra-
dients, may contribute to water secretion by the glands
(63). This possibility has been challenged by Corrales et
al. (ref. 43; see below).

2. Anatomical studies indicating nervous innervation of

submucosal glands. In an early study, Larsell (91) de-
scribed nerve terminations present in bronchial mucous
glands of rabbit. More recently, utilizing fluorescent

histochemical techniques, Mann (103) studied the inner-
vation of the bronchial tree in five mammalian species.

He demonstrated the presence of catecholamine-contain-
ing nerve fibers in the vicinity of bronchial glands in
adult sheep, but was unable to do so in calf, goat, pig,
rabbit, or fetal sheep. Acetylcholinesterase-containing
fibers were observed in association with bronchial glands

of sheep and goat, but not in calf, pig, or rabbit. Similarly,
El-Bermani and Grant (53) demonstrated in large bron-

chi of the rhesus monkey that acinar cells of glands were
surrounded by acetyicholinesterase-positive nerves. In a

quantitative study, Murlas et al. (117) examined the
distribution of adrenergic and cholinergic axon varicosi-

ties to serous and mucous cells of cat tracheal glands.

They examined all varicosities that could be identified
within 10 �m of the glands. They found that 90% were
cholinergic, and 10% were adrenergic. They observed no

differential innervation of serous and mucous cells. Em-
ploying an immunofluorescent technique, Uddman et al.

(159) demonstrated the presence of nerves which con-
tamed vasoactive intestinal peptide (VIP). These nerves

were present throughout the upper respiratory tract of

cat, rabbit, and guinea pig. Nerves were most numerous

in cat and less so in rabbit and rarely present in guinea
pig. In all cases the authors describe fine varicose VIP

nerves forming plexa around submucosal glands. Simi-
larly, Dey et a!. (51) described the presence of VIP nerves

in the vicinity of bronchial glands of dogs, cats, and
humans.

3. Physiological studies indicating nervous regulation of

submucosal glandular secretion. Several lines of evidence
are consistent with the secretory responses of submu-

cosal glands being under nervous control. These include
studies on the neurohumoral receptors of glandular cells
and experiments on the secretion of glandular products

induced by nervous stimulation.
4. Neurohumoral receptors on glandular cells. Barnes

and Basbaum (10) utilized autoradiography and radiolig-

and binding to map adrenergic receptors of ferret tra-

cheal submucosal glands. They found that the density of
a-i receptors on the glandular cells exceeded that of fi
receptors. Further, they found that the number of a-i

receptors was significantly greater on serous cells than
on mucous cells. They suggested that the predominance

of a-i receptors on the serous cells may explain the

watery secretion that is elaborated in response a-adre-
nergic stimulation of airways (160). Similarly Barnes et

al. (ii) demonstrated cholinergic receptors on submu-
cosal gland cells of ferret trachea. In a more detailed

study, Basbaum et a!. (14) demonstrated the presence of
approximately five binding siths/�m2 for tritiated pro-
pylbenzilylcholine mustard, a muscarmnic antagonist.

Binding sites were on the basolateral membranes of gland

cells. Serous and mucous cells did not differ in their
receptor density. Mann and Culp (104) have character-

ized muscarinic cholinergic and adrenergic receptor char-
acteristics in an isolated and disaggregated preparation

of cat tracheal submucosal gland cells. Assuming that
both mucous and serous cells have a similar density of
receptors, they reported 42,000 muscarinic and 19,000

a-adrenergic receptor sites per glandular cell.
*5. Studies involving direct stimulation of the nerves

controlling glandular cells. In 1896, Kokin (89) described
the nervous supply of the trachea of dogs and cats. By

directly observing the surface of the exposed trachea

which had been wiped dry, he was able to identify the

formation of droplets of secretion which formed over

openings of gland ducts. With electrical stimulation of

nerves, he observed whether secretion from gland duct

openings occurred. He came to the conclusions that (a)

in dogs and cats, the superior laryngeal nerve contained
secretory fibers for mucous glands of the larynx, and in
dogs for the upper and middle part of trachea, as well,

(b) the inferior laryngeal nerve of cat, but not dog,
contained secretory fibers for mucous glands of trachea

and the lower part of the larynx, (c) stimulation of

secretory fibers of one side of the neck increased the

secretory activity of the contralateral side (inhibitable
by atropine, raising the possibility of reflex control of

glandular secretion), and (d) the vagus nerve carried

secretory stimuli. Recently, these studies were extended
by two new techniques to define glandular secretion in
vivo (48, 49, 67, 160). Davis et al. (49) coated exposed

upper trachea of dogs with finely divided tantalum pow-
der. The powder served to contain secretion from mdi-
vidual gland ducts in small elevations in the tantalum

layer which were called “hillocks.” By observing the rate
of appearance and change in size of hillocks, these work-

ers studied the effect of capsaicin injected into the bron-

chial artery. This agent was used as a method for stim-
ulating C-fibers. Injection caused an increased glandular

secretion which could be abolished by blocking vagal

nerve transmission, by either cooling or by vagal section.
The authors suggested that bronchial C-fibers furnished

the afferent arm of an airway secretory response. In a
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second new technique employing micropipettes, Ueki et

al. (160) collected secretory product from individual
gland ducts in vivo in exposed cat trachea. Stimulation

of the vagus nerve increased, while blockade decreased,

the secretory rate of the glands. In further studies em-
ploying the micropipette method, German et al. (67)
demonstrated that reflex stimulation of the tracheal
glands occurred in response to irritation of the stomach.

B. Secretory Physiology of the Surface Epithelium of the
Airways

The factors that regulate normal secretion of surface

airway cells are an area of current research interest.
Although intraepithelial axons have been found in asso-

ciation with a variety of surface cells, there is little to
indicate that these nerves play a secretory motor function

(29). Specifically there is no evidence in mammals that

goblet cells are under nervous control (29). At present
little is known concerning the normal regulation of air-
way secretion. Recently, it has been suggested that the
activities of the surface epithelium are regulated by the
release of local mediators, e.g., prostaglandins or hista-

mine, by airway cells (74). This possibility is attractive
but as of yet not proven. A number of investigators have
explored the mechanisms of ion and water secretion in

airway epithelium. This secretory mechanism has been
well characterized in a variety of species and different

airway generations. Most of the ion transport activities

of airways have been attributed to unspecified cells of

the surface epithelium (63). Because the ciliated cell is
the predominant cell type in surface epithelium, most
investigators have suggested that this cell type is respon-
sible for the majority of ion transport across airways
(63).

1. Ion and water transport in airway surface epit helium.

Recently, several reviews have outlined the ion transport
properties ofairway epithelium (48, 63, 120). An overview

of studies concerning the ion transport properties of
airway epithelium follows. Melon (ii2a) was apparently
the first to study the ion transport properties of airways.
He suggested that rabbit trachea actively absorbed so-

dium. Olver et a!. (i24) modified Ussing’s short circuit
technique (i6Oa) and studied the ion transport properties

of the posterior membranous portion of dog trachea in
vitro. Utilizing radioactive chloride and sodium, they

measured the unidirectional fluxes of these ions across
the trachea and showed that, under short circuit condi-

tions (i.e., in the absence of an electrochemical gradient
acting across the trachea), there was a net secretion of
chloride and a net absorption of sodium ion. Further-
more, the fluxes of chloride and sodium accounted for all
of the simultaneously measured short circuit current (an

indication of the total active ion transport of the tissue).
Subsequently, several studies showed that the secretion
of chloride by dog tracheal epithelium depended upon
the presence of sodium in the bathing medium (5, 109,

174). By comparison to similar active transport processes

in other tissues, a model (63) was suggested to explain

this active transport (see fig. 1). According to this model,
intracellular sodium is pumped out ofthe cell in exchange

for potassium by a Na-K-ATPase located on the sub-

mucosal surface of the epithelial cell. There is a coupled
entry of sodium and chloride across the submucosal

surface driven by the gradient for sodium, created by the
sodium-potassium pump. Thus, sodium enters the cell

down its concentration gradient, while the entry of chlo-
ride is linked to this sodium entry. Thus, chloride accu-

mulates within the cells against a concentration gradient

because of the favorable gradient for sodium created by
the sodium-potassium pump. Intracellular chloride con-

centration is thereby increased. The increased chloride
conductance across the luminal cell membrane relative
to the submucosal cell membrane accounts for a net

movement of chloride toward the lumen.
This model is consistent with the findings that have

been reported for dog (5, 109, 174), cow (90a, 162), human
(87), and sheep trachea (130). As predicted by the model,
chloride secretion in these epithelia is dependent upon
the presence of sodium in the bathing medium (5, 109,
174). In dog trachea, ouabain binds preferentially to the

submucosal membrane (173). Welsh (166) utilized bar-
ium ion, an inhibitor of potassium conductance, in dog

tracheal epithelium and demonstrated by intracellular

microelectrodes an inhibitable potassium conductance

across the submucosal membranes of tracheal cells. A
study employing chloride-sensitive microelectrodes

showed that the intracellular chloride activity of canine
tracheal epithelium was 47.2 mM, i.e., 30.1 mM above the

electrochemical equilibrium for chloride across the apical
membrane of the cells (146a). Agents known to block
coupled sodium chloride entry (“loop” diuretics; 109, 162,
168, 170, i73a), Na-K-ATPase (ouabain; 162, 174), or
increase chloride conductance (cAMP or epinephrine;
146a, 148) have responses that are predicted by this
model (see below).

However, not all airway epithelium has chloride secre-

Lumen

CI

FIG. 1. Model to explain ion secretion by airway epithelium. Rec-

tangles represent airway cells. Model is described in text.

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


PHARMACOLOGY OF AIRWAY SECRETION 279

tion under base-line secretory conditions. Airways
smaller than the trachea have a predominant sodium

absorption (27, 28). In some species such as the rabbit,
sodium absorption also occurs under base-line conditions

in the trachea (27). However, where tested these epithelia
appear to have a similar mechanism for electrolyte se-

cretion as predicted by the model. Sodium absorption

and a lack of chloride secretion may simply relate to a
relatively higher conductance of the submucosal mem-
brane for chloride (see below).

Iv. Pathophysiology of Airway Secretion

Pathological conditions have been shown to alter the
morphology of airway secretory tissues (see above).

Therefore, it has been postulated that airway secretion
may be altered in response to these conditions. A limited
number of studies have been performed which address

this hypothesis. Again, available information largely re-
lates to the function of submucosal glands and surface
epithelial cells of the airways and their secretion of mucin
and electrolytes.

A. Effects ofAir Pollutants and Irritants on Airway

Secretion

The effects of several pollutants and irritants, includ-
ing cigarette smoke, on airway secretion have been in-

vestigated.
Last and Kaizu (92) exposed rats to 0.8 ppm ozone for

variable lengths of time. They then removed the trachea

and incubated explants for about 24 h with either 35S04
or [3H}glucosamine in order to radiolabel the mucin. To
assess mucin secretion, they collected trichloroacetic
acid-precipitable proteins and quantitated the amount of
radiolabel present. Using this technique, they showed
that exposure to ozone initially decreased the rate of
secretion compared to control rats during the first 2 to 3
days; however, the secretion rate returned to control

after a period of 5 to 10 days. After 30 days, the rate of

secretion was significantly increased. The initial decrease
was dose related, with no change being noted at concen-

trations of 0.2 and 0.4 ppm. Preliminary studies with
bonnet monkeys indicated that both 0.5 and 0.8 ppm

ozone caused an increased mucin secretion (92), raising
the possibility of species differences. These workers also
studied the effects of combinations of pollutants on this
secretion in rats. A combination of sulfuric acid (1.1 mg/
m3) and ozone (0.5 ppm) aerosol exposure resulted in a
stimulation of secretion at both 3 and 14 days of expo-
sure. Peatfield and Richardson (129) measured mucin

secretion from tracheal segments of anesthetized patho-
gen-free cats. These investigators employed both char-

coal and barium sulfate powder. The particles were either
insufflated directly into the tracheal segment or mixed
with the air which the animal inhaled. In both cases,
these dusts caused an increase in mucin secretion. Based
upon results obtained after vagotomy and with atropine
and propranolol, these authors concluded that dusts

stimulate mucins by both reflex and local mechanisms.
Similarly, Richardson et al.(141) showed that both am-

monia and cigarette smoke increased mucin secretions
by both local and reflex mechanisms. Welsh (167) em-
ployed Ussing’s short-circuit technique to determine the

effect of cigarette smoke on ion transport properties of

dog tracheal epithelium. He bubbled whole cigarette
smoke through the solution which bathed the tracheal
tissue. He observed that exposure to the luminal surface
of the trachea to cigarette smoke resulted in an inhibition

of the rate of chloride secretion with minimal effect on
sodium absorption. Filtering out the particulates from
the smoke minimized the effect.

B. Effect of Bacterial Infection on Airway Secretion

Although several studies have delineated morphologi-

cal changes that occur in airways as a result of infection
(see above), minimal quantitative information is avail-

able concerning the effects of such infection on airway
secretion. One such study that may be of relevance is
that ofAdler et al. (2). These workers analyzed the effects
of cholera toxin on the secretion of mucin by guinea pig
tracheal explants. In concentrations of toxin between 5

and 50 zg/ml, they found a dose-dependent increase in

mucin secretion.

C. Effect of Various Airway Diseases on Airway

Secretion

As alluded to above, most of the information about the
pathology of airway secretion relates to studies of the

altered morphology of airways in diseased states. Some
information is available concerning the actual patho-
physiology which occurs with airway disease. The re-

sponsiveness of diseased tissue (i.e., cystic fibrosis, bron-
chitis, and bronchiectasis) to mucin secretogogues re-
lated primarily to glandular hypertrophy, rather then to
a definite alteration in the mechanism of mucin secretion

(152). Minor alterations have been observed in the bio-

chemical composition of airway secretions of patients
with various diseases including asthma, bronchitis, bron-

chiectasis, and cystic fibrosis (22, 32, 58, 101). Because
of the complexity involved in the formation of airway

secretions, it is difficult to assess the pathophysiological
mechanisms responsible for these changes. Coles and
Reid (41), did define some potential differences in the
biosynthesis of mucins in patients with chronic bronchi-
tis. They examined precursor uptake into explants from
patients with chronic bronchitis and normals and found

accelerated uptake of threonine and glycoprotein synthe-

sis in explants from patients with bronchitis compared
to control.

Certain potential pathological mechanisms have also

been described in several other studies. For instance,

Phipps et al. (130) studied the effect of in vitro challenge
utilizing Ascaris suum antigen of tracheal tissue from
allergic sheep. They found that the antigen (25 �tg/ml)

increased mucin secretion. Transiently, the antigen also
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decreased chloride net flux. This was followed by a net

secretion of chloride and sodium. These responses could

be greatly but not completely reduced by pretreatment
with cromolyn (i0� M). The authors suggested that the

cromolyn-sensitive effects were due to mediators released
during the allergic response. Several studies have exam-
med the effect of serum from patients with cystic fibrosis
on both mucin secretion and also on ion transport
properties. While Moriarty et al. (116) were unable to

distinguish between the effects of control sera and sera

collected from patients with cystic fibrosis on mucin
secretion or ion transport properties of rabbit tracheal
explants, Boat et a!. (23) found that the initial response
of mucin release of rabbit tracheal explants to cystic

fibrosis sera was greater than control sera. Likewise,
Rudick et a!. (142) working with cell cultures from ham-

ster trachea showed that sera from cystic fibrosis patients
increased secretory rates of mucin relative to sera from
normals. Serum contains multiple substances, and it is
not clear which exact components ofcystic fibrosis serum
that are responsible for the possible pathological effects.
Nor is it clear that the alterations are related to the
pathogenesis of the disease. Recently, Knowles et al. (88)

examined the ion transport properties of nasal tissue

excised from patients with cystic fibrosis and from nor-

mal subjects. They found that tissue from cystic fibrosis
patients had a relative impermeability to chloride ions.

Based on similarities of nasal to lower airway tissues,
this abnormality probably also is present in the lower
airways of patients with cystic fibrosis as well (86).

V. Pharmacological Regulation of Airway
Secretion

Effects of a number of different pharmacological

agents on airway secretion have been examined. These

will be surveyed in this portion of the review.

A. Effect of Ciwlinergic Agents on Airway Secretion

As outlined above, there is ample evidence to indicate
that submucosal glandular secretion is under cholinergic

nervous control. Cholinergic agonists, antagonists, and
anticholinesterase agents have also been shown to have
important effects on glandular secretory mechanisms.

In general, the effects of cholinergic agonists seem to

simulate the effects of cholinergic nervous stimulation
(see above). For instance in a study utilizing dog trachea,

in vivo, coated with tantalum powder, hillocks formed in
response to vagal stimulation and also in response to i.v.

acetylcholine. These responses could be blocked by pre-
treatment with atropine (46). Likewise, in an in vitro
study utilizing cat trachea (132), in which secretions were
collected from individual gland duct openings, bethane-

chol, a cholinergic agonist, increased the secretory rate.
The threshold concentration for stimualtion was 10_6 M.

Dose-response characteristics were not measured. The
secretions were isotonic with the bathing medium with

the exception of sulfur content. The author postulated

without documentation that the source of sulfur was
mucous glycoproteins. He suggested that cholinergic

stimulation resulted in both an increase in electrolyte
and water secretion, as well as the secretion of mucins

(132). Coles (37) employed histochemical and autoradi-
ographical techniques to determine a secretory index for

human bronchial submucosal glands. He showed that
methacholine, a cholinergic agonist, in an unspecified

concentration promoted the discharge of secretory gran-

ules, while atropine blocked this response. Physostyg-
mine, an acetylcholinesterase inhibitor, also increased

the secretory index in a dose-related manner, in concen-

trations between 10 and 1000 �g/ml, in both mucous and
serous cells of submucosal glands. Sturgess and Reid

(152) employed a similar technique and showed that
acetylcholine had a similar dose-related effect on the

secretory index, while parasympatholytic agents such as
atropine and hyoscine decreased the index. Basbaum et
al. (15) performed a morphological analysis of structural

changes in serous cells of submucosal glands of ferret
trachea. They showed that methacholine (i0� M) de-

creased the number of secretory granules in serous cells
relative to control. This response could be blocked by

atropine. Tom-Moy et al. (156) used lysozyme, a bacter-

iolytic enzyme found in the secretory granules of serous

but not mucous cells, as a marker for serous cell secretion

in ferret tracheal submucosal glands. She showed that
bethanechol (i0� M) stimulated lysozyme release by

these cells. Quinton (133) showed that bethanechol
(i0� M) induced vacuolation in serous cells of submu-

cosal glands of cat trachea. This response could be
blocked with atropine. Based upon the blocking of the

formation of these vacuoles by bathing fluid deficient in

calcium or bicarbonate and by the ability of ouabain to
prevent vacuole formation, Quinton suggested that vac-

uolation was associated with transport of ions by the
cells. He also postulated that this vacuolation was asso-

ciated with the stimulation of the fluid component of

secretion. In studies of whole dog trachea in vitro (105),

acetylcholine increased in a dose-related manner the
secretion ofboth chloride and sodium toward the tracheal
lumen. A threshold response was observed at a concen-

tration of 5 x 10-10 M acetylcholine. The pattern of

response could not be explained in terms of a single

acetylcholine receptor acting according to simple Mi-
chaelis-Menten kinetics. The possibility of two inde-

pendent receptors with differing affinities was postu-

lated. The responses to acetylcholine could be prevented

by atropine in a concentration 1000-fold less than the

concentration of acetylcholine. By virtue of the cholin-

ergic innervation of submucosal glands, this secretion

has been attributed to submucosal glandular cells (63).
Others have contested active ion transport by these cells

in response to secretogoguge (43). Corrales et al. (43)
reported evidence that secretion of ions may be second-

ary to an osmotic gradient created by the release of
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unspecified osmotically active components of secretory
granules into the relatively unstirred layers of submu-

cosal glandular ducts.

Numerous other studies have evaluated the response
of cholinergic agents on the release of mucous glycopro-

teins without specifically delineating the cellular source
of the mucins, i.e., glandular versus surface secretory
cells (33, 59, 65, 73, 144). These studies likewise indicate

that cholinergic agents increase secretion of mucins by
airways. A single study has evaluated the effect of anti-

cholinesterases on bronchial secretion (44). These work-
ers collected free-flowing secretions from the cephalad
portion of the tracheas of anesthetized rabbits, cats, or

monkeys. In four cats, sarin, an irreversible anticholin-
esterase, was injected s.c. in doses of 12 to 25 �tg/kg at

half-hour intervals until general symptoms occurred, i.e.,
convulsions, tachypnea, or respiratory arrest (usually a

total dose of 50 to 60 pg/kg). The rate of fluid collection
increased with the onset of symptoms. Maximum fluid

flow was approximately twice base line. Similar results
were observed in rabbits and in a single monkey. While

injection of acetylcholine alone produced erratic results,

a combination of sarin plus acetylcholine slightly aug-
mented, above the effect of sarin alone, the flow of

bronchial fluid in rabbits and a single monkey, and more
predominantly in a single cat. In two rabbits, N-p-chlo-
rophenyl-N-methyl carbamate of m-hydroxy phenyltri-

methylammonium bromide, a substance which inhibits
the “true” cholinesterases, in doses of 0.2 mg/kg and 0.5
mg/kg, resulted in augmentations of bronchial fluid rates
of 10- and 26-fold, respectively.

B. Effect of Adrenergic Agents on Airway Secretion

Adrenergic agents have an apparent effect on both

surface epithelial cells as well as submucosal glandular
elements. This responsiveness exhibits species differ-

ences.

1. Effect of adrenergic agents on submucosal glandular

secretion. As noted above, anatomical studies indicated
that submucosal glandular cells are also supplied by
adrenergic nerve endings (117). The density of these
nerves in the vicinity of the gland cells in the cat is
considerably less than cholinergic nerves (117). In both
cat and ferret these cells have been shown to possess
a-adrenergic receptors, albeit in lesser density than cho-
linergic receptors (11, 13, 14, 104). �3-Adrenergic recep-
tors while present on glandular cells are quite sparse
(10).

Pharmacologically, adrenergic agents have a varied
effect on glandular secretion. In several studies, adrener-

gic agents elicited a secretory response from submucosal
glands (131-133, 156, 160) while in other studies these

agents failed to stimulate a secretory response (21, 33,
121, 152).

In whole pieces of trachea from cats, Phipps et a!.
(131) showed that both phenylephrine (10� M) an
a-adrenergic, and terbutaline (iO� M), a /3-adrenergic

agent, increased the secretion of precursor radiolabeled

(35S) mucous glycoproteins. The stimulatory effect of

phenylephrine exceeded that of terbutaline (147 ± 24%

versus 43 ± 7%), and both responses were specifically
blocked by appropriate antagonists. Dose-response char-

acteristics were not defined. Liedtke et a!. (100) exam-

med the effect of (3-adrenergic agents on mucin secretion
from cat tracheal explants. They also found that

fl-adrenergic agents stimulated mucin secretion. At max-
imal concentrations (1 to 3 X i0� M) the efficacy of the

catecholamines for increasing radiolabeled mucous gly-
coprotein release was as follows: i-epinephrine = 1-
isoproterenol > 1-norepinephrine > dobutamine = ter-

butaline. In the presence of phentolamine, an a-adrener-
gic antagonist, the 50% effective concentrations (EC�)

for epinephrine and norepinephrine were 3.9 and 1.4
jzmol, respectively. These investigators also showed that

intracellular cAMP increased in response to �3-adrenergic
stimulation, and they suggested that this was a mediator

of the mucin secretory response (100). Ueki et a!. (160)

showed that phentolamine, an a-adrenergic agonist, in-

creased the flow of fluid from the duct of the submucosal
glands of cat trachea. Further, Tom-Moy et a!. (156),

utilizing lysozyme as a marker of serous cell secretion
from ferret trachea, found that both phenylephrine and

terbutaline increased lysozyme release, but in relatively
lesser degrees than cholinergic stimulation. Likewise,

Quinton (133) showed that vacuoles formed in the cat

serous cells in response to a- and /3-adrenergic agonists.
Again, the order of responsiveness to vacuole formation
was cholinergic > a-adrenergic > fl-adrenergic agonist.

In other studies, adrenergic agents did not elicit secre-

tory responses (21, 33, 121, 152). In the case of geese,
rabbits, and guinea pigs, this has been attributed to the

rudimentary glandular structures present in these species

(121). In other cases, the poor secretory responses have

been attributed to a failure of the agent to reach sub-

mucosal glandular structures due to vasoconstriction
(121). In human bronchial explants adrenergic agents
failed to elicit lysozyme secretion (21). The reason for

this species variation remains not entirely clear.
2. Effect of adrenergic agents on surface epithelial se-

cretion. While adrenergic axons do not appear to be

present in the surface epithelium of mammalian species
(10, 140), studies show that receptors for both a- and �-

adrenergic agents are present. Barnes and Basbaum (10)
in radioligand studies involving pieces of whole ferret

trachea showed that, in surface epithelium, the density

of �9-receptors exceeded the density of a-receptors.

Several investigations have defined the effects of ad-
renergic agents on ion transport (6, 47, 131, 146, 169).

The type of cell affected by these agents has not been

determined. Many have attributed the responses to sur-
face epithelial cells, most likely the ciliated cell. Employ-
ing Ussing’s short-circuit technique with pieces of dog
trachea, Davis et a!. (47) showed that terbutaline, a
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fl-adrenergic agonist, resulted in a dose-related increase
(in concentrations of iO� M to i0� M) in the secretion

of chloride but not of sodium. The effect of terbutaline

could be inhibited by propranolol (10_6 M). These exper-
iments utilized the posterior membranous portion of the
tracheal epithelium of the dog-a portion which is rela-
tively free of submucosal glands (personal observation).

The experiments were performed under short-circuit

conditions, i.e., in the absence of a transepithelial elec-
trochemical gradient. The effect of adrenergic agents on

canine trachea was confirmed and expanded by Al-Baz-
zaz and Cheng (6) who found a similar pattern of ionic

secretion in response to these agents. The order of re-
sponsiveness of dog tracheal epithelium was isoprotere-
nol > epinephrine > norepinephrine > phenylephrine.
This order of responsiveness suggested that the chloride
secretory response was more sensitive to �3-adrenergic

stimulation than to a-adrenergic stimulation. In studies
performed under open-circuit conditions in cat trachea,

Phipps et al. (131) showed that terbutaline (i0� M)

increased chloride but not sodium secretion. Several
studies have utilized conventional microelectrodes to

examine the effect of epinephrine on the permeability of
the luminal and submucosal membranes of the surface

epithelial cells of dog trachea (63, 146, 164-166, 169).
These studies showed that epinephrine increased the rate
of electrogenic chloride secretion (as indicated by an
increase in short-circuit current) and also decreased both

the luminal and submucosa! cell membrane resistances
of surface epithelial cells (63, 146, 164, 169). The decrease

in luminal resistance related to an increase in chloride
conductance of the luminal cell membrane; the submu-
cosal resistance change probably was due to an increased
potassium conductance at the submucosal cell membrane
(146, 166). Demonstration of these events in surface

epithelial cells supports further the contention that these
cells are responsive to adrenergic stimuli. In further

support of this concept, surface intracellular cAMP levels

increased in response to fl-adrenergic agents (148). This
nucleotide probably mediates the secretory responses in
these cells (63). fl-Adrenergic agents may also release
endogenous prostaglandins from surface epithelial cells,
and these substances may in turn play a role in the ion
transport secretory responses (4, 63).

C. Effect of Active Polypeptides on Airway Secretion

Several different polypeptides have been described
which play a regulatory role in secretory processes in a
number of different organs. These include circulating

hormones and also neurotransmitters which may be ac-
tive in noncholinergic, nonadrenergic nervous transmis-
sion. There is evidence that submucosal glands are sup-
plied by noncholinergic, nonadrenergic nerve endings
(51, 159). In an in vitro preparation of ferret trachea,

Borson et a!. (25) utilized electric field stimulation and
the radiolabeled precursors of mucous glycoproteins to

study the nervous regulation of submucosal glandular

secretion. They found that, in addition to cholinergic
and both a- and (3-adrenergic regulation of the secretion

of 35S04-labeled macromolecules, there was also nonad-
renergic, noncholinergic nervous regulation as well.

Several experimenters have examined the effects of
regulatory peptides on airway secretion. These studies
have provided variable results. Baker et a!. (8), utilizing

canine tracheal explants incubated with radiolabeled glu-

cosamine (a precursor primarily of mucous glycopro-
teins), studied the effect of several different polypeptides

on the release of radiolabeled macromolecules. While
kallidin was associated with an increase in the amount

of radioactivity released in macromolecules, hexadimeth-

rine, an inhibitor of kinin formation, decreased the
amount. Substance P, physalaemin, and eledoisin all

enhanced the secretion of radiolabeled macromolecules.
The investigators also showed that kallidin, kallidin de-

rivatives, glucagon, vasopressin derivatives, substance P,
vasotocin derivatives, eledoisin-related peptide, and cer-
tam melittin derivatives could all enhance the activity of

mucin galactosyltransferase, an enzyme important in the
synthesis of mucous glycoprotein. These authors sug-

gested that these various polypeptides may be important

in the synthesis and/or release of respiratory glycopro-

teins, presumably from submucosa! glands. Peatfield et

al. (127), employing a similar system with ferret tracheal

explants, found that VIP, possibly a neurotransmitter of
nonadrenergic, noncholinergic nerves increased the out-

put of radiolabeled macromolecules. Because of the pauc-

ity of goblet cells relative to submucosal glandular ele-
ments in ferret trachea, these workers attributed this

output to the submucosal glands. On the other hand,
Coles et al. (38) reported that VIP caused an inhibition
in the secretion of radiolabeled macromolecules from
“normal” human bronchial explants but not from bron-

chial mucosa obtained from patients with chronic bron-
chitis. In dog tracheal explants, VIP caused a dose-

related increase in glycoprotein release. In canine tra-

chea, these investigators found that substance P was a
particularly potent secretogogue (EC� = 8.2 x 10’#{176}M
versus an EC�,o 6.3 x i0� M for methacholine). While
physalaemin, eledoisin, and eledoisin-related peptide all
increased radiolabeled glycoprotein release, albeit with

less potency than substance P, bombesin had no effect

on the release of glycoprotein from dog tracheal explants.
Substance P caused an initial stimulation of secretion

within 10 mm, and this was followed by a 10- to 20-mm

period of inhibition of secretion. Coles et a!. (38) postu-

lated that substance P was causing the mucus present in
the lumen of the gland to be discharged rather than to

altering the synthesis of glycoprotein. The differences
between Coles et al. (38) and the studies of Peatfield et

al. (127) may relate to differences in technique and/or to

true species variability. Al-Bazzaz et al. (7) examined the
effect of substance P on the ion transport properties of

short-circuited dog trachea. They found that i07 M
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substance P increased net chloride secretion without
effecting net sodium transport. They suggested that this

neuropeptide may play a role in the regulation of ion

transport.

D. Effect of Phosphodiesterase Inhibitors and

Intracellular Cyclic Adenosine Monophosphate (cAMP)

on Airway Secretion

�3-Adrenergic agents, histamine, and prostaglandins of
the E series, all increase intracellular cAMP levels in
airway tissues (63, 99). Phosphodiesterase inhibitors

cause an increase in intracellular cAMP (99, 100) by
preventing its breakdown. In terms of airway secretion,

phosphodiesterase inhibitors seemed to mimic the effects
of /3-adrenergic agonists. For instance Liedtke et a!. (100)
observed that both 0.25 mM 3-isobutyl-1-methylxanthine

(IBMX) and 8-bromo-cAMP in concentration between
i0� and i0� M increased the release of mucin from
explanted cat tracheal tissues. In an autoradiographical

study employing human bronchial explants, Whimster
and Reid (172) demonstrated that, like dibutyryl cAMP

(500 �tg/ml), theophylline (2000 �g/ml) caused an in-
creased discharge of mucin. Employing Ussing’s short-

circuit technique in dog trachea, Al-Bazzaz and Al-
Awqati (5) evaluated the effect of theophylline (5 mM)

on short-circuit current and chloride and sodium fluxes.
They found that, like �3-adrenergic agents, theophylline
increased short-circuit current and the net flux of chlo-

ride toward the tracheal lumen. However, it failed to
alter the sodium flux. These findings were confirmed by
Welsh et al. (171), who also demonstrated that the in-
creased chloride net flux mediated a secretion of water
toward the tracheal lumen.

E. Effect of Cytoplasmic Cakium and Cakium

Jonophores on Airway Secretion

Cytoplasmic calcium concentration is postulated to
serve as a mediator of airway secretion (63). There is
evidence that calcium ionophores, which increase the
cytoplasmic calcium concentration, caused both mucin

release as well as altered the ion transport properties of
airway epithelium (see below). Other in vitro studies

have investigated the effects of calcium concentration in
the bathing medium on the secretion of mucins and upon
the ion transport properties of the tissue. The results of

these studies are variable, and it is not clear the exact
role that calcium plays in airway secretion.

Al-Bazzaz and Jayaram (3) investigated the effect of
A23187, a calcium ionophore, on ion transport properties

of dog tracheal epithelium. A23187 (10_6 M) added to the
solution bathing the submucosal side of the posterior
membranous portion of dog trachea caused a significant
increase in net chloride secretion and abolished net so-

dium transport. The cellular site of these actions was not
delineated. Mann and Zaremba (108) studied the effect
of calcium concentration in the medium bathing the
posterior membranous portion of dog tracheal epithelium

on the ion transport properties of the tissue. They ob-

served no alteration in net fluxes of chloride and sodium

measured under short-circuit conditions when the cal-

cium concentration in the bathing medium was varied
between 0 and 10 mM. Lack of calcium in the bathing
medium resulted in a decrease in electrical resistance.

This alteration was probably secondary to an increased
permeability of the intracellular junctions due to a lack

of calcium. Mian et al. (114), working with chicken

tracheal mucosa, a tissue with only rudimentary sub-
mucosal glands, examined the effect of A23187 (2 x

i0� M) on mucin secretion by this tissue. They found
radiolabeled mucin secretion to be stimulated by the
addition of the ionophore to either side of the trachea.
Bogart et al. (24) found a similar result in rabbit tracheal

epithelial explants, and Barbieri et a!. (9), in canine
tracheal explants. Mann et a!. (107) found that removal
of calcium from the medium bathing the posterior mem-
branous portion of dog tracheal epithelium caused a

decrease in radiolabeled mucous glycoprotein secretion.
This portion of the trachea is relatively devoid of sub-

mucosal glands, and, thus, these results may reflect Se-
cretion from goblet cells in the surface epithelium. Bar-

bieri et al. (9) found that prolonged (18 to 22 h) prein-
cubation of canine tracheal explants in calcium-free
bathing solution rendered secretion of mucin by the

tissues unresponsive to methacholine stimulation. How-
ever, base-line secretion of mucin was slightly increased

in tissues incubated without calcium. Coles et a!. (39)
also employed dog tracheal explants and observed an

increase in the base-line secretion of mucin in the ab-
sence of calcium in the bathing medium. These authors

proposed that calcium depletion increased the rate of

flow of mucus from the duct lumina of the tracheal

glands.

F. Effect of Prostaglandiris and Their Antagonists and

Other Arachidonic Acid Metabolites on Airway Secretion

Lung tissue when challenged by antigen in vitro re-
leased various prostaglandins into the medium, i.e. pros-

taglandin E2, prostaglandin F�,, and prostaglandin D2 (1,
143). These mediators have been implicated as being

important in the allergic response (139). As noted above,
prostaglandins of the E series increased intracellular

cAMP (63). On the other hand, prostaglandin F2(, failed

to alter intracellular cAMP (63). In many respects the
effects of prostaglandins of the E series on airway secre-
tion are similar to the effect off3-adrenergic agents. Other
prostaglandins and arachidonic acid metabolites also
have an effect on secretory function.

Richardson et al. (141) developed a method of collect-
ing mucin in vivo from anesthetized cats. They fluid
filled a segment of trachea and collected samples from
this segment. Mucous glycoprotein in these animals was
radiolabeled by either i.v. administration to the animal
or instillation into the tracheal segment with radiola-

beled precursors of mucous glycoproteins. The authors
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observed that prostaglandins A2, E1, F1,,, and F2a all

increased mucin output. Based on autoradiographic lo-
calization of the radiolabeled precursors, these investi-

gators suggested that secretion was from submucosal

glands rather than from the surface goblet cells. Yama-
take and Yanaura (175) devised a technique to collect

respiratory tract fluid from the top of the trachea in
anesthetized dogs. They infused prostaglandins into the

bronchial artery and showed that prostaglandin F2a in-

creased in a dose-dependent manner the volume of se-

cretions collected, while prostaglandin E2 did not effect
secretory activity. This technique did not allow them to
define the cellular source of the secretory product. Ma-

rom et a!. (1 10) studied the effects of arachidonic acid
and its metabolites on the release of radiolabeled mucous

glycoproteins from explants of human airway tissue.
They found that arachidonic acid and prostaglandins A2,

D2, and F2a significantly increased mucous glycoprotein
release, whereas prostaglandin E2 significantly reduced
release. Several lines of evidence in their studies sug-

gested that lipoxygenase products of arachidonic acid
agumented the release of mucin. For instance, they

showed that nonsteroidal antiinflammatory drugs, like
acetylsalicyclic acid and indomethacin, which inhibited

the formation of prostaglandins but not the lipoxygenase

products, still increased mucin release. However, non-
specific lipoxygenase inhibitors, like vitamin E, inhibited

release. In additional studies, they also showed directly

that various monohydroxyeicosatetraenoic acids and leu-
kotrienes (145), lipoxygenase products, increased release.

Likewise, in anesthetized cat, Peatfield et al. (128)

showed that leukotriene C4 stimulated mucin release.

Working with human bronchial explants, Coles et al.
(40) confirmed and extended these observations. They

observed and characterized the dose-related effects of
leukotrienes C4 and D4 on mucin release. These agents

failed to effect lysozyme secretion. Based on the time

course of secretion, these authors suggested that the
effect of leukotrienes was primarily on release of mucins
from submucosal glands rather than upon the biosyn-

thesis of mucin. Rich et a!. (139), utilizing preparations
from human bronchi, also found that prostaglandins F2a

increased in a dose-dependent manner the secretion of

radiolabeled mucin. The responses to prostaglandins of
the E series were more variable and not significantly

different from control.

Al-Bazzaz et a!. (4), using Ussing’s short-circuit tech-
nique, tested the effect of prostaglandins F20 and E1 on

the transport of chloride and sodium by dog tracheal

epithelium. They observed that, like f3-adrenergic agents,

prostaglandin F20 increased net chloride secretion with-
out altering the absorption of sodium. On the other hand,

prostaglandin E1 increased net chloride secretion and

decreased net sodium secretion. While indomethacin de-
pressed base-line chloride secretion, it augmented the

increase in chloride secretion in response to prostaglan-

din E1. Prostaglandin E1 increased the intracellular levels

of cAMP; prostag!andin F20 was without effect. The

actual site of the cellular response to these agents was

not defined. The cAMP levels were examined in surface

cells scraped from the trachea. Thus, submucosal glan-

dular cells may not have been sampled by this technique.

The difference in ion transport response to the two

different prostaglandins may reflect a difference in the

site of action of the two agents, with E1 affecting the

surface cells and F20 altering the transport in submucosal
glandular cells. Langridge-Smith et a!. (90a) showed that

ion transport by bovine trachea was markedly altered by

indomethacin, presumably on the basis of inhibition of

the synthesis of endogenous prostaglandins by the tra-

cheal cells. Indomethacin (10_6 M) increased sodium
absorption and reduced chloride secretion, thereby re-

versing net transepithelial ion flow. Because these effects

were reversed by prostaglandin E1 and epinephrine, these

authors suggested that the effect of indomethacin was

upon prostaglandin synthesis rather than directly upon

ion transport mechanisms.

G. Effect of Histamine and Antagonists on Airway

Secretion

Histamine is released from mast cells in response to

specific allergens. This release may play an important

role in the allergic responses of airways. Liedtke et al.

(99) showed that rabbit tracheal cells increased their

cAMP contents in response to histamine. Several studies

have examined the effects of histamine on both mucous

glycoprotein secretion and ion transport of airways.
Chakrin et a!. (33) incubated dog tracheal explants

with radio!abeled precursor of mucous glycoprotein and

noted that histamine failed to alter the secretion of

radiolabeled mucin. However, Richardson et a!. (141),

utilizing the in vivo fluid-filled tracheal segment model

(described above), delivered histamine as an aerosol into

the lungs of the cat or directly as a solution into the

tracheal segment. When delivered as an aerosol, hista-

mine failed to elicit a mucin response but when added

directly to the tracheal segment, it caused a marked

increase in mucin release. The cellular site of this re-

sponse was not defined. Main et al. (106) employed

Ussing’s short-circuit technique and examined the effect

of adding histamine to the submucosal bath on chloride

and sodium transport across dog tracheal epithelium.

They found a dose-related response of the short-circuit

current to histamine which could be competitively inhib-

ited by diphenhydramine, an H-i antagonist, but not by

burimamide, an H-2 inhibitor. Histamine increased net

chloride secretion toward the tracheal lumen and de-

creased net sodium absorption. Vulliemin et a!. (162)

found a similar effect of histamine on the ion transport

properties of cow trachea.
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H. Effect of Diuretic Agents on Airway Secretion

Diuretic agents have been utilized in studies of the ion
transport properties of airways as tools to better char-

acterize the ion transport of these tissues.
Furosemide inhibited chloride transport in the kidney

(31) and coupled sodium chloride transport in the intes-

tine (76). Mann and Zaremba (109), utilizing Ussing’s

short-circuit technique, showed that furosemide added
to the medium bathing the submucosal side of dog tra-

cheal epithe!ium decreased net chloride secretion while
augmenting net sodium absorption. These observations

were extended by the study of Welsh (168). He showed

that the response to furosemide occurred primarily when
the agent was applied to the submucosa! side of the

tissue. Utilizing conventional microelectrode techniques,
he showed further that furosemide had only minima!
effects on the transepithe!ial and luminal membrane

resistances, indicating that the primary effect of the

agent was not an inhibition of chloride exit across the

!umina! cell membrane. Further, submucosal membrane

resistance and electromotive force were not altered, sug-
gesting an electrically neutral entry of chloride at the

submucosal membrane. Calculation of intracellular chlo-
ride concentration indicated that furosemide decreased

intracellular chloride. The results indicated that furo-
semide inhibited an electrically neutral entry of chloride
across the submucosal membrane. These findings were

felt to be compatible with the mode! of ion transport
shown in fig. 1 (see above). Further studies of “loop”

diuretics were performed by Widdicombe et al. (173a).

They examined the effects of MK-196, bumetanide, pi-

retanide, and furosemide on ion transport by dog tracheal

epithelium. In all cases they found that these inhibitors
of chloride transport caused a decrease in the unidirec-
tiona! and net fluxes of chloride toward the lumen meas-

ured under short circuit conditions. They were unable to
demonstrate an effect upon active sodium absorption.
With the exception of MK-196 (which was equipotent),

the drugs were more potent when added to the submu-

cosa! bathing medium. They also performed studies of
sodium and chloride influx in isolated tracheal cells. The

diuretics caused an approximately equal decrease in the

sodium and chloride influx into the cells. Furthermore,
removal of either sodium or chloride from the bathing

medium caused a reduction in the influx of the other ion,
indicating a linked Na-C! entry process into the tracheal
cells. Again, these finding are compatible with the mode!
of ion transport shown in fig. 1.

Boucher et a!. (27) observed that amiloride, a diuretic
which inhibits sodium conductance, decreased slightly

but not significantly the spontaneous potential difference
across canine tracheal epithelium both in vivo and in
vitro. Vulliemin et a!. (162) noted that amiloride

(i0� M) added to the medium bathing the luminal side
of short-circuited cow trachea resulted in an 80% de-

crease in net sodium absoption. Estep et al. (57), em-

ploying conventional microelectrodes, showed that the
spontaneous luminal potential difference of dog tracheal

epithelium was minimally hyperpolarized by ami!oride.

In indomethacin-treated tissues, Welsh et al. (169), uti-
lizing dog tracheal epithelium in a similar experiment,

observed a decrease in short-circuit current, hyperpo!ar-
ization of the luminal membrane, and an increase in the
transepithe!ial resistance. These finding were consistent
with amiloride inhibiting the flux of sodium across the

!uminal cell membranes. The minimal hyperpolarization
under spontaneous conditions suggested that the sodium

conductance across the luminal membrane played, re!a-
tive to chloride, a minor role in the maintenance of the
luminal cell membrane potential (57).

I. Effect of Ouabain on Airway Secretion

Ouabain, a cardiac g!ycoside, is an inhibitor of Na-K-

ATPase. As such, ouabain, has been used extensively as
a too! to understand the potential mechanisms involved

in airway secretion. There is evidence that ouabain af-

fects both the ion transport properties of the surface

epithelial cells and also that it alters the secretory prop-
erties of submucosal glandular cells.

1. Effect of oua&zin on the secretion from surface epi-

thelial cells of the airway. Widdecombe et a!. (173) studied
by autoradiography the binding of tritiated ouabain to

pieces of dog tracheal epithelium. They found that there
was specific saturable binding of ouabain which could be
inhibited by high concentrations ofpotassium, metabolic
inhibitors, low sodium, and low temperature. The binding
was localized to the submucosal surfaces of both surface

epithelial cells as we!! as gland cells. In further studies,
Widdecombe et a!. (174) showed that ouabain added to

the submucosal bathing medium abolished the active
transport of ions across dog tracheal epithelium. These
fmdings were confirmed by Boucher et a!. (28), who
found similar results in both dog trachea and bronchi,
and by Vulliemin et al. (162) in cow trachea. These
findings were compatible with the model described above
(see fig. 1).

2. Effect of ouabain on the secretion from submucosal

glandular cells. Ouabain also has apparent effect on sub-
mucosal glandular cells. Co!es (37) used human bronchial

explants and an autoradiographica! technique to examine
the effects of ouabain on the secretory rate and incor-

poration of mucin precursors in serous and mucous cells.
He found that ouabain decreased the incorporation of

radiolabeled threonine and glucose into the secretory
granules of mucous and serous cells. The secretory index

for these tracer compounds was also decreased by oua-

bain. Neither incorporation nor secretion of g!ucosamine

was affected by ouabain. Co!es suggested that ouabain
inhibits sodium-linked active incorporation of threonine
and g!ucose and thereby inhibits the secretion from these

cells. In a further study, Co!es and Reid (41) showed that

the uptake of these precursors was not ouabain sensitive

in surface epithe!ial secretory cells. Quinton (133)
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showed that the vacuolation of serous cells in response
to phenylephrine was inhibited by ouabain, and Corrales

et a!. (43) showed that the output of precursor-labeled
macromolecules from cat tracheal glands was prevented

by ouabain. These studies all suggest that the activity of
the sodium pump may be an important factor in macro-
molecular glandular secretion as we!!.

VI. Conclusions

Airways are complicated tissues made up of multiple
cell types. A major function of these tissues is the secre-

tion of a complex protective airway fluid. This secretory
process is controlled by multiple factors and as described

above can be altered by physiological, pathophysiologica!,

and pharmacological interventions. This review stresses
the complexity and individual and species variability in
airway secretion. Present knowledge only begins to de-
scribe the overall pharmacology of airway secretion. Be-

fore a complete picture of the pharmacology of airway

secretion can emerge, we must learn the individual func-
tions and the interactions between the multiple cell types
of the airways. We must fully define the considerable
species differences and understand how these differences

affect the overall secretory mechanisms. Finally, we must
understand how pathological mechanisms alter normal
airway secretion and how these alterations influence the
pharmacology of secretion.
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