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CELL-SPECIFIC ANALYSIS OF TRACHEOBRONCHIAL

SECRETORY CELLS AND SECRETIONS

by

Walter E. Finkbeiner, M.D.

ABSTRACT

Tracheobronchial secretions are a complex mixture of

molecules that originate from a heterogeneous group of
secretory cells. Our understanding of tracheobronchial se
cretory mechanisms and secretory products has been hampered
by an absence of homogeneous preparations of each tracheo
bronchial secretory cell type and by a lack of cell-specific
biochemical markers of their secretions. In these studies,

two methods (cell culture and monoclonal antibody production)
that allowed cell-specific analysis of tracheobronchial se
cretion were used.

Bovine tracheal submucosal gland cells were isolated,
placed into culture and serially propagated. In culture, the
cells maintained features of serous cells. The cells incor

porated 39S into high molecular weight molecules. B-adrener
gic agonists stimulated release of radiolabeled molecules and

elevations in intracellular cAMP levels, responses that could

be blocked by the ■ y-adrenergic antagonist propranolol.
Cyclic AMP appeared to be involved in the stimulus-secretion
coupling events in serous cells since the phosphodiesterase

inhibitor 1-methyl-3-isobutylxanthine potentiated the effects

of isoproterenol on the secretory response and the elevation
of intracellular cAMP levels. Furthermore, cAMP analogues

elicited a secretory response in the absence of cAMP. The
phosphorylation state of several cytosolic and particulate
phosphoproteins was altered by cAMP-activated kinase
activity. These data suggest that ■ y-adrenergic activation



and cAMP-mediated alterations in phosphoproteins may play a
regulatory role in tracheal gland serous cell secretion.

Monoclonal antibodies were produced against human airway
secretions. Twenty-nine hybridomas were selected for expan

sion because they selectively stained a single cell type or
displayed another interesting distribution of staining.
Antigens were further characterized by their sensitivity to
periodate oxidations, selective affinity for three fraction
peaks obtained by Sepharose 4B chromatography, and reactivity
with molecules of various sizes, as estimated by solid phase

radioimmunoassay and sodium dodecyl sulfate-polyacrylamide
gel electrophoresis with immunoblotting. The antigenic
determinants for these antibodies included both carbohydrate

and protein moieties associated with molecules of varying
molecular weights. These antibodies will be useful for (1)

quantitative detection of antigens in sputum or lavage sam
ples by immunoassay and (2) purification and biochemical
characterization of molecular constituents of airway secre
tions in health and disease.

Carol B. Basbaum, Ph.D.

Dissertation Committee Chair
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INTRODUCTION

Human tracheobronchial mucus is a complex mixture of wa
ter, ions, proteins and carbohydrates. It originates primar
ily from a heterogeneous group of secretory cells that either

line the airway lumen (ciliated and goblet epithelial cells)
or lie within airway walls (serous and mucous gland cells).
Smaller contributions come from neuroendocrine cells

(Kultschitzky cells) and inflammatory cells (primarily mast
cells and plasma cells) that reside within the tracheo
bronchial walls and sometimes within the secretions them

selves. Serum transudates may add ions, water and low molec
ular weight components to the secretions. Additionally, se
cretions arising from the distal lung make their way into the
proximal airways.

In many chronic obstructive pulmonary diseases, tracheo
bronchial secretions increase [65, 151 ) and mucociliary
clearance decreases [215]. Treatment for these diseases is

often directed towards symptoms rather than causes. However,

before pathologic changes in airway secretion in obstructive
lung diseases can be treated mechanistically, mucus secretion
in healthy human airways must be better understood.

Most studies of tracheobronchial secretion in both hu

mans and animals have been performed using short-term organ
cultures radiolabeled with precursors of glycoconjugates, and
most work characterizing tracheobronchial secretory cells has
been morphological and histochemical. Neither approach has
permitted mechanistic analysis of the cell types involved in
mucus production. To establish stimulus-response parameters
for these cells requires methods to analyze them separately.

Such methods can be categorized as (1) those involving the
purification and culture of individual cell types and (2)
those involving the identification of endogenous products or



the development of exogenous markers which can be used to

quantitate the secretory activity of a particular cell type.
Our understanding of tracheobronchial secretory mechanisms

and secretory products has been hampered by an absence of ho

mogeneous preparations of each tracheobronchial secretory
cell type and a serious lack of cell-specific biochemical
markers of their secretions. Experiments in which the secre
tion evoked by pharmacological stimulation is measured as
output of nondialyzable or trichloroacetic acid-precipitable
radiolabeled molecules are not specific enough to interpret
the particular role of individual secretory cells since no
radiolabeled precursor has been identified that is incorpo
rated selectively by serous, mucous, or goblet cells [60, 92,
137]. Therefore, radiolabeled molecules secreted in response

to a given drug represent the collective output of several
cell types. Each cell type might be affected differently by
a given stimulus, but differences cannot be resolved using
radiolabels that are incorporated into heterogeneous products

which are released from a heterogeneous cell population.

The objectives of this work were two: (1) development of
preparations of tracheobronchial secretory cells composed of
single cell types and (2) development of cell-specific mark
ers of tracheobronchial secretory products. Before dis
cussing the approaches used to achieve these objectives, the

anatomy, physiology and biochemistry of the tracheobronchial
secretory apparatus will be briefly reviewed.



THE CONDUCTING AIRWAYS

The conducting airways of the human respiratory system
include the nasal passages, cartilaginous airways (trachea
and bronchi) and noncartilaginous airways (bronchioles) to
the level of the respiratory bronchioles. The conducting
airways are functionally similar in that they sustain life by
providing a conduit through which air is moved between the

environment and the gas exchange regions of the lung. They
are lined with respiratory mucosa composed primarily of pseu
dostratified, ciliated columnar epithelial cells and variable

numbers of secretory (goblet) cells which overlie submucosal
tissues containing submucosal glands. Respiratory mucosa and
submucosa occupy a variable amount of the anterior third of
the nasal cavity, nearly all of the middle and posterior
third of the nasal cavity, the entire lining of the paranasal
sinuses and the tracheobronchial airways. The trachea and
bronchi of most species contain submucosal seromucous glands
and these make up the majority of secretory tissue in tra
cheobronchial airways [203] . In normal bronchioles, the ep
ithelium consists of ciliated cells and nonciliated bronchio

lar epithelial (Clara) cells. There are no submucosal glands
and goblet cells are rare [46] .

SECRETORY APPARATUS OF THE TRACHEA AND BRONCHI

Ciliated epithelial cells

Ciliated epithelial cells are the airway cell type in
volved in active ion transport recent evidence suggests that
they may contribute macromolecules to the respiratory fluid

by constitutive secretion [252]. There is little species
variation in their structure. They are columnar-shaped cells
which rest on a basement membrane and extend to the epithe

lial surface. They have large nuclei and contain scattered



rough endoplasmic reticulum, free ribosomes, keratin tonofil

aments, well-developed Golgi complexes and lysosomal aggre
gates within their cytoplasm. The apical cytoplasm contains
numerous mitochondria which presumably provide energy for ion
transport and ciliary movement. Their luminal surface con
tains from 200-300 cilia and 100-150 microvilli [204] .

Goblet cells

Goblet cells are the major exocrine cell of the human

tracheobronchial epithelium and are primarily invoved in se
cretion of mucin. There are approximately 6800 goblet cells
per mm2 in the epithelium of the human trachea [79]. Goblet
cells are rare in pathogen-free rats [117], mice [183] and

the trachea of ferrets [211 ) .

The goblet cells of the airway epithelium vary in ap

pearance with the cycle of secretory activity. With light
microscopy after chemical fixation, cells in the resting
phase have a goblet-like shape. However, with electron mi
croscopy after freeze-substitution fixation, colonic goblet
cells, cells which are analogous to the tracheobronchial gob
let cells, have a columnar shape [108]. This suggests that

the light microscopic "goblet" appearance may represent an
artifactual change in cell shape due to swelling of secretory
granules during fixation. The cells have a basally oriented
nucleus and their perinuclear cytoplasm contains a network of
rough endoplasmic reticulum and a prominent Golgi apparatus.
The apical cytoplasm is filled with electron-lucent, mem

brane-bound secretory granules, 500-1500 plm in diameter
[205] . An electron-dense core is occasionally seen within

the granules. A three-dimensional reconstruction of pig gob

let cell ultrastructure reveals that the secretory granules

are arranged in discrete clusters and that each cluster is

associated with a Golgi apparatus [2]. The membranes of in
dividual secretory granules often appear discontinuous



particularly those nearest the airway lumen. This may
represent a fixation artifact due to fragility of granule
membranes [2.31] . However, intergranular coalescence is
occasionally seen in colonic goblet cells, even in studies
employing rapid freezing and freeze-substitution fixation
[108 ).

Epithelial serous cells

These cells are rarely seen except in pathogen-free ani
mals [1181, during development [118] and in animals lacking
submucosal glands. [183, 191]. They have irregularly-shaped,
basally oriented nuclei, a perinuclear zone containing rough
endoplasmic reticulum and a well-developed Golgi apparatus.
The apical portion of the cells contains variable numbers of
electron-dense secretory granules, 600 nm in diameter [117] .

Submucosal glands

Tracheobronchial submucosal glands are branched tubulo
alveolar structures, most numerous in the tissues between the

cartilaginous rings, which empty their contents to airway lu
mena via a series of ducts [171] . The glands contain serous
and mucous cells which are generally located in separate
tubules but in some species may occur interspersed in the
same tubule. In submucosal glands serous tubules arise dis

tal to mucous tubules as lateral or terminal buds forming de

milunes [171] . Species differences exist with respect to the
presence, number and size of submucosal glands [99, 178] .
Myoepithelial cells, which presumably aid secretion by a con
tractile mechanism [2.24 ) are found surrounding gland acini
[28 ) .

Mucous cells are columnar in shape with basally situated
nuclei, prominent rough endoplasmic reticulum, well-developed
Golgi apparatus and numerous electron-lucent granules which



range in size from 300-1800 nm [170]. With transmission
electron microscopy, one can see fusion of adjacent granule
membranes near the apical surface in resting cells, but as
mentioned above, this may represent a fixation artifact.

Pyramidal-shaped serous cells have small, round nuclei
located within the basal region of the cell. Their supranu

clear cytoplasm is rich in rough endoplasmic reticulum and
Golgi complexes. The apical portion of the cells contains
numerous secretory granules and scattered lipid granules
[170]. The granules are electron dense and range between 100
to 1800 nm in diameter and adjacent granules remain clearly
separated [170] .

INNERVATION OF THE TRACHEA AND BRONCHI

Mucosal and submucosal afferent nerves

Nerves in tracheobronchial epithelium are seen both

close to the airway lumen and near the basement membrane at

the base of epithelial cells in humans [133], cat [72] , rat
[82, 116], mouse [107], and chicken [39, 122]. In humans,
axons are found near the basement membrane in trachea, lobar

bronchi and segmental bronchi while luminal nerves for the
most part occurred only in trachea and lobar bronchi [133] .
The intraepithelial axons have small endings which are of two
types ultrastructurally: (1) those containing microtubules,
smooth endoplasmic reticulum and free nerve endings similar
to sensory nerves seen in other organs and (2) those contain
ing numerous mitochondria similar to mechanoreceptive nerves
seen in other organs [17, 53]. Submucosal afferents have not

been adequately studied though mechanoreceptor-type nerve
endings are present within the submucosa [17] .



Mucosal and submucosal efferent nerves

Parasympathetic nerves originate in nuclei in the
medulla oblongata and synapse in paratracheal ganglia [7].
Postganglionic fibers innervate airway smooth muscle, vascu
lature, submucosal glands or epithelium [207] . There is con

siderable species variability in the innervation of submu
cosal glands [136]. Mann [158] has identified nerve fibers

to the submucosal glands in sheep and goat but not in calf,
pig or rabbit. Murlas et al. [176] have determined the dis

tribution of cholinergic and adrenergic axons innervating cat
submucosal glands. They found approximately nine times more

cholinergic nerves than adrenergic nerves, and they noted
that the density of innervation of serous cells was slightly
greater than that of mucous cells. Cholinergic innervation
to human submucosal glands has been confirmed by ultrastruc
tural and histochemical studies [28, 185] .

Sympathetic nerves arise from the superior cervical and
stellate ganglia and synapse in the inferior cervical ganglia
and upper thoracic ganglia [11] . Postganglionic fibers reach
the respiratory tract and intermingle with cholinergic nerves
to supply the airways. Evidence of innervation of submucosal
glands has been obtained in sheep [158] cat [176, 226] and
human [134, 184, 185] .

Neuropeptide-containing nerves have been identified in

the epithelium and near submucosal glands in many species
[55, 76, 97, 135, 153, 154, 222, 247, 248, 249]. Epithelial
axons with agranular vesicles have been described in humans
[114 ), rats [116] and cats [72] . Histochemical studies have

not identified neurotransmitters within these nerves [136].

The source and function of these axons is not known [17] .



NEUROTRANSMITTER RECEPTORS OF THE TRACHEA AND BRONCHI

Because of the diffuse innervation of the airway, it is
difficult to predict which pharmacological types of axons
make functional synaptic connections with individual epithe
lial and gland cells. Therefore it is necessary to know the
distribution of neurotransmitter receptors on these cells.
The reversible antagonist [3H] quinuclidinyl benzilate
( [3H]QNB) has been used to analyze the characteristics and
distribution of muscarinic receptors in ferret airway [14] .
Specific binding of [3H]QNB was to a single high affinity
site and which was localized prodominently to receptors over
tracheobronchial smooth muscle and submucosal glands. Using
the irreversibly binding muscarinic antagonist
[3H] propylbenzilycholine mustard, Basbaum and colleagues [20]
found that muscarinic receptors in ferret submucosal glands
are localized primarily to basolateral membranes where they
have a mean receptor density of 5 binding sites/plm”. Serous
and mucous cells had identical receptor densities. Culp and
Marin [70) prepared homogenates from isolated cat tracheal
submucosal gland cells and found high affinity (KD = 36 pm)

and high density (35,000 receptors/cell) muscarinic recep
torS.

The distribution of adrenergic receptors as detected by
autoradiography has been studied in ferret airways. Both 0–

and ■ y-adrenergic receptors are present in airway epithelium
and submucosal gland cells [12, 13, 17 ). However, 0.1-adren

ergic receptors were more numerous on serous than mucous

cells, and ■ y-adrenergic receptors were more numerous on mu

cous than serous cells. By autoradiographic mapping, ■■

adrenergic receptors have been identified in rat bronchial
epithelium [67] . Carstairs et al. [52] found that bronchial
submucosal glands in human lung contained 90% ■ 2- and 10% B1–

adrenergic receptors.



Limited studies of the autoradiographic localization of
nonadrenergic, noncholinergic receptors have shown that va

soactive intestinal peptide (VIP) receptors are associated
with airway epithelium in rat [145], guinea pig [51] and hu
man [51] . In human airways, submucosal glands are particu
larly rich in VIP receptors [51] . In guinea pig lung, Sub
stance P (SP) is associated with airway epithelium although
not to as great an extent as that seen with airway smooth
muscle [50] .

CONTROL OF TRACHEOBRONCHIAL SECRETION

Resting airway secretion

Perry and Boyd [189] showed that rabbits and cats pro
duce approximately 2 ml/kg body weight/day of respiratory
tract fluid. Ueki et al. [250] collected secretions from in

dividual cat tracheal submucosal glands using micropipettes
and showed that mean resting secretion was ~9 nl/min. Esti
mations of total resting gland secretion were 24 ml/day. A
study of laryngectomized patients provided evidence that hu
mans produce lung secretions at a rate of 0.1-0.3 ml/kg body
weight/day [244]. Although the mechanism responsible for
resting airway secretion is unknown, it is clearly indepen
dent of neural control since it is unaffected by cutting ex
trinsic nerves [85, 92, 209, 235 ) .

Parasympathetic control

Cholinergic is the predominant excitatory influence on
tracheobronchial mucus secretion and is ubiquitous in all

species investigated. In 1896, Kokin [128] showed that when
dog vagus nerve was stimulated, drops of secretion appeared
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on the tracheal mucosal surface. Later, Florey et al. [85]

repeated these experiments in cats and dogs and found that
stimulation of vagus or recurrent laryngeal nerves led to se
cretion from submucosal glands but not from epithelial goblet
cells. The muscarinic receptor antagonist atropine inhibited
this response. Since then, stimulation of parasympathetic
nerves has been shown to increase airway secretions in other
species including humans. Gallagher et al. [92] developed an
in situ preparation to collect radiolabeled secretions from

cat trachea. Parasympathetic nerve stimulation increased re
lease of radiolabel, and this effect could be blocked by at

ropine. Secretory rates of tracheal submucosal glands in
creased after cervical vagal stimulation as determined by
formation of tantalum "hillocks" in dogs [73] and mi
cropipette measurements in cats [250]. Electrical field
stimulation of parasympathetic nerves stimulated mucus secre
tion from excised ferret trachea [36, 37] and human bronchi
[6] .

Florey et al. [85] were the first to demonstrate that a

parasympathetic agonist (pilocarpine) could stimulate tra
cheal submucosal gland secretion in vivo. Stimulation of
airway secretions in vivo with parasympathomimetic drugs has
also been confirmed in rabbit cat [43, 189] dog [43, 92]
guinea pig [43], goose [123] and chicken [43]. Modern in

vitro studies of airway secretion began in 1972 when Sturgess
and Reid [235] showed that acetylcholine induced secretion of

radiolabel, as assessed by light microscopic autoradiography,
from both serous and mucous submucosal gland cells of human

bronchi maintained in organ culture. Since then, stimulatory
effects of cholinergic drugs on airway secretion in vitro
have been confirmed in human by several investigations [6,

34, 60, 219). Studies also demonstrated potent in vitro ef
fects of parasympathetic agonists in cat [196], dog [54, 73],
ferret [36, 37], pig [102], and hamster [180 ) . A summary of
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studies demonstrating parasympathetic control of airway
secretion is included in Table 1.

Sympathetic control

Adrenergic is generally a less potent influence on tra
cheobronchial mucus secretion and its presence and importance
vary with the species examined. Kountz and Koenig [129]
found that stimulation of cut sympathetic nerves either de
creased or had no effect on bronchial secretion in dogs. Af

ter cervical sympathetic nerve electrical stimulation Boyd et

al. [42] found negligible increases in respiratory tract
fluid production by rabbits. Electric field stimulation of
human bronchi mounted in Ussing chambers and radiolabeled
with 39SO4 could be completely blocked with atropine, suggest
ing that only cholinergic nerves mediate mucin secretion in
human bronchi [6]. However, stimulation of stellate ganglia
of cats caused a marked increase in tracheal mucus secretion

[92]. This effect was blocked by ■ y-adrenergic but not Ot
adrenergic antagonists. In ferrets both O- and B-adrenergic

effects contributed to the release of radiolabeled

macromolecules after electrical field stimulation [36].

Studies of the effects of sympathetic agonists on airway
secretion have also been controversial. In their in vivo

studies Boyd et al. [42] did not detect increased respiratory
tract fluid secretion in guinea pigs and rabbits after sys
temic administration of sympathomimetic agents. Sturgess and
Reid [255] and Boat and Kleinerman [34] failed to detect re

lease of radiolabled secretions from organ cultures of human

airways. Sympathetic agonists also failed to stimulate re
lease of macromolecules by dog tracheal organ cultures [54].

However, Iravani, and Melville [109] found increased secre
tions on the mucosal surface of rat trachea after ■ 2-adrener

gic stimulation. Gallagher et al. [92] found increased se
cretion of mucus in cat tracheal organ cultures after
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Human—Bar—Hamatar—Guinea-pig–rabbit—cat—Prº-Farrat—eig–Goosa—ducken—
Parasympathetic
4(6)+
(85)
+
(128)
+
(37) nerve

+
(92)
+
(129)
+
(36) stimulation

+
(250)
+
(85)

+
(73)

Parasympathetic
+
(60)+
(180)
+(43)
+
(189)
+
(189)
+
(43)
+
(22)
+
(102)
+
(190)
+
(172) agonists

+
(235)
+(43)
+
(43)
+
(54)
+
(242)

+(34)
+
(92)+
(123)
+
(36)

+
(219)
+
(196)
+
(18)

+(6)+
(94)

sympathetic
NE(6)NE(42)
+
(92)NE/-(129)
+
(37) nerve

+
(187)
+
(36) stimulation Alpha-NE(235)

–
(180)NE(42)NE(42)
+
(250)NE(54)
+
(22) adrenergic

+
(192)
+
(242) agonists

+
(193)
+
(36)

+
(219)
+
(94)

Beta-NE(235)
+
(109)NE(42)NE(42)
+
(92)NE(54)
+
(36) adrenergic

NE(219)
+
(147)
+
(18) agonists

+
(192)
+
(94)

+
(193)

Nonadrenergic,
NE(6)+
(36)

noncholinergic nerve stimulation nonadrenergic,
NE(235)
*
(155)*
+(5)+

(188”) noncholinergic
-
(66)*NE(210)
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treatment with norepinephrine, epinephrine, or isoproterenol
and this effect could be abolished with propranolol. In
other studies, investigators found convincing evidence of
sympathetic control of secretion in cat [146, 196, 250], and
ferret [36, 37]. Likewise, studies of human bronchi provided

support for adrenergic control of secretion. Metabolically

radiolabeled human bronchi, maintained in Ussing chambers,
released radiolabeled macromolecules after O.-, ■ 1- or ■ º 2

adrenergic stimulation [192, 193 ) . However, mucus secretion
from organ cultures of human bronchi increased with O.- but

not ■ y-adrenergic stimulation [219) . Additional studies of
human tracheobronchial tissues are needed to resolve this in

consistency. In hamster tracheal ring organ cultures, B
adrenergic stimulation had an inhibitory effect on glycopro
tein secretion, but 0.-adrenergic agonists were not tested

[180]. A summary of experiments demonstrating sympathetic
control of airway secretion is included in Table 1.

Nonadrenergic, noncholinergic control

This category includes a variety of neurotransmitters
that influence tracheobronchial secretion in a species-depen
dent manner. A role for nonadrenergic, noncholingergic

nerves in regulation of tracheal secretion was suggested by
investigators studying electrical field stimulation of cat
[188] and ferret trachea [36]. In both studies, approxi

mately one third of the stimulatory response due to electri
cal field stimulation remained despite the combined presence

of atropine, phentolamine and propranolol. Presumably the
residual stimulatory effect is due to nonadrenergic, non
cholinergic mediators. Various neuropeptides have been shown
to be stimulators of airway secretion in animals. Exogenous
VIP stimulated release of 39S-labeled macromolecules from fer

ret tracheal organ cultures [188] . In dog VIP, SP,

physalaemin, eledoisin and eledoisin-related peptide,
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met-lys-bradykinin-ser-val-gln, and kallidin all increased
release of radiolabeled glycoproteins, while bombes in and
bradykinin had no effect [5, 61] . Serotonin had no direct
effect on tracheal mucus secretion in cat [210]. However, in

dogs it potentiated secretion after vagal nerve stimulation
[195]. Recently, Borson et al. [38] have obtained evidence

indicating that the membrane-bound enzyme, neutral endopepti
dase, modulates tachykinin-stimulated secretion from ferret
trachea via its ability to degrade SP.

Endorphin peptides (dynorphin A, O.-endorphin and mor

phine sulfate) have been shown to increase release of acid

precipitable radiolabeled molecules from cat tracheal organ
cultures [155] . Naloxone blocked the effect of dynorphin A,
providing evidence that dynorphin A stimulated mucus secre
tion via activation of opiate K-receptors.

The role of neuropeptides in control of normal human
airway secretion is not well understood. In human bronchi,
the response to electrical field stimulation was completely
inhibited with atropine [6]. Interestingly, VIP inhibited
both baseline and methacholine-stimulated release of lysozyme
and radiolabeled macromolecules from normal human bronchi,

but not from bronchi obtained from patients with chronic
bronchitis [66] . Thus, neuropeptides may play a modulating
role in the control of human airway secretions, a mechanism
which may become altered in hypersecretory disease. A sum
mary of studies demonstrating nonadrenergic, noncholingergic
control of airway secretion is included in Table 1.

Reflex control

Reflexes that control airway secretion have been identi
fied from animal studies and generally involve direct stimu
lation of the airway [208). Mechanical stimulation of
sensory nerve endings in the nose, the nasopharynx and the
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larynx increases mucus secretion in the cat [190] .

Irritation of lower tracheal epithelium with ammonia vapor
causes secretion in nonexposed segments of cat trachea via

largely parasympathetic pathways [190] . Bronchial artery
injections of capsaicin or bradykinin at doses that
selectively stimulate bronchial C-fibers induces tracheal

secretion in dogs, an effect which is abolished by cutting or
cooling the vagus nerves [74] . Stimulation of cough
receptors reflexly stimulates mucus secretion, a response
that is beneficial in clearing the airways of unwanted

material [188, 256.] . Airway secretion is reflexly
stimulated by hypoxia of carotid body chemoreceptors in dogs
[74] and irritation of gastric mucosa in rabbits [189] or

cats [96] . However, adaptive advantages of these responses
are unclear.

Control by non-neural mediators

Numerous mediators synthesized by respiratory tract
parenchymal cells, resident or "fixed" inflammatory cells of
the airways and circulating inflammatory cells affect airway
secretion [177] . Some of these have been shown to exert di

rect effects on airway secretion. However, little is known

about possible indirect effects (i.e. via stimulation of an

intermediate cells) which might probably contribute to in
vivo Secretory responses. Effects of various mediators are

discussed below and a summary is provided in Table 2.

Arachidonic acid and metabolites. Arachidonic acid gen–
erated by inflammatory cells or injured tissues may be con–
verted into prostaglandin (PG) or thromboxane (Tx) compounds
by action of cyclooxygenase enzymes or into leukotriene (LT)
or eicosanoid (HETE) compounds by lipoxygenase enzymes.
These derivatives, along with arachidonic acid itself, have

been shown to stimulate mucus secretion from airways. Sputum
production increased in normal subjects after inhalation of
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+
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PGF20, [1501. Arachidonic acid, PGA2, PGD2, PGF20 and
mono HETEs increased while PGE2 decreased mucus secretion from

human bronchial organ cultures [162, 164] . Rich et al. [206]
confirmed a stimulatory role for PGF20, but could not
reproduce an inhibitory effect of PGE2. Prostaglandin E1,
PGF10, and PGI2 caused statistically insignificant increases

in mucus secretion [164, 206] . Prostaglandins also increased
airway secretion in cats [210] and in dogs [15, 264 ) .
Intravenous injections of thromboxane A2 into rats produced

an increase in rat tracheal mucus gel thickness [265] .

Leukotriene (LT) C4 and LTD4 stimulated release of gly

coprotein [64, 163, 220) but not lysozyme [64 ) from human
airways in vitro. Leukotriene C4 had similar effects in the

cat [1871 and the dog [119) . Prostaglandin-generating factor
of anaphylaxis (PGF-A), a peptide composed of 13 amino acids
and derived from mast cells, stimulated mucus secretion from

human bronchial organ cultures by stimulating the synthesis
of lipoxygenase products [165] . Plate let activating factor
(PAF) increased the release of acid-precipitable radiolabeled
molecules from guinea pig, rat, rabbit and ferret tracheal

explants via activation of synthesis of lipoxygenase products
by airway epithelial cells [3] .

Histamine. Inflammatory cells residing in airways syn
thesize numerous mediators in addition to arachidonic acid

metabolites. Release of these mediators may influence airway
secretion. Histamine, which is contained in the secretory
granules of mast cells, failed to affect human bronchial se–

Cretion in one study [235). However, in a later study his–
tamine stimulated secretion by a histamine H2-receptor medi—
ated mechanism [219). Histamine has been shown to stimulate

secretion in cat and goose [210], but not dog [54] trachea in
vitro.
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Proteases. Recently, effects of proteases on secretory
function of airways have been examined. Klinger et al. [124 )
detected release of radiolabeled macromolecules and presented
evidence of accompanying goblet cell apocrine secretion from
rabbit tracheal ring organ cultures exposed to Pseudomonas
aeruginosa elastase or porcine pancreatic elastase. Niles et
al. [180) found that human neutrophil elastase and porcine
pancreatic trypsin increased release of radiolabeled macro

molecules from hamster tracheal ring organ cultures. In
studies of primary cultures of hamster tracheal epithelial
cells, treatment with human neutrophil elastase released ra

diolabeled mucin molecules from the apical cell surfaces
rather than from secretory granules [45, 121]. Varsano et

al. [252) determined that monolayer cultures of dog tracheal
epithelial cells spontaneously released 35SO4-labeled glyco

conjugates from their apical surfaces and that extracellular
proteases including trypsin, Pseudomonas aeruginosa, elas
tase, thermolysin, Staphytlococcus aureus protease, mast

cell chymase, plasmin, and kallikrein increased the release

of sulfated products. The sulfated products released by
trypsin had an apparent molecular weight of > 106 daltons as
determined by gel filtration on Sepharose CL-4B. Digestion
of the radiolabeled products with endo-■ y-galactosidase or
with keratanase suggested that they are glycoconjugates con–
taining poly (N-acetyllactosamine)-type carbohydrate chains.
Additional studies have demonstrated that the cell surface

glycoconjugates are synthesized rapidly and constantly,
pooled on the cell surface, and released continuously as an
intact macromolecule [111] .

Intracellular secretory control mechanisms

Investigations using whole animals or tracheobronchial
Organ cultures models have demonstrated numerous neurohumoral

mechanisms capable of affecting airway secretion. However,
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these models are inadequate to study the intracellular pro

cesses mediating tracheobronchial secretion.

Cyclic AMP. General information has been obtained by
Whimster and Reid [255] using autoradiographic techniques.
They determined that the adenosine 3',5'-cyclic monophosphate
(cAMP) analogue N6, O2'-dibutyryladensosine 3',5'-cyclic
monophosphate (Bt 2 cAMP) and the phosphodiesterase inhibitor

theophylline both increased release of radiolabeled macro
molecules from human bronchial organ cultures. These agents

likely mimicked the action of ■ y-adrenergic activation since
Liedtke and coworkers [147] found that isoproterenol stimu

lated cAMP production and secretion from cat tracheal organ
cultures. Additionally, they detected reduced binding of the
photoaffinity label 8–N3 [32P) cAMP to three major tracheal mu
cosa-submucosal proteins (4.9, 54 and 59 kDa) after endogenous

cAMP levels were increased by ■ y-adrenergic stimulation. The
49 and 54 kDa proteins correspond in electrophoretic mobility

to regulatory subunits of type I and type II cAMP-dependent
kinases, and the 59 kDa protein may be the phosphorylated

form of the regulatory subunit of type II cAMP-dependent pro
tein kinase [147] .

The role of cAMP as an important intracellular messenger

in airway secretory cells received additional support from

immunocytochemical studies. Using dog and cat trachea organ
cultures and immunocytochemical techniques, Lazarus et al.
[140, 141) detected increased amounts of intracellular cAMP

in epithelial cells and submucosal glands after stimulation
with ■ y-adrenergic agonists or PGE1. Cyclic AMP was also

increased in submucosal glands of organ cultures of ferret
trachea after incubation with VIP [139].

Cyclic GMP. In 1972, Ball et al. [9] showed that cel

lular guanosine 3',5'-cyclic monophosphate (cGMP) increased
in human tissues after cholinergic or O-adrenergic stimula
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tion. Administration of the cºmp analogue 8-bromo-cGMP to

human airway organ cultures stimulated release of radiola
beled molecules suggesting that c(SMP may be an important
intracellular messenger in cholinergic and alpha-adrenergic
induced airway secretion [219).

Calcium ion. An increase in cytosolic calcium ion con

centration has been shown to play a major role in stimulus
secretion coupling in many endocrine and exocrine cells [77] .
An effect of calcium in airway secretion was first noted by
Bogart et al. [35] and Conover and Conod [68] in studies that

showed that the calcium ionophore A23.187 caused mucus

secretion by rabbit tracheal explants. Balfre [8] found a
similar effect of A23 187 on chicken trachea, but also noted

that depletion of extracellular calcium stimulated mucus se

cretion. Coles and coworkers [63] found that calcium was not

involved in resting secretion of dog tracheal organ cultures
but was an essential requirement for cholinergically-induced

secretion. Later studies suggested that the increase in mu
cus secretion occurring after depletion of extracellular cal

cium resulted from clearance of mucus from secretory ducts of
submucosal glands [61 ) . A calcium channel blocker,

verapamil, failed to inhibit basal or cholinergically-induced
secretion, but an intracellular calcium antagonist TMB-8
blocked cholinergically-induced mucus secretion from dog

trachea [8]. This supported an hypothesis advanced earlier

by Coles et al. [63] that intracellular calcium was more

important than extracellular calcium during stimulation of
mucus secretion.

Posterior membranes of dog trachea displayed decreased
rates of mucus secretion when calcium was removed from the

bathing fluid [161). Since posterior membranes of dog
trachea contain few if any submucosal glands this suggested
that calcium may be involved in mucus secretion by epithelial
goblet cells [160] . However, the methods used in this study
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to quantitate secretion (detection of radiolabeled

glycoconjugates) do not exclude glycoconjugates that could
have been released from surface epithelial cells [252]. Mian
et al. [172] described effects of calcium on mucus secretion

from chicken trachea, another tissue which has sparse
submucosal glands. Application of A23.187 to either serosal
or mucosal sides of chicken trachea stimulated secretion of

radiolabeled macromolecules [172] . The effect of calcium on

mucus secretion appears directional since only low luminal
and high serosal calcium ion concentration stimulated

secretion [172] .

BIOCHEMISTRY OF TRACHEOBRONCHIAL MUCUS

The biochemical analysis of tracheobronchial mucus has

often focused on mucin glycoproteins which are primarily se–

creted by goblet and mucous cells [169]. However, many other

molecular components known to derive from airway cells have
been detected in mucus secretions. Our understanding of the

structure and specific function of many of these molecules is

incomplete.

Mucin

Our knowledge of mucin structure comes from studies of

various organs from different species. Mucins are large
macromolecules (>1 x 106) that consist of a polypeptide chain
or "core protein" which is partially covered by

oligosaccharide side chains. These oligosaccharide side

chains, which number in the hundreds, are linked to the pro
tein core by O-glycosidic bonds. In mucins, the O-glycosidic
bonds are always between N-acetylgalactosamine (GalNAc) and
the serine and threonine residues of the protein core [27] .
The oligosaccharide side chains average 10 sugars in length
and occupy approximately 60% of the core protein [225].
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About one half of the amino acid residues in this glycosy
lated region are either serine or threonine; however, not all

of these residues are glycosylated [225]. The glycosylated
portion of the protein core also contains many proline
residues, and these residues may be important in determining
whether or not nearby serine and threonine residues are

glycosylated [104). The oligosaccharide side chains contain

galactose, fucose, sialic acid, N-acetyl glucosamine (GlcNAc)
and GalNAc, and they often terminate in either a fucose or

sialic acid [33, 103 ] . There is considerable variability
(microheterogeneity) in not only the length, but also the
sugar composition and complexity of these side chains [200,

216] . The purpose of these various glycoforms is unknown.

The nonglycosylated portion of the peptide chain or so

called "naked" peptide region (s) contains many charged amino
acids and almost all of the cysteines in the chain (225).
This region of the core protein is susceptible to proteolytic
attack while the glycosylated region is resistant. It is not

known whether there are two naked peptides flanking the gly

cosylated region or whether there is only one naked peptide
end [225] . Mucins may form a polymeric structure through

disulfide bonds via cysteine residues on the naked peptide
chain [228), via "linking" peptides [4] or via interaction
between oligosaccharides. However, there is considerable

controversy over the nature of these mucin polymeric struc
tures [87, 142, 227 ) .

Non-mucin components

Other important molecules including lysozyme [41, 125,

166, 233 ] , secretory IgA [233, 243), lactoferrin [40, 168],

proline-rich proteins [253 ] , low molecular weight protease
inhibitor (antileukoprotease) [173], peroxidase [56],

kallikreins [167], proteoglycans [62] and lipids (261) are
also present in tracheobronchial mucus. Although it is known
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that some of these products, e.g., secretory IgA [101),
peroxidase [56], low molecular weight protease inhibitor
[130J and lipids [258] may originate from more than one type
of tracheobronchial secretory cells, some, including lysozyme
[242] , lactoferrin [40, 168], and proline-rich proteins [253 ]
appear to originate only from serous cells. The importance
of the nonmucin components of airway secretion is emphasized
by recent analysis of "normal" secretions from dog and human
which show absence of typical mucins, but the presence of
high molecular weight glycoconjugates in the form of
proteoglycans or perhaps a hybrid proteoglycan-mucin species
[29, 30 J .

CELL-SPECIFIC STUDIES OF TRACHEOBRONCHIAL MUCUS SECRETION

Since serous and mucous gland cells have morpholocical,
biochemical and histochemical differences [19], it is not

surprising that their secretory functions are individually
regulated. Quantitative morphologic studies provided the
first direct evidence of cell-specific secretory regulation.
The volume density of ferret tracheal serous gland cell se–
cretory granules was reduced by O.-adrenergic and cholinergic

stimulation, but not ■ y-adrenergic stimulation [22] . Measure

ments of secreted lysozyme, a serous but not mucous cell

product, after stimulation of ferret tracheal organ cultures
supported the morphometric studies [242] . On the other hand,

mucous cells, as assessed by surface density of their apical
membranes responded to cholinergic and to ■ y-adrenergic, but
not to O-adrenergic stimulation [18, 95] . Stimulation of

ferret trachea with SP and VIP produced a definite secretory
response in serous gland cells; however, effects of these

agents on mucous cell secretion could not be adequately as
sessed [93 ] . Webber and Widdicombe [2.54 ) studied the effects

of VIP on cholinergic and a-adrenergic on lysozyme secretion
from ferret trachea. Vasoactive intestinal peptide signifi
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cantly increased the absolute amount of lysozyme secreted in
response to phenylephrine. Vasoactive intestinal peptide had
no effect on the absolute amount of lysozyme secreted in re
sponse to methacholine but it did produce a significant in

crease in the concentration of lysozyme when it was
administered with methacholine. Hence, these investigators

postulated that under these conditions, VIP might selectively
inhibit secretion from mucous cells resulting in decreased

volume flow and increased lysozyme concentation [254).

Cell-specific control of airway secretions may also ex

plain the findings of Leikauf et al. [143]. Using mi
cropipettes to collect secretions directly from cat tracheal
gland ducts, these investigators were able to measure the se
cretory rate and characterize the viscoelastic properties of
the secretions under resting conditions and after the admin

istration of cholinergic and adrenergic agonists. When com
pared to resting secretions, all agonists increased the se–
cretory rate. However, cholinergic stimulation produced se
cretions of identical viscoelastic properties, O.-adrenergic

stimulation produced secretions of lower viscosity and simi
lar elasticity, while ■ y-adrenergic stimulation produced se–

cretions of higher viscosity and lower elasticity.

Thus, the immunocytochemical localization of components

of tracheobronchial mucus to specific cells, the morphologi
cal evidence indicating different responses to receptor activ
vating drugs and the rheologic measurements indicating drug
dependent influences on the viscoelastic properties all sup
port the hypothesis that tracheobronchial secretion is regu

lated in a cell-specific manner. To understand the cellular

processes involved in the synthesis and secretion of respira–
tory mucus requires approaches for analyzing the major
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secretory cell types individually on cellular and molecular

levels. This dissertation describes two such approaches: (1)

development of a cell line of bovine tracheal submucosal

gland serous cells and (2) development of a panel of mono

clonal antibodies directed against human airway secretions.
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MATERIALS AND METHODS

MATERIALS

All media, phosphate buffered saline (PBS), and antibi
otics were obtained from the Cell Culture Facility, Univer
sity of California, San Francisco. Fetal calf serum (FCS)

lots (HyClone Laboratories, Logan UT) were tested by the Cell
Culture Facility for the ability to support colony formation
and growth of selected standard cell lines. SP2/0 murine
myeloma cells were obtained from the Cell Culture Facility.
Tissue culture flasks, dishes and plates were obtained from
either Becton Dickinson Labware (Oxnard CA), Corning Glass
Works (Corning, NY), Nunc, Inc. (Naperville, Il) or Costar
(Cambridge, MA). Serological pipettes were obtained from
Becton Dickinson Labware or Costar. Sterile, conical cen

trifuge tubes were obtained from Corning. Filters were ob
tained from either Millipore Corporation (Bedford, MA) or
Nalge Company (Rochester, NY). Microscopic slides and cover

slips were obtained from Becton Dickinson Labware. Sodium

cacodylate, uranyl acetate, propylene oxide, sodium maleate,
methanol, glacial acetic acid, Schiff reagent, Giemsa stain

concentrate, Permount, H2O2, Spectro/por dialysis tubing and
scintillation vials were obtained from Fisher Scientific

(Fair Lawn, NJ) . Veroneal acetate (sodium barbitol) was ob

tained from Merck (Rahway, NJ). Oil red O, copper EM grids,
Epon 812, DDSA, DMP-3, and NMA were obtained from Ted Pella,

Inc. (Tustin, CA). Glutaraldehyde, osmium tetroxide, and

toluidine blue were obtained from Electron Microscopy Sci
ences (Fort Washington, PA). Ethyl alcohol was obtained from
Gold Shield Chemical Co. (Hayward, CA). OCT compound was ob
tained from Miles, Inc. (Elkart, IN). Normal goat and horse

sera were obtained from Antibodies Incorporated (Davis, CA).

Goat anti-mouse IgG-fluorescein isothiocyanate was obtained
from Cappel (Westchester, PA). Dabco (1,4-diazabicy
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clo[2.2.2]octane) was obtained from Aldrich Chemicals

(Milwaukee, WI). Glycol methacrylate monomer, benzol perox–
ide, polyethylene glool 400, N, N-dimethlanilin were obtained
form Polysciences, Inc (Warrington, PA). Biotinylated horse
antimouse IgG and avidin biotin-peroxidase complex were ob
tained from Vector Laboratories, Inc. (Burlingame CA).
Polyethelene glycol 1500 was obtained from the J. T. Baker

Chemical Co. (Phillipsburg, NJ). Microtiter plates were ob
tained from Dynatech Laboratories, Inc. (Chantilly, VA).
Sepharose 4B and CL4B were obtained from Pharmacia LKB

Biotechnology (Piscataway, NJ). Acrylamide-bis (37.5:1),
sodium dodecyl sulfate, ammonium persulfate, bromophenol
blue, and glycine were obtained from Bio-Rad Laboratories
(Richmond, CA). Nitrocellulose was obtained from Schleicher

& Schuell (Keene, NH). Polystyrene beads were obtained from
Precision Ball Co. (Chicago, IL). Sheep anti-mouse 125I-la
beled Ig (Fab')2 fragments (6.5 HCi/mg) were obtained from
New England Nuclear (Boston, MA). Na2 [35S] O4 (carrier free,
43 Ci/mg) was obtained from either Amersham (Arlington
Heights, IL) or New England Nuclear. 1 [14C)-glucosamine HCl
(50 mCi/mM) was obtained from either Amersham or ICN Biochem
icals. Y- [3°P)-ATP (32 Ci/mM) was obtained from New England
Nuclear. Hydrofluor was obtained from National Diagnostics
(Manville, NJ). Ecolite was obtained from ICN Biochemicals.

Chondroitinase ABC lyase was obtained from ICN Biochemicals.
X-ray film was obtained from Eastman Kodak Co. (Rochester,
NY). Mice were obtained from Bantin and Kingman, Inc.
(Fremont, CA). l-Propranolol and d-propranolol were a gift
from J. M. Madison, Department of Medicine, University of Cal
ifornia, San Francisco, Fort Miley Veterans Administration
Hospital. All other chemicals and the polyclonal antibodies
against lactoferrin were obtained from Sigma Chemical, St
Louis, MO.
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BOVINE TRACHEAL, GLAND SEROUS CELLS

Establishment and characterization of cell cultures

Isolation of tracheal submucosal gland cells. Bovine
tracheas, obtained from a local abattoir, were rinsed twice

in sterile PBS containing penicillin (10° U/l), streptomycin
(100 mg/l), gentamicin (100 mg/l), and amphotericin B (2.5
mg/ml) at 4°C. The tracheas were opened longitudinally along
the posterior membrane and mounted in a stretched position on
a sterile dissecting tray. The epithelium at one end of the
trachea was lifted free of the underlying submucosa by sharp

dissection and the epithelium was removed in strips, exposing
the underlying submucosal tissues. With a fine scalpel and
forceps, the gland-rich submucosal tissues were removed from
the tracheal cartilage and adventitia and placed in a 50 ml
conical centrifuge tube containing Hanks' balanced salt solu
tion (HBSS) with 20 mM HEPES buffer (pH 7.4), bovine serum
albumin (1 mg/ml), and penicillin, streptomycin, gentamicin,
and amphotericin B at the same concentrations used in the
rinse solution (HBSS-A). After all of the submucosal tissues

were collected, the medium was removed and the tissues were

minced finely with scissors. The tissue pieces were trans
ferred into trypsinizing flasks containing disaggregation

medium (2 ml/mg tissue) composed of HBSS-A containing crude
collagenase type IV (0.5 U/ml), elastase (6 U/ml),
hyaluronidase (200 U/ml), and DNase (10 U/ml). The flasks
were agitated on an orbital shaker (200 rpm, Bellco Biotech
nology, Vineland, NJ) for 12-18 h. After this procedure, the
disaggregation medium was replaced (4 ml/mg tissue). Agita
tion was continued, and the medium was collected and replaced
every 30 min for 120 min. Collected medium was centrifuged
(150 x g, 10 min) to obtain cell pellets of isolated gland

cells. Isolated cells were resuspended in a 1:1 mixture of
Dulbecco's modified Eagles' medium (4.5 g glucose/l) and
Ham's F12 nutrient medium (DF12) supplemented with
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antibiotics and FCS (20%), hereafter referred to as DF12/20%

FCS. Cell yield and viability at each collection was as
sessed. Erythrosin B, made up as a 0.4% solution, was di
luted 1:10 with cell suspension. This mixture was placed in
a hemacytometer, and counts of viable and nonviable cells
were obtained. After the last 30-min collection, the cells

were pooled, and the yield of viable cells determined.

Initiation of cell culture, cryopreservation and growth
kinetics. Freshly isolated cells in DF12/20% FCS were pre
plated for 1 h to remove fibroblasts and then plated at 5 x
105 cells/cm2 onto T-25 culture flasks coated with human pla–
cental collagen as described by Coleman et al. [59]. Flasks
were incubated at 37°C in 5% CO2: 95% air. The cells were ob

served daily with a phase contrast inverted microscope.
Medium was changed at 24 and 48 h and every 3 d thereafter.
At the time of the first change of medium (24 h), attachment

of numerous gland cells and a few fibroblastic cells was ap
parent. When the monolayer of mixed cells reached 70 to 80%

confluence, cells were removed from the flasks by gentle

trypsinization with STV (0.9% NaCl, 0.1% trypsin, 0.2% EDTA)
in two stages: the first stage removed easily detached fi

broblasts, and the second stage removed the gland cells. The

time required to remove the fibroblasts was determined by ob
serving the cultures continuously with a phase microscope.
Detached fibroblastic cells were discarded, flasks were

rinsed with PBS, and fresh STV was added. After gland cells

detached, they were resuspended in complete medium and sub
cultured. The two-step trypsinization procedure was repeated

for 4 serial passages until a homogeneous population of gland
cells was obtained, hereafter referred to as bovine tracheal

gland or BTG cells. After the 2nd passage, antibacterial ad
ditives to the medium consisted only of gentamicin (50

|lg/ml). Cells were maintained by routine subculturing at ap
proximately weekly intervals.
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Cells were routinely cryopreserved. Following

trypsinization, cells were centrifuged (100 x g, 10 min, room
temperature). Cell pellets were resuspended in a solution
containing growth medium, FCS, dimethylsulfoxide (40:50:10).
Aliquots of the cell suspension were frozen slowly (-19C/min)
to −70°C and then transferred to liquid nitrogen for long

term storage.

To study growth kinetics of BTG cells grown in serum
free DF12 or DF12 supplemented with either 10 or 20% FCS,
cells (5 x 105) in their 25th passage were seeded onto human
placental collagen-coated or uncoated T25 flasks. Triplicate
cell counts from three flasks of each culture condition were

made using a hemacytometer and a light microscope. Growth
curve experiments were analyzed using a Newman–Keuls test.

Determination of chromosome number. Chromosome prepara

tions were prepared from cells in the 18th passage by the
method of Worton et al. [262]. Cells were seeded (4 x 10° to
1 x 104 cells/cm2) in T75 culture flasks. After 5 days when
the cells were in log growth phase, colcemid was added to
each flask to a final concentration of 1 x 10−7 M. After 6 h,
medium was removed and cells were trypsinized. Next, cells
were centrifuged (100 x g, 10 min, room temperature), and the
cell pellet was resuspended at room temperature in 5 ml of

hypotonic solution (0.04 M KCl, 0.025 M Na citrate). After

20 minutes, 5 ml of ice cold acetic methanol (1 part glacial
acetic acid, 3 parts methanol), freshly made, was added with
constant mixing. The mixture was centrifuged (100 x g, 2
min, room temperature), the supernatant discarded and the
pellet was mixed using a vortex mixer. Acetic methanol (5
ml) was added slowly and the sample was left on ice for 10
min. Next, the sample was centrifuged (100 x g, 2 min, room
temperature), the supernatant discarded and the pellet resus

pended in 0.2 ml of acetic methanol using a vortex mixer.
Small amounts of the suspension, drawn into the tip of Pas
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teur pipette, were dropped onto cold glass microscopic
slides. The slides were held vertically and the drop was al
lowed to run down the slides as it spread. Slides were dried
rapidly over a beaker of boiling water and stained with
Giemsa concentrate (1:10, v/v) in 0.01 M phosphate buffer pH
6.5 [90 ) . Slides were stained for 5 min, rinsed thoroughly
in tap water, and rinsed briefly in deionized water before

examination. Chromosomes of 50 metaphases were counted using
a light microscope (Carl Zeiss, Inc., Thornwood, NY) and an
oil immersion objective.

Ultrastructure. Electron microscopy was performed on
cells grown on glass coverslips or on the surfaces of the
culture vessels. For fixation, culture medium was replaced
with a solution of 2.5% glutaraldehyde, 0.08 M Na cacodylate,
5 mM CaCl2, and 1% sucrose (pH 7.4, 49C). After 12 to 18 h,

the cells were postfixed with 1.5% osmium tetroxide in 0.2 M

phosphate buffer (pH 7. 4) for 2 h. The cells were then

rinsed in 0.025 M sodium maleate buffer (pH 6.0) and stained
with uranyl acetate (1.5% in 0.025 M sodium maleate buffer,
pH 5.2). Cells were either dehydrated and then infiltrated
with Epon 812 on the culture vessel surface or scraped from
the culture vessels and transferred into microcentrifuge
tubes for processing. The cells grown on coverslips were em

bedded by placing embedding capsules on top of the monolayers
and filling them with Epon 812. After polymerization was
complete, the resin and the cells were separated from the

coverslip surfaces. Semi-thin (0.5 pim) sections were cut
with glass knives on an LKB Nova ultramicrotome, mounted on

microscope slides, and stained with toluidine blue before ex
amination with a light microscope. Specific areas were se
lected, and thin sections having a silver interference color
were cut with a diamond knife and mounted on Formvar-coated

copper slot grids. These sections were stained with uranyl
acetate and lead citrate before examination in an electron

microscope (JEOL 100S, JEOL, USA Inc., Peabody, MA).
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Histochemistry. Cells grown on glass coverslips or cul

tured cells trypsinized and spun onto glass slides with a cy
tospin centrifuge (Shandon Inc., Pittsburgh, PA) were stained
with Alcian blue (pH 2.5/periodic acid-Schiff (AB/PAS) [175] .
Staining was performed both with and without prior formalin
(10%) fixation. The percentage of cells containing AB or PAS
staining granules, or both, was determined (300 cells counted
from two cytospin preparations). The number of AB/PAS gran
ules per unit cytoplasmic area was determined for at least
100 stimulated and control cells using an ocular grid in a
light microscope with a 100x oil immersion objective. The
numbers of granules present in control and stimulated cells
were analyzed by two-sample t-test. Cells grown on cover

slips were also stained with oil red O [148] and acid phos
phatase [25] .

Immunofluorescence immunocytochemistry. Monoclonal an
tibodies directed against tracheal antigens were produced as
described below. An antibody directed against human tracheal
submucosal gland serous cells (B7E5) that cross-reacted with
bovine tracheal submucosal gland serous cells was used to
stain BTG cells. Unfixed cytospin preparations were stored
at −20°C before staining. Immunofluorescence staining was
carried out using a double antibody method [21]. Monoclonal

antibody diluted 1:1 with phosphate buffered saline (PBS)
containing 2% normal goat serum/ 0.6% Triton X-100 was applied
to cells for 2 h at room temperature. Then they were rinsed
with PBS containing 1% normal goat serum/0.3% Triton X-100
and incubated with goat anti-mouse IgG-fluorescein isothio
cyanate for 30 min at room temperature. Following a rinse
with PBS, they were covered with Dabco (1,4-diazabicy
clo[2.2.2]octane) solution and glass coverslips before exami
nation with a fluorescence microscope (Carl Zeiss, Inc.,

Thornwood, NY). For negative controls, primary and secondary
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antibodies were omitted, and cells were incubated in PBS con

taining 2% normal goat serum/0.6% Triton X-100, alone.

■ º-Adrenergic regulation of bovine tracheal gland serous cell
secretion

Radiolabeling of glycoconjugates, pulse chase, and phar
macologic stimulation. Cells in their 15th-25th passage were
studied. Tissue culture flasks (25 or 75 cm?) were seeded
with 2 x 104 cells/cm2. Medium was changed every 3rd day. On
day 9, medium was replaced with 10 ml of DF12/20% FCS con
taining Na2 [35S] O4 (7.5 pici/ml). After 24 h, medium contain
ing radiolabel was removed, and flasks were washed three
times with PBS. Serum-free medium (DF12) was added to each

flask, and every 30 min for 210 min the medium was collected
and replaced. Agonists were added to medium during the 210–
to 240-min period. Antagonists or the phosphodiesterase in
hibitor 1-methyl-3-isobutylxanthine were added to medium dur
ing the 30-min collection period (180–210 min) before addi

tion of agonists as well as during the period of agonist
stimulation. At 240 min, cells were typsinized from culture
flasks and counted. Viability was assessed by exclusion of
erythrosin B. The collected samples were dialyzed
(Spectra/por tubing; MW cutoff, 12,000-14,000 daltons)
against 25 volumes of distilled water containing 0.1%
(wt/vol) sodium azide. Aliquots of the dialysates from each
collection were prepared for scintillation spectrometry by
addition of scintillant (Hydrofluor, 2x vol). Samples were
counted in a scintillation counter (Beckman Instruments,

Inc., Irvine, CA). Receptor agonists tested included
bethanechol (107.5 M), phenylephrine (107.5 M), l-isoproternol
(10-8 to 10-3 M), l—epinephrine (10-8 to 10-4 M), l–nore
pinephrine (10-8 to 10-4 M), and d, l-isoproterenol (10-8 to
10-3 M) alone or with 1-methyl-3-isobutylxanthine (10-5 M).
Additionally, cyclic AMP analogs 8-bromo-adenosine
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3',5'-cyclic monophosphate (8-bromo-cAMP) and N6, O2'-
dibutyryladensosine 3',5'-cyclic monophosphate (Bt.2cAMP) ei
ther alone (both 10-3 M) or with MIX (107.5 M) were each tested
for their effect on BTG secretion. Antagonists tested in
cluded l-propranolol or d-propranolol both (10-9-10-4 M) added
with l-isoproterenol (107.5 M).

The degree of stimulation-induced secretion was evalu
ated by comparing the release of nondialyzable radiolabel
(cpm) for the periods immediately after (samples collected
after 240 min) and immediately preceding (samples collected
after 210 min) drug exposure. The ratio of radiolabel re
lease immediately after the period of drug exposure to re
lease during the immediately preceding period (secretory in
dex) was determined for each flask. To control for varia

tions from flask to flask and day to day, a relative secre
tory index was obtained by dividing the secretory index ob
tained from flasks receiving drugs by the secretory index ob
tained from control flasks not receiving drugs. Thus,

cpm2.40/cpm210 of flasks receiving drugs
Relative Secretory Rate =

cpm2.40/cpm210 of control flasks

where cpm2.40 = counts per min of the samples collected immedi
ately after the period of drug exposure and cpm210 = the

counts per min of the samples collected immediately preceding
the period drug exposure. A relative secretory rate signifi
cantly greater than 1.0 indicates the presence of a secretory
response. Pharmacologic effects in secretory experiments

were evaluated using a paired t-test and a Newman–Keuls test

was applied when multiple comparisons were made [267] .

Cyclic AMP assay. Cyclic AMP content of cells was de
termined at 0.5, 1, 5, 10, 20 and 30 min after incubation of

cells with d, l-isoproterenol, d, l-isoproterenol and MIX, d, l
isoproterenol and d, l-propranolol or no drug. The medium
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containing drugs and the control medium were removed at the

various time intervals and replaced rapidly with ice cold 10%
trichloroacetic acid (TCA). Cells were scraped from culture
vessels and sonicated (Branson Ultrasonics Corp., Danbury,
CT). An aliquot of this material was used to determine the
protein content of each dish by the method of Lowry et al.
[152]. From the remainder of the sonicated sample, the TCA
was extracted five times in water-saturated ether. The

samples were placed in a water bath at 60°C, the ether

evaporated under a stream of air and the residue dissolved in

acetate buffer. Aliquots of sample were assayed for cAMP by
129I-radioimmunoassay. Measurements were corrected for a re
covery of 82% as determined using a tritiated cAMP marker.

Cyclic AMP-dependent kinase assay. Protein kinases were

assayed using a modification of the method of Burnham and
Williams [47] . Tracheobronchial gland cell cultures were

washed thoroughly with PBS, scraped from culture dishes and
centrifuged (1000 x g). The cell pellet was resuspended in 1
ml of homogenization buffer consisting of 20 mM Tris-HCl (pH

7.5) containing 0.5 mM EGTA, 1 mM dithiothreitol, 2 mM benza

midine, 111g/ml leupeptin, and 0.1 !lg/ml pepstatin. The re
suspended cells were sonicated for 1 min following which they
were centrifuged (1000 x g) to remove cells and large cell
fragments. Soluble and particulate fractions were obtained
by high speed centrifugation (47,000 x g, 1.5 h). Protein
content of the samples was determined by the method of Lowry

et al. [152]. The separated fractions were stored at -90°C.

The kinase assay was carried out at 30°C. Under control
conditions (addition of histone alone) the reaction mixture

contained 20 mM PIPES buffer (pH 7.0), histone type II (0.5
mg/ml), 0.1 mM dithiothreitol, 5 mM MgCl2, and 0.1 M EGTA.

Experimental conditions included addition of soluble proteins
(30 plg/ml) and particulate proteins (60 plg/ml), both with and
without cAMP (10−6 M). After preincubation of the mixture for
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30 s at 30°C, Y-[3°P)-ATP (25 pm, 15,000 cpm/pul) was added to
initiate the reaction. Samples (100 pil) were removed at
timed intervals (1, 2, 4, 8 min) and added to 4 ml of ice-cold

5% TCA, 1.5% sodium pyrophosphate and 1% sodium phosphate
(monobasic). Precipitated samples were filtered on 45 plm
filters (HATF, Millipore Corp. Bedford, MA), and filters were
washed with 8 rinses of the TCA mixture. Next, filters were

immersed in aqueous scintillation fluid (EcoLite) and counted
in a scintillation counter. Phosphorylation was expressed in
nmol/mg protein.

Cyclic AMP-dependent protein phosphorylation. The same

incubation conditions as used in the kinase assay were used

to detect phosphorylation of endogenous proteins except that
protein concentration was 0.2 mg/ml and 1 mM 1-methyl-3-
isobutylxanthine was added to the mixture. The assay was run
with and without cAMP (10−6 M). After preincubation of the
mixture for 30 s at 30°C, Y- [32P)-ATP (2.5 puM, 70 puCi/ml) was
added to initiate the reaction. After 30, 60, 90 and 120 s

incubations, samples (100 |ll) were removed from the reaction
mixture and placed in 50 |ll of "stop" solution consisting of
30 mM Tris–Cl (pH 7.4), 15% glycerol, 9% SDS, 0.05% bromophe
nol blue, and 5 mM ATP [47] . The samples were immediately

boiled in water for 5 min and allowed to cool. Fifty pil of
8% 2-mercaptoethanol was added to each sample prior to stor
age overnight at -90°C. Next, sodium dodecyl-sulfate-poly

acrylamide gel electrophoresis (SDS-PAGE, 4% stacking and 10%

separating) was performed according to the method of Laemmli
[132]. Gels were fixed in 50% methanol, 10% glacial acetic
acid for 1h, incubated in fresh fix solution for 2h, and

transferred to a 10% glycerol solution for 1–2 h. Gels were
dried at 80°C under vacuum for 2 h and allowed to cool for 30

min while still under vacuum. Finally, gels were exposed to
X-ray film (Kodak X-Omat AR) for 1–2 days at −90°C before
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developing. Autoradiographs were scanned with a densitometer
(Gilson Medical Electronics, Inc., Middleton, WI), and peak
height in densitometric tracings was measured.

Physiology and biochemistry of bovine tracheal gland organ
cultures

Organ culture, radiolabeling of glycoconjugates, pulse
chase and pharmacologic stimulation. Submucosal gland-rich
tissues were obtained from a bovine trachea and placed in in
cubation medium consisting of Ham's F12 nutrient medium con
taining penicillin (10° U/l), streptomycin (100 mg/l) and
gentamicin (100 mg/l). The tissues were equilibrated with 5%
CO2: 95% O2 in a Dubnoff metabolic shaking incubator (Precision

Scientific, Inc., Chicago, IL) and radiolabeled with either
50 puCi 1-[14C] –glucosamine or 1 mCi Na2 [35S] O4 for 20 h. Tis
sues labeled with [14C) -glucosamine or [35S] O4 were divided
equally into 5 and 11 beakers, respectively. All beakers

contained 10 ml of Ham's F12 nutrient medium. Tissues were

transferred to beakers containing fresh medium at 30-min in
tervals for 3.5 h. At 210 min the beakers containing [**C]-
glucosamine-labeled tissues contained either isoproterenol
(10−9 M, n = 3) or Ham's F12 nutrient medium alone (n = 2).
Similarly at 210 min, the tissues labeled with [35S] O4 were
placed into beakers containing medium alone (n = 2) or iso

proternol (n = 3), phenylephrine (n = 3) or bethanechol (n =
3), all at 10−5 M. Medium from each collection was dialyzed
as described above. Incorporated radioactivity in 1 ml
aliquots of the samples was determined by scintillation spec
troscopy and relative secretory rates in response to drugs
were determined. The remainder of the dialysate was

lyophilized and stored at -20°C.
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Gel filtration chromatography and enzymatic digestion of
the void volume material.

cosamine-labeled tissues

min after administration

centrated and applied to
cm). The eluting buffer

containing 4 M guanidine

Medium collected from [14C)-glu
during the 30 min prior to and 30
of isoproterenol (107.5 M) was con
a Sepharose CL-4B column (1.5 x 60

was 0.1 M sodium acetate (pH 6.0)

chloride and 0.5% chaps. Fractions

(1 ml) were collected and an aliquot of each fraction was
counted for radioactivity. The high molecular weight void
volume fractions were pooled, dialyzed and concentrated.

Aliquots this material were digested with chondroitinase ABC
from Proteus vulgaris, 0.

Tris acetate, pH 7.3.

4 unit/ml at 37°C for 18 h in 0.1 M
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MONOCLONAL ANTIBODIES DIRECTED AGAINST HUMAN AIRWAY SECRE

TIONS

Preparation of monoclonal antibodies

Fusions. Sputum from a patient with cystic fibrosis,
blood group B, Le (a-b-H), was dialyzed against distilled wa
ter (Spectro/por MW cutoff 12,000–14,000) and concentrated by
centrifugal evaporation (Speed Vac, Savant Instruments, Inc.,
Farmingdale, NY). Balb/C mice, 5 weeks of age, were given

intraperitoneal injections of 100 pig of the evaporated sample
dissolved in 100 pil of sterile phosphate buffered saline
(PBS) emulsified with an equal volume of complete Freund's

adjuvant. The intraperitoneal injections were separated by 3
weeks. We stimulated the immune response 2 weeks after the

second injection with an intravenous injection of the same
material but without the Freund's adjuvant. Three days
later, the spleens were removed from the immunized mice and
homogenized between frosted glass microscope slides. Ho
mogenates were rinsed in DME, resuspended in the same medium
and fused with azaguanine-resistant murine myeloma cells (SP

2/0 Agla) using polyethelene glycol [126, 127]. The fused
cells were placed in medium containing thymocyte feeder cells
obtained from 4-6 week-old Balb/C mice, DME, 20% FCS, and hy

poxanthine/aminopterin/thymidine. The cell suspension was
distributed into 96-well plates and incubated at 37°C in 7%
CO2: 93% air. Hybridoma cells producing antibodies chosen for

further analysis were cloned twice using the limiting dilu
tion cloning method [58, 144).

Screening of antibodies. Tissue sections for screening
antibodies produced by hybridomas were obtained by fixing
pieces of normal human trachea in 0.1 M PO4 buffer (pH 7.4)

containing 4% paraformaldehyde (2h, 4°C). Tissue was cry
oprotected by an 18 h incubation in 30% sucrose/0.1 M PO4

buffer (pH 7.4) before being frozen in OCT compound.
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Sections (5 |im), made using a cryostat (Bright, Hacker
Instruments, Inc., Fairfield, NJ), were placed on glass
slides and stored at -20°C until used for immunofluorescence.

All incubations were at room temperature. Slides were rinsed
in PBS to remove OCT. Hybridoma supernatant was diluted 1:1
with PBS containing 2% normal goat serum/0.6% Triton X-100,
and the diluted supernatant was applied to the sections for 2
h. Sections were rinsed in PBS containing 1% normal goat
serum/0.3% Triton X-100. Next, the slides were incubated

with goat anti-mouse IgG-fluorescein isothiocyanate for 30
min. They were rinsed briefly in PBS (3 min); before being

covered with Dabco solution and glass coverslips. The sec
tions were examined in a fluorescence microscope.

Localization of antigens in plastic-embedded tissue

Normal human tracheal tissues were processed by the

method of Beckstead [24]. Thin pieces of trachea, cut longi
tudinally, were fixed at 4°C for 2 h using 1% paraformalde
hyde in 0.1 M PO4 buffer (pH 7.4). Additional processing,

all at 49C, was carried out using an Autotechnicon Tissue

Processor (Technicon, Chauncey, NY). The tissues were fixed
for an additional 6 h using 4% paraformaldehyde in 0.1 M PO4
buffer (pH 7.4); washed twice for 1 h in 0.1 M PO4 buffer (pH

7. 4) containing 2% sucrose and 50 mM NH4Cl; washed twice for
1 h in 0.1 M PO4 buffer (pH 7.4) containing only 50 mM NH4Cl;

dehydrated in 75% acetone for 1 h, 100% acetone for 2 h, 50%
acetone/glycol methacrylate monomer for 1 h; and infiltrated
with 100% glycol methacrylate monomer for 1 h, then 4 h. The
tissues were embedded under vacuum (15–20 mm Hg) overnight in
a mixture of glycol methacrylate monomer (20 ml), benzol per
oxide (0.09 g) and polyethylene glycol 400 with N,N-dimeth

lanilin (0.5 ml). Sections were cut at 2 plm with glass
knives using a Sorvall JB-4 microtome (Du Pont Co.,
Wilmington DE), and the sections were transferred to glass
coverslips and air-dried.
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Immunoperoxidase staining of plastic-embedded tracheo
bronchial tissues with murine monoclonal antibodies was per
formed using a modification of a biotin–avidin procedure [24,
105] . Before incubation with monoclonal antibody, plastic
embedded sections were digested with 0.25% porcine trypsin in
0.09% saline, pH 7.6, for 10 min at 37°C and incubated in
Ca2+- and Mg2+-free PBS (CMF-PBS) containing 2% Tween 20 for
30 min at 37°C. After three rinses in CMF-PBS, sections were

incubated in 3% normal horse serum in CMF-PBS (30 min, 37°C).

Following three rinses in CMF-PBS, sections were incubated
overnight at 4°C with undiluted supernatant from hybridoma
cultures. This step, as well as other antibody incubations,

was accomplished by placing 50 pil drops of antibody solution
on parafilm and laying the coverslips gently onto the drops.
On the following day, coverslips were rinsed with CMF-PBS and
incubated at room temperature for 1 h in CMF-PBS containing
3% normal horse serum and 0.5% biotiny lated horse anti-mouse
IgG. After three rinses in CMF-PBS, endogenous peroxidase
was blocked by incubation 40% methanol, 1.5% H2O2 (5 min, room

temperature). Following an additional three rinses in CMF

PBS, coverslips were incubated for 1 h at room temperature
with avidin-biotin-peroxidase complex. After 3 rinses, the

peroxidase reaction was developed by incubating coverslips
for 10 min in CMF-PBS containing 0.05% 3,3'-diaminobenzidine
(DAB), 0.1 M imidazole and 0.1 M Na azide and then for an ad

ditional 15 min in CMF-PBS with 0.05% DAB, 0.1 M imidazole,
0.1 M Na azide and 0.1% H2O2 at room temperature and in the
dark; and enhanced by incubation in 0.5% NiCl2. Finally,

sections were counterstained with Gill's hematoxylin #2 for
1.5 min followed by blueing with Scott's water (0.2% NaHCO3,
1% MgSO4). After a final rinse, coverslips were air dried

and mounted with Permount. Negative controls consisted of
incubations in which primary and secondary antibodies were
omitted.

Determination of immunoglobulin subclasses
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An enzyme linked immunoassay (Calbiochem, La Jolla, CA)
was used to identify antibody subclass. Goat anti-mouse im
munoglobulins were immobiliized on microtiter plates. Plates
were incubated for 1 h with hybridoma supernatants, diluted
1:2-1 : 10 in PBS. Negative controls were incubated with nu
trient medium alone. Plates were rinsed three times with

PBS, then incubated (1h) with rabbit anti-mouse typing sera
(IgG1, IgG2a, IgG2b, IgG3, IgM, and IgA). Following three PBS

rinses, the plates were incubated with peroxidase conjugate
(1 h) and after three more PBS rinses, with 1% urea peroxide.

Positive wells developed an amber color within 20 minutes

while control wells became pale yellow.

Periodate sensitivity of antigens

Sodium periodate in 50 mM sodium acetate buffer (pH 4.5)

was applied to frozen sections of trachea mounted on glass
microscope slides, and the slides were incubated in the dark.

Three conditions of periodate oxidation were used: mild (10
mM, 10 min, 49C), moderate, (50 mM, 1 h, 49C) and harsh (100

mM, 12 h, room temperature). Sections were rinsed in 10 mM

sodium borohydride in PBS for 30 min at room temperature to
reduce peroxide groups generated during periodate oxidation
and to prevent nonspecific cross-linking of antibody to anti

gen through Schiff base formation. Next, sections were

rinsed five times in PBS containing 1% normal goat serum/0.3%
Triton-X-100, and monoclonal antibodies were applied to the
frozen sections as described above. Specific fluorescence of

the periodate-treated sections was compared to control sec
tions incubated in buffer alone.

Gel filtration chromatography

Endotracheal secretions were collected from a second

cystic fibrosis patient. These secretions were dialyzed
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against 8 volumes of sodium acetate (0.01 M, pH 5.5) contain
ing 1 mM EDTA, 0.02% sodium azide, and 0.5 mM phenylmethyl
sulfonyl fluoride for 24 h at 4°C. The dialyzed material was
centrifuged (6000 x g) for 15 min. The supernatant was
passed through a column (5 cm x 80 cm) of Sepharose 4B equi

librated with sodium acetate (0.1 M, pH 5.5) containing 0.02%
sodium azide. Fractions (12 ml) were collected at room tem

perature, monitored for protein, and pooled. Pooled frac
tions, dialyzed against distilled water (30 h., 4°C) and
lyophilized, were used in either radioimmunoassays or in SDS
PAGE .

Solid-phase radioimmunoassay

The solid-phase sandwich radioimmunoassay developed by
Podolsky and coworkers [194] was used. Sepharose 4B fraction
peaks were solubilized in bicarbonate buffer (pH 9. 2) at a

concentration of 5 plg/ml. Polystyrene beads (6.35 mm) were
coated with material from individual fractions (40 beads/10

ml) by overnight incubation at room temperature with gentle
agitation. Next, nonspecific binding sites were blocked by

incubating beads for 1 h in buffer containing supernatant
from non-antibody producing myeloma cells (SP 2/0). Then,
beads were incubated with monoclonal antibodies (hybridoma
supernatant diluted 1:10) for 1 h at 37°C. Following three
rinses in distilled water, beads were incubated for 1 h at
60°C with 125I-labeled sheep anti-mouse Ig (Fab')2 fragments
(200,000 cpm per assay mixture; specific activity 6.5

|ICi/mg) in 150 pil of buffer containing 0.01 M Tris-HCl (pH
7.5), EDTA at 2.0 pig/ml, and thimerisol. Finally, beads were
washed five times in distilled water before bound radioactiv

ity was measured using a gamma counter (Hewlett-Packard Co.,
Palo Alto, CA). Antibodies were assayed in duplicate and
each antibody was assayed in at least three separate experi

ments. Activity was compared to a negative control



44

consisting of SP 2/0 supernatant or supernatant obtained from
unrelated hybridoma cultures by the Scheffé's F test [2.67] .

SDS-PAGE and immunoblots

Fractions recovered from Sepharose 4B chromatography
were solubilized in Tris buffer (0.0625 M) containing SDS

(2%) and mercaptoethanol (5%). SDS-PAGE was performed ac
cording to Laemmli [132]. For fraction I (Vo) material we

used 3–10% acrylamide gradient gels and for fractions II and
III, 4% stacking gels and 7.5% separating gels. Components
were stained with Coomassie brilliant blue and molecular

weight was estimated by determining migration relative to
high molecular weight protein standards. Samples were trans
ferred from the gels to nitrocellulose using the method of
Towbin and coworkers [246] using an electroblotting system
(Bio-Rad, Richmond, CA) operating at 20 V for 17 h. Success
ful transfers were confirmed by the absence of Coomassie

staining in gels and by the presence of amido black staining
[49] in nitrocellulose.

The nitrocellulose was cut into strips and Western blot

reactions were performed at room temperature with constant
shaking. First the strips were incubated for 1 h in PBS con
taining 1% normal horse serum/0.05% Tween 20. Then strips
were transferred to PBS/0.05% Tween 20 containing monoclonal
antibody (hybridoma supernatant diluted 1:10) for 1 h.
Strips were rinsed six times in PBS/0.05% Tween 20, incubated
for 1 h in PBS containing 1% horse serum/0.05% Tween 20, and
for 30 min in PBS containing 1% normal horse serum and 0.5%
biotinylated horse antimouse IgG was applied to the strips
for 30 min. After rinsing the strips (6x) in PBS, they were

incubated in PBS, 0.1% Tween 20 and avidin-biotin complex
(0.5%) for 30 min, washed with PBS (6x), and soaked in 0.3%
COCl2 for 5 min. The peroxidase reaction was developed by

incubating the strips for approximately 1 min in 0.1% DAB,
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0.1% imidazole and 0.1% H2O2. The reaction was stopped by
transferring the strips to distilled water.
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RESULTS

BOVINE TRACHEAL GLAND SEROUS CELLS

Establishment and characterization of cell cultures

Isolation of tracheal submucosal gland cells, establish
ment of a cell line, and growth kinetics. Cell yield/gm of
submucosal tissue was 2.90 + 0.25 cells (mean it SE) . Viabil

ity, as assessed by exclusion of vital dye, was consistent
among preparations (63 + 1.9%, mean it SE; n = 4). Micro
scopic examination revealed that the isolated cell prepara
tions contained numerous red and white blood cells. The ma

jority of nonhematogenous cells were epithelial. These

cells, as well as any contaminating fibroblasts adhered to
culture vessels. Fibroblasts were reduced in number by the
preplating step. Blood cells, nonviable cells, and other
cells that failed to attach were removed in the first few

changes of medium. The rapid growth of bovine tracheal gland

(BTG) cells after subculturing and their greater resistance

than fibroblasts to trypsinization permitted the development

of an apparently homogeneous cell line by the 4th passage.
Examination of cultures using an inverted phase contrast mi

croscope revealed that the BTG cells have a polygonal shape,

with large, oval nuclei and moderately abundant cytoplasm
(Figure 1).

Cell proliferation in medium containing 0%, 10%, or 20%

FCS was compared when cells were grown on collagen-coated vs.

uncoated flasks (Figure 2). Most rapid growth occurred when
bovine tracheal gland cells were plated on collagen in medium
containing 20% FCS. On uncoated tissue culture plastic,
cells grew better in medium containing 20% than 10% FCS (P &
0.05). Serum-free medium failed to support cell growth, re

gardless of the presence of collagen.
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Figure 1. Phase contrast micrograph of bovine tracheal gland serous

cells grown on a collagen-coated culture dish. Bar = 50 pum. From

Finkbeiner, W. E., Nadel, J.A., and Basbaum, C. B. : Establishment and

characterization of a cell line derived from bovine tracheal glands, In

Vitro Cell. Devel. Biol. 22:561-567, 1986. Reproduced with permission.
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Figure 2. Growth kinetics of bovine tracheal gland cells. Cells (5 x

10°) were seeded into T.25 flasks, with or without collagen coating in

serum-free DF12 or DF12 supplemented with 10 or 20% FCS. Triplicate

cell counts were made using a hemacytometer. Values shown are the mean

(+SE) of three experiments. From Finkbeiner, W. E., Nadel, J.A., and

Basbaum, C. B. : Establishment and characterization of a cell line derived

from bovine tracheal glands, In Vitro Cell. Devel. Biol. 22:561-567,

1986. Reproduced with permission.
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Chromosome number. The bovine diploid chromosome number
of 60 [106] was maintained (Figure 3).

30 -
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Figure 3. Chromosome numbers of bovine tracheal gland cells in the

18th passage. The diploid bovine chromosome number is maintained. From

Finkbeiner, W. E., Nadel, J.A., and Basbaum, C. B. : Establishment and

characterization of a cell line derived from bovine tracheal glands, In

Vitro Cell. Devel. Biol. 22:561-567, 1986. Reproduced with permission.

Ultrastructure. Ultrastructural examination revealed

cells with discrete electron-dense granules (Figure 4A).
Granule morphology was comparable to that seen in bovine
tracheal gland serous cells (Figure 4B). Fusion of adjacent
granular membranes was not seen. Nuclei were round or oval
with dispersed chromatin and often contained dense nucleolar
structures. Rough endoplasmic reticulum, free ribosomes, and
Golgi complexes were present. Numerous large mitochondria,



scattered lysosomes and lipid droplets could be identified
adjacent to the secretory granules. Junctional complexes
connected the lateral membranes of confluent cells, and api
cal membranes contained microvilli (Figure 5).

Figure 4. Electron micrographs comparing bovine tracheal gland cells

with serous cells of a bovine tracheal submucosal gland acinus. A

bovine tracheal gland cells in culture. B-bovine tracheal submucosal

gland acinus. Note the similarity between the secretory granules in A

and B. Bar = 5 |im. From Finkbeiner, W. E., Nadel, J.A., and Basbaum,

C. B. : Establishment and characterization of a cell line derived from

bovine tracheal glands, In Vitro Cell. Devel. Biol. 22:561-567, 1986.

Reproduced with permission.
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Figure 5. Electron micrograph of bovine tracheal gland cells in cul

ture. A junctional complex connects the lateral membranes of adjacent

cells. Note the presence of microvilli on the apical membrane. Bar = 1

|im. From Finkbeiner, W. E., Nadel, J.A., and Basbaum, C.B.: Establish

ment and characterization of a cell line derived from bovine tracheal

glands, In Vitro Cell. Devel. Biol. 22:561-567, 1986. Reproduced with

permission.

Histochemistry. Cells grown on glass coverslips with or
without a collagen coating were identical by phase contrast

and electron microscopy to cells grown on collagen-coated
plastic. On glass, however, the cells grew more slowly.

Virtually all cells contained Alcian blue (AB) - or (periodic
acid Schiff (PAS) -positive granules or both (Figure 6). The
ratio of AB- to PAS-positive granules was reduced by prior
formalin fixation. Fixation also led to apparent granule ag
gregation. The proportion of granules showing alcianophilia
varied from cell to cell under both fixed and nonfixed condi

tions. At pH 2.5, the presence of AB positivity indicates
the presence of polysaccharides carrying a negative charge
which could be conferred either by sulfate or sialic acid
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residues. The concentration of AB/PAS-staining granules was
reduced after stimulation with d, l-isoproterenol (107* M: con
trol: 2.05 + 0.08 granules/pmº, n = 101; stimulated: 1.55 +
0.07 granules/pm?, n = 107; mean + SE; P30.001).

The cells also contained droplets of triglyceride as in
dicated by a positive staining reaction with oil red O
(Figure 7). These droplets could be discriminated from the
glycoconjugate-containing granules at the level of the phase
contrast microscope by their extremely refractile appearance.
In the electron microscope, lipid droplets could be discrimi

nated from secretory granules by reduced osmiophilia in the
lipid droplet interior (due to extraction during processing).
Many cells contained lysosomes as determined by staining for
the presence of acid phosphatase (Figure 8). Lysosomal dis
tribution was confined to the perinuclear region, whereas
AB/PAS-positive secretory granules were distributed exten
sively throughout the cells.

Figure 6. (next 3 pages) Alcian blue pH 2.5/periodic acid-Schiff

staining of bovine tracheal gland cells. A-Cytospin preparation of

freshly trypsinized cells. Nearly all cells contain AB- or PAS-positive

granules or both. Bar = 30 p.m. B-Direct staining of cell grown on a

collagen-coated glass coverslip. Both AB- and PAS-positive granules are

seen. Bar = 2 p.m. C-Formalin-fixed, paraffin-embedded section of

bovine trachea for comparison. PAS-positive serous gland cells

predominate over mucous cells in this species. Bar = 20 Jum. A and B

from Finkbeiner, W. E., Nadel, J.A., and Basbaum, C. B. : Establishment and

characterization of a cell line derived from bovine tracheal glands, In

Vitro Cell. Devel. Biol. 22:561-567, 1986. Reproduced with permission.
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Figure 7. Oil red O staining of bovine tracheal gland cells. Scat

tered granules containing lipid are present within the cytoplasm. Bar =

30 Jum.

Figure 8. Acid phosphatase enzyme histochemical staining of bovine

tracheal gland cells. Reaction product is predominantly located in the

perinuclear region. Bar = 30 p.m.
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Immunocytochemistry. Controls in which primary and sec
ondary antibodies were omitted were negative. The monoclonal
antibody B7E5, which stains bovine tracheal serous cells,
also stained the BTG cells. Fluorescence was detected in

nearly all cells. The pattern of staining was punctate, sug
gesting localization within granules (Figure 9).

Figure 9. Fluorescence micrograph showing staining pattern obtained

using antibody B7E5 on a cytospin preparation of bovine tracheal gland

cells. The fluorescence is punctate, suggesting localization within

granules. Bars = 10 |im. From Finkbeiner, W. E., Nadel, J.A., and Bas

baum, C.B.: Establishment and characterization of a cell line derived

from bovine tracheal glands, In Vitro Cell. Devel. Biol. 22:561-567,

1986. Reproduced with permission.
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■ y-Adrenergic regulation of bovine tracheal gland serous cell
secretion

Physiology. Sensitivity of cultured cells to adrenergic
and cholinergic receptor activation was evaluated by measur
ing the capacity of specific receptor agonists and antagonist
to modulate release of 3°S-labeled glycoconjugates. Cell via–
bility at the termination of experiments with each drug or
drug combination was greater than 90% and did not differ be
tween control and drug-treated samples. Neither bethanechol
(107* M) nor phenylephrine (10-5 M) caused an increase in the
relative secretory rate. The l-isomers of isoproterenol,
epinephrine and norepinephrine (all at 10-4 M) each increased
the rate of 39S release from bovine tracheal gland cells by

factors of 1.7 f 0. 1, 1.7 it 0. 1, 1.6 + 0.1 (mean + SE, n = 7–
9), respectively (Figure 10). However, at 1 x 10−6 M, these
adrenergic agonists stimulated 39S release from BTG cells with
significantly different (P º 0.05) potencies; the rank order
of potency was l-isoproterenol X' l-epinephrine > l–nore
pinephrine. Stimulation by l-isoproterenol (107.5 M) was in
hibited to a greater degree by l-propranolol than by d-pro
pranolol indicating the stereoselectivity expected for recep
tor-mediated responses (Figure 11).



59

2.0 - -

1.8-

9
CU, -

Cr■
= 1.6-
9
So
§ 1.4-

C/D
-

QD -

.2
R;
Top 1.2-
Cr■

– H. Isoproterenol
1.0 - —e— Epinephrine

-
—ºr- Norepinephrine

0.8 T T T i º i T n

-8 -7 -6 -5 -4

log [Agonist] M

Figure 10. Response of bovine tracheal gland cells to adrenergic ago

nists l-isoproterenol, l-epinerphrine and l-norepinephrine. Each data

point is mean it SE (n > 7). (*) = values that are significantly dif

ferent (P º 0.05) from each other. From Madison J. M., Basbaum, C.B.,

Brown, J. K. and Finkbeiner, W. E. : Characterization of fl-adrenergic re

ceptors in cultured bovine tracheal gland cells. Am. J. Physiol. 256

(Cell Physiol. 25) : C310-C314, 1989. Reproduced with permission.
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Figure 11. Effects of propranolol on secretory response to isopro

terenol (107.5 M). Isoproterenol-induced secretion of 39s-labeled

molecules from bovine tracheal gland cells was quantified in the pres

ence of either l-propranolol (10-10-10-4 M) or d-propranolol (10-9-10-4
M) . Values are mean it SE for n > 5 separate determinations except in

the case of l-propranolol (107* M) in which one determination was made.
(*) = values that are significantly different (P º 0.05) from those ob

served at the same concentration of l-propranolol. Modified from Madi

son J. M., Basbaum, C. B., Brown, J. K. and Finkbeiner, W. E. : Characteri

zation of fl-adrenergic receptors in cultured bovine tracheal gland

cells. Am. J. Physiol. 256 (Cell Physiol. 25) : C310-C314, 1989. Repro

duced with permission.

Based on previous work with other exocrine cells [48],

it seemed likely that ■ y-adrenergic receptor dependent secre
tion in bovine tracheal gland cells would be mediated by al
terations in the level of intracellular cAMP. If so, then

the phosphodiesterase inhibitor 1-methyl-3-isobutylxanthine
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should augment the secretory response and analogues of cAMP
should mimic the secretory response in the absence of ■ y

adrenergic receptor activation. Figure 12 shows the depen
dence of relative secretory rate on the concentration of d, l
isoproterenol in the presence and absence of 1-methyl-3-
isobutylxanthine. The relative secretory rate was augmented
by 1-methyl-3-isobutylxanthine as reflected by a leftward
shift of the dose-response curve. This finding indirectly
suggested that stimulus-secretion coupling in bovine tracheal
gland cells was mediated by cAMP.
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Figure 12. Effect of a phosphodiesterase inhibitor 1-methyl-3-

isobutylxanthine (MIX) on the relative rate of isoproterenol-stimulated

secretion of *s-labeled molecules (relative secretory rate) from bovine

tracheal gland cells. Values are mean it SE (n = 5). (*) = values that

are significantly different (P º 0.05) from those observed at the same

concentration of isoproterenol.
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To determine whether alterations in the level of intra

cellular cAMP are triggered by B-adrenergic receptor stimula
tion, I measured intracellular levels of cAMP at various time

points after stimulation with d, l-isoproterenol (Figure 13).
Intracellular cAMP levels rose tenfold within 1 minute then

decreased slowly. Thirty minutes after stimulation, cAMP
levels still remained at least fourfold greater than the un

treated control levels. Furthermore, when the phosphodi
esterase inhibitor 1-methyl-3-isobutylxanthine (107.5 M) was
present in the medium, the cAMP rise was increased at all but
the 30 second time point. The cAMP response was completely
inhibited by the addition of d, l-propranolol (10−9 M). These
studies confirmed directly that cAMP was elevated after fl

adrenergic stimulation.

2000 -
-D- Isoproternol + MIX
--- isoproterenol
-O- Isoproterenol + Propranolol

- -O- Control

O 10 20 30

Time (min)

Figure 13. Time courses of changes of intracellular cAMP in bovine

tra cheal gland cells. Values after addition of drugs are means it SE (n
2: 7 ) . Control values are means it SE of (n > 5).
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As shown in Figure 14, cAMP production by bovine tra–
cheal gland cells was maximal between 1074 to 10−6 M d, l-iso—
proterenol. These doses corresponded to those evoking the
maximal secretion.
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Figure 14. Dose-dependent effect of d, l-isoproterenol on generation

of intracellular cAMP in bovine tracheal gland cells. Cultures were ex

posed to isoproterenol for 5 min. Values are means it SE (n > 7).

To directly test the hypothesis that cAMP is a second
messenger mediating secretion in bovine tracheal gland cells,
I measured the relative secretory rate of cells incubated

with cAMP analogues. Figure 15 shows the relative secretory
rate observed after administration of 8-bromo-cAMP (1073 M)
and Bt 2-cAMP (1073 M) in the presence and absence of 1-methyl
3-isobutylxanthine (107.5 M). In the absence of the phosphodi
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esterase inhibitor 1-methyl-3-isobutylxanthine, cAMP ana
logues did not increase the release of 3°S-labeled molecules.
However, when 1-methyl-3-isobutylxanthine was present, these
agents significantly (p < 0.05) increased the release of the
*S-labeled molecules. These studies confirmed that eleva

tions of intracellular cAMP are capable of causing secretion
of 3°S-labeled molecules from bovine tracheal gland serous
cells. Therefore, cAMP is a second messenger in the stimu
lus-secretion coupling events in these cells.
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Figure 15. Effect of cAMP analogues 8-bromo-cAMP (1073 M) and Bt2–

cAMP (1073 M) in the absence or the presence of 1-methyl-3-isobutylxan

thine (MIX: 107.5 M) on the relative rate of secretion of *s-labeled
molecules (relative secretory rate) from bovine tracheal gland cells se

cretion. A relative secretory rate of 1 indicates basal secretory lev

els. Values are means it SE (n = 5). (*) = values that are signifi

cantly (P º 0.05) different from control.
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Cyclic AMP-dependent kinase activity. Cyclic AMP elic
its biological responses by kinase-dependent alterations in
phosphorylation levels of one or more cellular proteins. I
have performed experiments to identify the kinases and phos
phoproteins involved in the cAMP-dependent serous cell secre
tory pathway. Cyclic AMP-dependent kinase activity, as mea
sured by cAMP-stimulated transfer of [32P) PO4 from Y-[32P)-ATP
to the exogenous phosphate acceptor histone was linear during
the 8-min period in which it was measured (Figure 16). Most
of the cAMP-dependent kinase activity was found in the solu
ble protein fraction.

4-1 —D— Histone, S. Protein, +cAMP
— H. Histone, S. Protein, -cAMP
—O— Histone, P. Protein, +cAMP

3 - –e– Histone, P. Protein, -cAMP
—ar— Histone alone

2

o'o 2'o alo 6.0 8.0

TIME (min)

Figure 16. Phosphorylation of histone by cell extracts from bovine

tracheal gland cells. Values are from one representative experiment and

are normalized to the amount of soluble or particulate protein present.

When histone was added alone, values were normalized to the concentra

tion added to the other samples.
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Cyclic AMP-dependent phosphorylation of endogenous pro
teins. As shown in Figures 17 and 18 and as expected from
the data on histone phosphorylation, cAMP-dependent kinase
activity towards endogenous acceptors was greater in the cy
tosolic than the membrane fraction. In the membrane fraction

only two proteins, approximate molecular weights 49 kDa and
55 kDa showed cAMP-dependent phosphorylation (Figure 18).
The effects of cAMP in the cytosolic fraction were more com—
plex. Analysis of densitometric tracings revealed essen

tially three patterns of phosphorylation (Figure 19). In the
first pattern (Figure 19 A, G) phosphorylation of a 200 kDa
protein and a 100 kDa protein was independent of cAMP. More
commonly (Figure 19 B, C, E, F, H, L, M, N, O), cAMP increased pro
tein phosphorylation. In one case phosphorylation of a 25
kDa protein (Figure 19 N) reached near maximal levels by 30
s. The third pattern was seen with a 49 kDa protein and a 55
kDa protein (Figure 19 J, K). After incubation with cAMP,
these proteins, which were maximally phosphorylated within 30
s under control conditions, showed a decreased rate of phos

phorylation in the presence of cAMP, but reached the same
equilibrium levels of phosphorylation as the control.
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Figure 17. Autoradiogram of phosphorylated proteins from bovine tra

cheal gland serous cells. Soluble cell extracts were incubated in the

presence Y- [**P]-ATP, in the absence (-) and presence (+) of cAMP (106
M). The reaction was terminated at 30, 60, 90 and 120 s.
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Figure 18. Autoradiogram of phosphorylated proteins from bovine tra

cheal gland serous cells. Particulate cell extracts were incubated in

the presence Y- [**P]-ATP, in the absence (-) and presence (+) of cAMP
(1 O & M). The reaction was terminated at 30, 60, 90 and 120 s.
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density profiles of endogenous phosphorylation of soluble
proteins with ( —D— ) and without (–e—) cAMP.
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Physiology and biochemistry of bovine tracheal gland organ
cultures

Radiolabeling of glycoconjugates, pulse chase, and phar
macologic stimulation. To verify that cultures of bovine
tracheal gland serous cells represented a model that could be

compared with the serous cells of intact tracheal glands, I
studied the secretory responses of bovine tracheal submucosal
tissues maintained in organ culture. The effects of cholin
ergic, O.-adrenergic, and ■ y-adrenergic stimulation on bovine

tracheal submucosal glands secretion maintained in organ cul
ture revealed that each was effective in stimulating the re
lease of 35S-labeled molecules (Table 3). The rank order of

potency was isoproterenol P bethanechol P. phenylephrine.

Table 3. Effect of cholinergic, O.-adrenergic

and ■ y-adrenergic drugs on bovine tracheal
submucosal gland organ cultures.

DRUG-RELATIVE SECRETORY_RATE–

Bethane Chol 1.45 + 0.09”

l–Phenylephrine 1.24 + 0.01*
d, l-Isoproterendl 1.64 + 0.17t

Values are means it SE of 3 determinations. Submucosal

gland tissues were exposed to each agonist at 107* M
for 30 min. "P-0.05. FP30. 1.

Gel filtration chromatography and enzymatic digestion of
void volume. These studies were performed to verify that ma

terial secreted by bovine tracheal serous cell cultures was

similar to material secreted by tracheal submucosal glands.
When nondialyzable molecular components from isoproterenol
stimulated BTG secretions were analyzed by gel filtration
chromatography on Sepharose CL-4B, significant amounts of ra
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diolabeled material were present in the void volume (Figure
20). Chondroitinase ABC lyase significantly degraded the
void volume material (Figure 21).

i :iº
O 10 20 30 40 50 60

FRACTION NUMBER

3 5 S
14 C

Figure 20. Sepharose CL-4B chromatography of medium from bovine tra

cheal organ cultures. Submucosal tissues were incubated with Na2 [35S]o.4
Or [1-14C1-glucosamine and stimulated with d, l-isoproterenol as de

scribed in Material and Methods. Collected medium was dialyzed,

lyopholized and applied to a Sepharose CL-4B column (1.5 x 60 cm).

Fractions (1.4 ml) were collected and radioactivity counted. Fractions

15–21 were pooled and used for further characterization. Vo and Vt re

fer to the elution positions of Blue Dextran 2000 and [1-4*C]-glu
cosamine, respectively.
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Figure 21. Sepharose CL-4B chromatography of [1-14C1-glucosamine-la
beled Vo obtained from pooled fractions. Material was fractionated as

in Figure 20 before and after treatment with chondroitinase ABC lyase.

Vo and Vt refer to the elution positions of Blue Dextran 2000 and [1-

**C]-glucosamine, respectively. From Paul A., Picard, J., Mergey, M.,
Veissiere, D., Finkbeiner, W. E. and Basbaum, C.B.: Glycoconjugates se

creted by bovine tracheal serous cells in culture. Arch. Biochem. Bio

phys. 260: 75-84, 1988. Reproduced with permission.
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MONOCLONAL ANTIBODIES DIRECTED AGAINST HUMAN AIRWAY SECRE

TIONS

Preparation of monoclonal antibodies

Fusions and screening of antibodies. Two fusions
yielded 401 wells containing hybridoma clones (35% growth).
Supernatant from these wells was screened on paraformalde
hyde-fixed frozen sections of normal human trachea. One hun

dred and fifty supernatants stained human tracheal submucosal
gland cells alone or in combination with the surface goblet
cells. Twenty-nine hybridomas were selected on the basis of
their staining pattern for expansion and further characteri
zation.

Localization of antigens in plastic-embedded tissue

To better localize the cellular antigens, immuno
cytochemistry was performed on plastic-embedded tracheal tis
sues. Mild aldehyde fixation and cold processing of the tis
sues preserved antigens and thinly sectioning the tissues al
lowed their precise localization (Figure 22). All antibodies
selected by immunofluorescence on frozen sections also
stained the plastic-embedded tissue. Four antibodies stained
epithelial goblet cells and submucosal serous and mucous

cells, twelve antibodies stained goblet and mucous cells,
four stained goblet and serous cells, four stained only mu
cous cells and five only serous cells. In some cases, anti
bodies recognized only subpopulations of a given cell type.
Localization of antibody staining is summarized in Table 4.

Determination of immunoglobulin subclasses

Antibodies of the IgG1, IgG2b, IgG3, and IgM subclasses

were obtained. A summary of immunoglobulin classification is
presented in Table 4.



74

Figure 22. (next page) Types of staining of human trachea by

antibodies directed against secretory cell antigens. A-Antibody A1D3;

goblet, serous, and mucous cells are stained. B-Antibody A2F3; goblet

and mucous cells are stained. C-Antibody B8C3; goblet and serous cells

are stained. D-Antibody B8C4; only mucous cells are stained. E

Antibody B7E5; only serous cells are stained. F-Omitted primary

negative control. From Finkbeiner, W. E. and Basbaum, C. B. : Monoclonal

antibodies directed against human airway secretions. Am. J. Pathol.

131: 290–297, 1988. Reproduced with permission.
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TABLE 4. IMMUNOCYTOCHEMICAL LOCALIZATION AND IMMUNOGLOBULIN CLASSI

FICATION OF MONOCLONAL ANTIBODIES. From Finkbeiner, W. E. and Basbaum,

C. B. : Monoclonal antibodies directed against human airway secretions.

Am. J. Pathol. 131: 290-297, 1988. Reproduced with permission.

Antibod I hemical—Localizati Ig—Subcl
A1D3 Goblet, mucous & serous cells M

A1D7 Mucous cells G1
A1E11 Goblet & mucous cells G1
A1F11 Mucous G1
A1F11 Goblet cells, subpopulations of G1

mucous & serous cells

A2E7 Serous cells G1
A2F3 Goblet & mucous cells G1
A3B7 Serous cells G2b
A3G11 Goblet cells, subpopulation of M

mucous cells

A6D 8 Goblet cells, subpopulation of G3
mucous cells

A8E4 Mucous cells G1
A10F5 Serous cells Gl
A10G5 Goblet cells, subpopulations of G1

mucous & serous cells

B1D8 Serous cells G1
B2B8 Goblet, mucous & serous cells G1
B3D11 Goblet cells, subpopulation of G1

mucous cells
B3E8 Goblet & mucous cells M
B3F2 Goblet & mucous cells M

B3F10 Serous cells, subpopulation of G1
goblet cells

B4C11 Goblet & mucous cells M

B4FT Goblet, mucous & serous cells M
B5D5 Goblet & mucous cells M

B5D7 Goblet cells, subpopulation of G1
mucous cells

B5E9 Mucous cells G1
B6E8 Goblet & mucous cells M

B6G6 Goblet cells, subpopulation of G1
mucous cells

B7E5 Serous cells M

B8C3 Goblet & serous cells G1
B8E10 Goblet cells, serous cells, G1

subpopulation of mucous cells
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Periodate sensitivity of antigens

Fluorescence was abolished or considerably reduced for
three antibodies after mild periodate treatment, three anti
bodies after moderate treatment, and nine antibodies after

harsh treatment. Fourteen antibodies were unaffected by peri
odate treatment. For antibodies whose reactivity was reduced

by mild treatment, more severe treatment resulted in complete
loss of reactivity.

Gel filtration chromatography

Fractionation of endotracheal secretions from a cystic
fibrosis patient on Sepharose 4B yielded three peaks which
were pooled as shown in Figure 23. The apparent molecular
weights of fractions I, II, and III were > 1, 000,000,
300,000, and <100,000 daltons, respectively. These fractions
were used in the solid phase radioimmunoassay and for SDS
PAGE with immunoblotting to determine the apparent molecular
weights of the antigens recognized by the monoclonal
antibodies.

Solid-phase radioimmunoassay

The reactivity of each antibody with molecular weight
fractions is shown in Table 5. Sixteen antibodies had highest
or exclusive affinity for material eluting in fraction I (void
volume), one for material in fraction II, and one for mate

rial in fraction III. One antibody showed equal affinity for
fractions I and II. Ten antibodies that reacted immunocyto

chemically with tracheal tissue sections failed to react with

fractionated airway secretions in the solid phase RIA.
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Figure 23. Gel filtration chromatography of

Finkbeiner, W. E. and Basbaum, C. B. : Monoclonal antibodies directed

collected from a patient with cystic fibrosis.

applied to a column of Sepharose 4B in sodium

containing 1 mM EDTA, 0.02% sodium azide, and

fonyl fluoride and collected and monitored as

Methods. Pooled Fractions I, II, and III are

140 160

endotracheal secretions

Dialyzed secretions were

acetate (0.1 M, pH 5.5)

0.5 mM phenylmethylsul

described in Materials and

indicated. From

against human airway secretions. Am. J. Pathol. 131: 290-297, 1988. Re

produced with permission.
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TABLE 5.

control + SE) with pooled Sepharose 4B fractions.

Reactivity of antibodies (expressed as percent of negative

From Finkbeiner, W. E.

and Basbaum, C. B. : Monoclonal antibodies directed against human airway

secretions.

sion.

ANTIBODY

A1D3

A1D7

A1E11

A1F8

A1F11

A2E7

A2F3

A3B.7

A3G 11

A6D 8

A8E4

A1 OF5

A10G5

B1D8

B2B8

B3D11

B3E8

B3F2

B3F10

B4C11

B4F 7

B5D 5

B5D 7

B5E9

B6E8

B6G6

B7E5

B8C3

B8E10

*Significant at 95%

FRACTION I

3 O 6 + 2 ×

13.7 ± 5

300 + 11 *

241 + 8

133 + 6

31 O + 22 ×

392 + 42 k

192 + 6

279 + 29

363 + 19 ×

321 + 12*

150 + 20

45.5 + 1.8 ×

126 it 13

168 + 1

33.6 ± 2.6*

331 + 2*

182 + 18

309 -E 15 k

3.11 + 1 4 ×

322 + 8 ×

290 + 11

415 + 7 ×

294 + 4 ×

3.11 + 30 k

4.93 + 1.8%

139 + 1.9

401 + 17 k

184 + 12

Am. J. Pathol.

FRACTION II

131: 290–297, 1988. Reproduced with permis

+

FRACTION III

118

14.5

132

3.18

121

125

130

250

150

305

203

166

194

196

154

114

182

151

104

162

206

149

200

115

149

1.65

184

1.65

152

22*

12

21

12

32

13

20

12

18

18

19

23

15

15

15

19

119

123

14.9

166

1 4 3

116

148

282

160

273

184

131

161

212

170

122

177

164

115

164

177

127

177

1 4 3

158

1.65

238

133

184

18

6

28

38

17

22

30

15*

15

16

4

26

2

40

18

19

22

12

15

21

27

20

13

14

17

23
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SDS-PAGE and immunoblots

By immunoblotting, 18 of 29 antibodies reacted with
components of Sepharose 4B fraction peaks further separated

by SDS-PAGE. Representative immunoblots are shown in Figure
24 and approximate molecular weights of the antigens are
shown in Table 6. Whereas some antibodies reacted with sin

gle discrete bands (e.g. A1D3, B3D11, A2F3 and A1E11, lanes
A, B, C, and G, respectively, Figure 24), others (e.g. B6G6,
lane E, Figure 24) reacted with single broad zones, or multi
ple discrete bands and/or zones (e.g. B6E8, B4C11, B1D8 and
B7E5, lanes E, F, H and I, respectively, Figure 24). Two an
tibodies, B3D11 and A1E11, (lanes B and G, respectively, Fig

ure 24) may be identical since they both react with a band
having a molecular weight of approximately 377 kDa on
immunoblots, stain goblet and mucous cells, recognize an

antigen that is insensitive to periodate oxidation, and elute
in the same Sepharose 4B fraction peak. Another pair, B1D8
and B7E5 (lanes H and I, respectively, Figure 24) show sim
ilar immunoblot staining of Fraction II material, immunocyto
chemical localization, and Sepharose 4B fraction peak affin
ity. However, after SDS-PAGE of the Fraction 3 material,
A1D8, but not B7E5, reacts with a 14 kDa molecular weight
band (Table 6).
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TABLE 6. MOLECULAR WEIGHTS OF ANTIGENS ESTIMATED BY IM

MUNOBLOT ANALYSIS. From Finkbeiner, W. E. and Basbaum, C. B. :

Monoclonal antibodies directed against human airway secre
tions. Am. J. Pathol. 131 : 290–297, 1988. Reproduced with
permission.

Antibody Molecular Weights (k Daltons).
A1D3 394

A1E1 1 377

A2E7 119-131

A2F3 401

A3G11 222–435

A6D8 422; 313–414; 263-305; 116–145; 71; 61; 42; 31; 17–21

B1D8 86-114; 77; 66; 14

B3D11 377

B3E8 353-435

B3F10 323-350

B4C11 367–435; 310–342; 174–200

B4F 7 435; 92; 64–74; 39–45; 17–32

B5D5 385-435; 303-350; 222–282; 178–211; 128–151; 93-103

B5D 7 376-435; 296–342; 222–269; 67–81

B6E8 362—414; 308-355; 129–146

B 6G6 372–414

B7E5 86-114; 77; 66

B8C3 356
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Figure 24. Representative SDS-PAGE and immunoblot analysis of

Sepharose 4B material. Lanes A-G, Fraction I material. Lanes H-I,

Fraction II material. Left, molecular weight standards for lanes A-G;

right, molecular weight standards for lanes H-I. From Finkbeiner, W. E.

and Basbaum, C. B. : Monoclonal antibodies directed against human airway

secretions. Am. J. Pathol. 131: 290-297, 1988. Reproduced with

permission.
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DISCUSSION

In the past, studies of tracheobronchial secretion have

been limited by an inability to effectively study the indi
vidual secretory cells, their products and the cellular mech
anisms that control them. The objective of this dissertation
project was the development of experimental approaches for
the cell-specific analysis of tracheobronchial secretory
cells on a biochemical and molecular level. This objective
was realized using two cell biologic techniques, cell culture
and monoclonal antibody production, and by applying these
techniques in the analysis of tracheobronchial cells and
their secretions. In this dissertation are described the

first cultured cell line established from tracheal submucosal

gland cells (bovine) and the first panel of monoclonal anti
bodies raised against human tracheobronchial secretions.

BOVINE TRACHEAL, GLAND SEROUS CELLS IN CULTURE

The cells of the tracheal glands derive from plaques of

the surface epithelium that invaginate into the submucosa be
fore birth [239, 245] . These cells differentiate to form the

acinar and duct cells that remain in continuity with the tra
cheal lumen throughout life, and from whose secretions the

mucus blanket covering the epithelial surface is maintained

and renewed continuously.

The gland cells are morphologically distinct from the
goblet cells of the surface epithelium and have different re

sponses to secretagogues [223] . Although cultures of cells

from the tracheal surface epithelium were developed and stud
ied earlier [59, 100, 120, 174, 260, 263 ] it is not possible
to extend findings obtained from surface epithelial cultures
(even when they contain mucin-secreting subpopulations) to
questions involving secretion from the submucosal glands. For
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this reason we sought to develop a preparation of functional
tracheal gland cells.

One of the main problems encountered during the develop
ment of tracheal submucosal gland cell cultures was the sepa
ration of tracheal submucosal gland acinar cells from the
dense connective tissue framework that surrounds them. Culp
et al. [71] approached this problem by using an animal

species (cat) which had a relatively large ratio of gland
cell tissue to connective tissue. However, their methods re

quired a large number of experimental animals in order to ob
tain a sufficient yield of cells. To overcome these prob
lems, we attempted to increase yield by isolating cells from
larger species, i.e. sheep and dog. Although it was possible
to obtain higher cell yields from the tracheas of larger ani
mals, viability was compromised considerably due to the dif–
ficulty in isolating cells from the denser connective tissue
present in the tracheas of larger animals [83] . Despite the
problems associated with the use of larger animals, I was
eventually able to develop a method for obtaining consistent
preparations of relatively high yield and satisfactory via
bility from bovine tracheas. The method relied on the use of

an enzyme solution containing collagenase, hyaluronidase, and
elastase; avoided mechanical methods of cell isolation; and

extended the period of digestion to as long as 24 h. Al
though these preparations contained viable serous and mucous

cells, they were contaminated by red and white blood cells,

connective tissue cells and nonviable cells of glandular and
mesenchymal origin. In this state, the preparation was not
suitable for functional studies. In order to obtain a pure
preparation of tracheal gland cells, a method for placing
these cells in culture was developed.

When placed in culture, epithelial cells often lose

characteristics of differentiation or even fail to prolifer
ate [32, 213 ] . The cultured tracheal serous cells described
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in this study maintain many important characteristics of dif
ferentiation and proliferate in culture. Even with serially
propagation these properties remain intact. Although the
proliferative capacity of these cells is unusual for epithe
lial cells which have not undergone transformation [214 ),
there is no evidence to suggest that the bovine tracheal

gland serous cells have transformed spontaneously. Trans

formed cells generally exhibit genetic abnormalities such as
changes in ploidy and increases in the frequency of individ
ual chromosomes [31] , express anchorage independence as ex
emplified by growth of cells detached from the substrate
[156], show disorientated growth and foci of rounded cells
within the regular monolayer due to loss of contact inhibi
tion [1, 89], demonstrate lower serum and growth factor de
pendence than their normal counterparts [238, 240 ), exhibit
tumorigenesis [98], are able to grow in semi-solid media [88]
and are immortal [90, 241]. The preservation of the normal
diploid bovine chromosome number reveals that these cells are

indeed derived from bovine tissue and does not suggest that
spontaneous transformation of these cells is responsible for
their adaptability to the culture environment. Further evi
dence against transformation of these cells is their inabil

ity to sustain growth in the absence of serum or specific
growth factors and the maintenance of contact inhibition.

Additionally, the cells are not immortal since they undergo
progressive senescence and eventual crisis after approxi
mately 35-40 passages as an increasing number of nondividing,
enlarged, nonproliferating cells appear in the cultures. We
have not investigated whether or not a transformed clone of

cells will arise spontaneously from a senescent culture.

In situ, the bovine tracheal submucosal glands contain

mainly serous cells, and in culture, the cells isolated from

these glands retain many differentiated features of serous
cells. By electron microscopy, the cultures are found to be
composed of epithelial cells having junctional complexes.





86

The secretory granules are intensely osmiophilic and clearly
demarcated from adjacent granules. Histochemically, the
granules are found to contain large quantities of polysaccha
rides, a feature consistent with their identification as

serous cells [137]. Polysaccharide-containing granules (as
revealed by AB/PAS staining) were present throughout the cy—
toplasm of virtually all the cultured cells. Although the
cells also contain lysosomes, their distribution (as revealed

by acid phosphatase staining) was confined to the perinuclear
region. This is consistent with observations made on cul

tures of hamster tracheal epithelial cells [174]. The pres–
ence of serous cell-specific antigen (detected by monoclonal
antibody B7E5) in cultured bovine tracheal gland cells cor
roborates the localization of the AB/PAS-positive material to
specific secretory granules. Furthermore, these cells re

lease another serous cell marker, lysozyme, into the culture
medium [112] .

The cells in culture retain not only the morphological,
histochemical and biochemical features of tracheal gland
serous cells, but also the ability to take up radiolabeled
sulfate, incorporate it into macromolecules, and release it

upon physiological stimulation. The cells respond physiolog
ically by secreting glycoconjugates after stimulation with ■ º
adrenergic agonists, a response described previously for tra
cheobronchial organ cultures from a variety of species in
cluding human [192, 193], cat [92, 147, 196, 250], rat [109]

and ferret [36, 94, 95]. Evidence that the cell response to
■ y-adrenergic stimulation is physiological and not due to
toxicity is provided by vital dye exclusion and demonstration
that ■ º-adrenergic stimulation is blocked stereoselectively at
the level of the receptor by the adrenergic receptor antago–
nist propranolol. Additionally, evidence is provided that
bovine tracheal submucosal tissues, maintained as organ cul
tures, also secrete radiolabeled glycoconjugates after ■ y
adrenergic stimulation.
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Despite the identification of a secretory response of
bovine tracheal submucosal organ cultures to muscarinic and
Ot-adrenergic agonists, the cultured serous cells failed to
display a similar response. We cannot rule out that O.-adren

ergic and muscarinic receptors observed in organ cultures
were due to mucous cells. However, due to the small numbers

of mucous cells in bovine submucosal glands and the finding
that the majority of high molecular weight glycoconjugates
released in organ culture were sensitive to chondroitin sul
fate, it is more likely that the O.-adrenergic and muscarinic

receptors were more likely due to activation of serous cell
receptors, and that these receptors are not retained in cul
ture. The loss of muscarinic responsiveness may relate to

the culture conditions rather than the isolation procedure

since Culp and Marin [70] demonstrated functionally intact
muscarinic receptors in enzymatically disaggregated cat tra
cheal submucosal gland cells. Preliminary studies suggest

that the loss of muscarinic responsiveness is due to absence
of the muscarinic receptor rather than to post-receptor modi
fications (Madison, J. M. and Basbaum, C.B., University of
California, San Francisco, personal communication).

Culture-induced alteration of receptor function has been
reported by many other investigators. For example, when
placed in primary culture, hepatocytes shift from 0- to B

adrenergic control of glycogenolysis [182] . This shift is
associated with an increase in ■ 2-adrenergic receptor density
[179, 217) and a decrease in 0.1-adrenergic receptor density

[110, 217 ). The mechanism of this change is unknown [201] ;
however it has been suggested that it may involve the sup
pression of a guanine nucleotide regulatory protein [110] .

In addition to ■ y-adrenergic agonists, other agents ef
fective in stimulating airway mucus secretion stimulate the
release of 39S-labeled molecules from the cultured serous



88

cells. These include several cyclooxygenase products includ
ing PGE1, PGE2, PGA1, and PGD2 [230], histamine [229],

bradykinin (Sommerhoff, unpublished observations), and the
mast cell protease, chymase [229]. Although its role the
stimulus-secretion coupling mechanisms of bovine tracheal
gland serous cells has not been explored, changes in intra
cellular calcium ion concentration are likely to be important
since addition of the calcium ionophore A23.187 results in the
release of significant amounts of radiolabel from the cul
tured cells [84 ) .

The rank order of adrenergic agonist potency
(isoproterenol P. epinephrine > norepinephrine) suggests that

the secretory response to isoproterenol is mediated by the
■■ 2-adrenergic receptor subtype [138] . Had the response been

mediated by ■ 1-adrenergic receptors, epinephrine and nore

pinephrine would be equipotent in stimulating secretion. Ad
ditionally, studies of BTG cells by Madison et al. [157]
which included radioligand binding experiments using a
125 [iodo) cyanopindolol to identify B-adrenergic receptors and
a specific ■ y2-adrenergic receptor antagonist, ICI 118.551,
confirm a ■ 2-adrenergic receptor density of greater than 1000

per cell.

Light microscopic, autoradiographic studies show that
both ■ 1- and ■ 2-adrenergic receptors are present on human sub
mucosal glands with ■ 2-adrenergic receptors predominating by

a 9:1 ratio [52]. However, at the light microscopic level it
is impossible to determine whether there are differences in

the distribution of these receptor subtypes between serous
and mucous gland cells. The results of Madison et al. [157]
suggest that cultured bovine submucosal gland serous cells
contain only ■ 2-adrenergic receptors. Together these studies
suggest that ■ º 1-adrenergic receptors may be restricted to mu

cous gland cells, but before this can be confirmed
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differences due to species and effects of cell culture on
expression of ■ y-adrenergic receptor subtype must be ad
dressed.

Studies of exocrine organs such as the parotid gland
have demonstrated that following activation of the B-adrener
gic receptor, adenylate cyclase converts adenosine triphos

phate into cAMP, and cAMP serves as a second messenger in the
regulation of secretion and other cellular processes [48].
Tracheobronchial submucosal gland secretion is likely to be
regulated in a similar fashion. Consistent with this hypoth
esis, ■ y-adrenergic activation increases cAMP levels in cat
tracheal explants [147] and increases reactivity of the sub
mucosal gland serous cells in dog and cat tracheal tissue
sections stained with antisera against cAMP [140]. However,
in neither of these studies could intracellular cAMP levels

be quantified.

Bovine tracheal gland serous cell cultures provide a
convenient system for quantitatively analyzing the effects of
■ y-adrenergic receptor stimulation on intracellular cAMP con
centration. Within 1 min, cultured bovine serous cells ex

posed to isoproterendl increase intracellular cAMP levels
tenfold. The levels decline slowly over 30 min and remain at
least fourfold greater than control levels. The rapid rise
in the concentration of intracellular cAMP and its slow re

turn to control levels is similar to that seen in the rat

parotid gland [75], rat submandibular gland [1971, and rat
hepatocytes [110]. However, it is different from that re
ported for primary cultures of human tracheal epithelial
cells in which isoproterendl stimulation causes a rapid in
crease of intracellular cAMP levels, and attainment of new

steady state levels after 20 min [257, 259]. In cat tracheal
explants containing both epithelial and glandular tissue,
isoproterendl causes cAMP levels to rise to maximal levels
within 10 minutes and then remain stable for 90 minutes
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[147] . This time course of cAMP elevation during ■ y-adrener
gic receptor stimulation is more consistent with those re

ported for cultured tracheal surface epithelial cells [257,
259] than for tracheal gland serous cells.

The absolute intracellular concentration of cAMP of

bovine tracheal serous cells 1 min after stimulation with

isoproterenol is similar to that reported for primary cul
tures of epithelial cells from human trachea [257], but ap
proximately fivefold greater than that reported for isolated
rat submandibular cells [197] . However, in the presence of
1-methyl-3-isobutylxanthine, isoproterenol stimulation pro
duces nearly identical intracellular cAMP levels in cultured

tracheal serous cells and rat submandibular cells. This sug
gests that the submandibular gland cells may have greater
phosphodiesterase activity thereby attenuating the rise in
intracellular cAMP after ■ y-adrenergic stimulation.

Indirect evidence for the involvement of cAMP in bovine

serous cell secretion is revealed by the findings that the
dose-response relationship for isoproterenol-stimulated gen
eration of cAMP correlates with the dose-response relation
ship for isoproternol-stimulated secretion of 39S-labeled
molecules. Further, the phosphodiesterase inhibitor 1
methyl-3-isobutylxanthine potentiates both isoproterenol
evoked secretion of 39S-labeled molecules and the production
of intracellular cAMP. Finally, the ■ º-adrenergic receptor
antagonist propranolol completely blocks both effects and
cAMP analogues can mimic the effects of ■ º-adrenergic activa
tion. The finding that the cAMP analogues are effective only
in the presence of 1-methyl-3-isobutylxanthine suggests that
these analogues are rapidly metabolized by bovine tracheal
serous cell phosphodiesterase.

Cyclic AMP is thought to exert most of its effects by
activation of cAMP-dependent protein kinase [237]. Cyclic
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AMP-dependent kinase consists of two distinct subunits, a
regulatory subunit (R) which is a receptor for cAMP, and a

40.9 kDa catalytic (C) subunit. In the absence of cAMP the
enzyme exists as an inactive tetramer, R2C2. However, in the

presence of cAMP, the R subunit binds to the cyclic nu
cleotide causing a decrease in the affinity of the R subunit
for the C subunit. This results in the formation of an

R2 (cAMP) 4 dimer and 2 free catalytically active C subunits

[26, 44 ) . These catalytic subunits then catalyze the phos

phorylation of a diverse group of substrate protein
molecules, the functional consequences of which are still
largely unknown [2.2.1] .

Reversible changes in protein phosphorylation due to ki
nases and phosphatases are thought to play a major role in
the regulation of secretion in exocrine cells. However, the
mechanism by which phosphorylation and dephosphorylation of
substrate proteins controls secretion is not known. However,
by evaluating the kinetics of phosphorylation and phosphate
turnover with respect to phosphate turnover, it may be possi
ble to focus investigations on phophoproteins which are in
volved in exocytosis [198]. Purification and

characterization of such proteins should provide important
insights into stimulus-secretion coupling mechanisms.

In cultured bovine tracheal gland serous cells most of
the cAMP-dependent protein phosphorylation was found in the
soluble fraction cell extracts. Although activity in the
soluble fraction was greater than that of the particulate
fraction this may not reflect the physiological distribution
of the cAMP-dependent kinase since the association of the en
zyme may be altered by conditions in which the assay was run
[69] . The levels of phosphorylation present in bovine tra
cheal gland serous cells were nearly identical to the levels
reported in human tracheal surface epithelial cells main

tained in primary culture [16] .
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Analysis of cAMP-dependent endogenous phosphorylation by
SDS-PAGE of soluble (cytosolic) and particulate (membrane)
fractions of bovine tracheal serous cells reveals that the

particulate fraction contains only two proteins, approximate
molecular weights 49 kDa and 55 kDa, showing cAMP-dependent
phosphorylation. On the other hand, the soluble fraction

contains at least thirteen proteins demonstrating a cAMP-de
pendent change in phosphorylation. Most of these showed in
creased phosphorylation with cAMP, most dramatically a 25 kDa
protein was near maximal levels after just 30 seconds. This
protein may be analogous to a rapidly phosphorylated 26 kDa
protein that has been identified in rat parotid and sub
mandibular glands [113, 198]. Because it is rapidly
phosphorylated and then dephosphorylated in response to B

adrenergic stimulation followed by B-adrenergic blockade, it

has been proposed to play a regulatory role in exocytosis
[198, 199] .

Two proteins found in the soluble cell fraction (49 kDa

and 55 kDa) showed slower phosphorylation in the presence of
cAMP. At this time it is not known whether the 49 kDa and 55

kDa found in the soluble cell fraction are analogous to the
proteins of the same apparent molecular weight that are pre
sent in the particulate cell fraction. It is also not known

whether these proteins which are found in both the soluble

and particulate fractions correspond to the 49 kDa and 54 kDa
proteins described by Liedtke et al. [147] . The molecular

weights of these proteins are consistent with their identity

as the regulatory subunits of cAMP-dependent kinase. There
are two major isozymes of cAMP-dependent kinase, type I and
type II [181] . On SDS-PAGE, the regulatory subunits of the
type I and type II isozymes of bovine heart cAMP-dependent
kinase have estimated molecular weights of 49 kDa and 55-58
kDa, respectively [26, 212 ) . However, molecular weights of
the regulatory subunits as determined by SDS-PAGE may differ
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with respect to species and tissue [26]. The type II, but
not the type I regulatory subunit is autophosphorylated [80].
Although in most cells and tissues the enzyme is pre
dominantly in the soluble fraction, membrane bound cAMP-de
pendent kinase activity has been identified [149] .

Thus, one hypothesis to explain the findings in bovine
tracheal submucosal gland serous cell is that these cells

contain both the type I and type II isozymes of cAMP-depen
dent kinase and these isozymes reside in both cytosol
(soluble fraction) and membranes (particulate fraction).
Further, our findings suggest that in the cytosol, these pro
teins exist predominantly as phosphorylated species in the
cytosol and dephosphorylated species in the membrane. This

may be due to either autophosphorylation or in vitro phospho
rylation effects perhaps via activation of c(SMP-dependent ki
nase [26, 78, 218). In any case, an effect of cAMP in modu
lating the phosphorylation state of these 49 kDa and 55 kDa
proteins is seen. Further studies including labeling of in
tact, living cultures with 32PO4 and 8-azido [32P] cAMP are re
quired to clarify these findings.

Phosphorylation of specific tracheal gland cell proteins
may be involved not only in the phasic phenomena following
neurotransmitter receptor activation, but also in regulation
of gene expression. The growth and differentiation of submu

cosal gland cells have been shown to be altered by B-adrener
gic agonists. For example, chronic administration of isopro
terenol to pigs has been shown to increase submucosal gland
cell mass and shift glycoconjugate content to the acidic gly
coproteins [23] . The molecular mechanisms of alterations in

the growth and differentiation of tracheobronchial glands due
to chronic ■ y-adrenergic stimulation and presumably protein
kinase activation have not been explained. Regulation of
transacting factors that control gene transcription have been
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shown to occur via changes in protein phosphorylation; and
such mechanisms could operate to control the growth and
differentiation of tracheobronchial gland cells. Mechanisms
by which cAMP-dependent kinase subunits translocate to the
nucleus or are activated there could act on DNA elements to

regulate genes [221]. Continuous cultures of bovine tracheal
gland serous cells could be an excellent system in which to
examine the role of protein phosphorylation in the control of
gene expression.

The biochemical nature of glycoconjugates secreted by
cultured bovine tracheal serous cells has been investigated
[186]. Cells were allowed to incorporate [1-14C) glucosamine
before stimulation of secretion with isoproterenol. Analysis
of nondialyzable molecular components by gel filtration on
Sepharose CL-4B, revealed that significant amounts of radio
labeled material are present in the void volume, indicating
the presence of high-molecular weight (>10° daltons) glyco
conjugates. Characterization of these glooconjugates by
chemical analysis and specific enzymatic digestions with

chondroitinase ABC and AC revealed that the major glycoconju
gates secreted by these cells are chondroitin sulfate proteo

glycans, hyaluronic acid, and asparagine-linked glycopro
teins. In addition, small amounts of chondroitinase-resis

tant material representing either O-linked glycoproteins such

as mucins or O-linked oligosaccharides carried on proteogly

cans are also present. Studies of secretions harvested from
organ cultures of bovine trachea reveal an identical sensi
tivity of the high molecular weight material to chondroiti
nase ABC confirming the similarity of secretions regardless
of whether they are derived from short-term organ cultures of
bovine tracheal submucosa or continuous cultures of bovine

tracheal gland serous cells.

The identification of glycosaminoglycans as the major
carbohydrate secreted by serous cells represents a major new
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finding in the biochemistry of trachobronchial mucus. Gly
cosaminoglycans had been identified in respiratory tract
secretions collected in vivo by aspiration and in vitro by
recovery from organ cultures [62, 91, 115] . However, the

cellular source of these materials was previously unknown.

Recently, Bhaskar et al. [29, 30) found that the

glycoconjugates present in human respiratory tract secretions
changes from one dominated primarily by glycosaminoglycans in
health, to one dominated by mucin in disease. This may sig
nify that serous cells are the major contributors to

"healthy" tracheobronchial secretions and that the contribu
tion of mucous cells is recruited by injury or disease.

That glycosaminoglycans are released by stimulus-secre
tion coupling mechanisms in bovine tracheal gland serous
cells indirectly shows that these molecules are stored and

released from serous cell granules. Direct evidence for this
is provided by immunocytochemical localization of chondroitin
sulfate proteoglycan in secretory granules of bovine tracheal
gland cells in vivo [81] and in culture [229] .

Glycosaminoglycans have been identified in secretory
granules of other protein-secreting exocrine cells such as
the pituitary [266], adrenal medulla [159] and pancreas [202,
236]. Perhaps, in serous cells as in other exocrine cells,

glycosaminoglycans act to bind and concentrate cationic se
cretory proteins within macromolecular aggregates, thereby
helping to exclude water form the granule and reducing the
need for energy dependent pumping mechanisms [236]
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MONOCLONAL ANTIBODIES AGAINST HUMAN AIRWAY SECRETIONS

At least some components of tracheobronchial secretions

appear to be very immunogenic based on the high proportion of
hybridoma clones secreting antibodies directed against tra–
cheobronchial cells. Table 7 summarizes the characteristics

of these monoclonal antibodies. Since the secretory cells of
the trachea derive embryologically from common precursor
cells, it is not surprising that many antibodies stain more
than one cell type [239, 245] . Although antigens exclusive
to serous and mucous cells were detected, antigens exclusive

to goblet cells were not. Monoclonal antibodies recognizing
goblet cells also recognized mucous cells, serous cells or

both. These results agree with those of St. George et al.
[234) but differ from those of an earlier study in which mon
oclonal antibodies directed against sheep tracheal secretion
were found to include goblet cell-specific antibodies [21].

Although some antibodies described in this study are

strictly cell-specific, they do not necessarily stain all in
dividual cells of a given type. In agreement with St. George
et al. [234), and as expected from histochemical results from

Spicer et al. [232], some antibodies identified

subpopulations of airway secretory cell types. The
significance of subpopulations is unknown at this time.

Although staining differences may reflect true phenotypic
differences, they might also simply reflect metabolic or
maturational differences among members of a single cell type.

Based on the results of periodate oxidation experiments,
the epitopes recognized by these monoclonal antibodies appear
to include both carbohydrate and peptide determinants. Al
though periodate oxidation carried out at high temperature
and long duration can potentially oxidize polypeptides the
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TABLE 7. SUMMARY OF MONOCLONAL ANTIBODIES : LOCALIZATION,

SENSITIVITY AND APPARENT MOLECULAR WEIGHT OF ANTIGENS. From

Finkbeiner, W. E. and Basbaum, C. B. : Monoclonal antibodies di

rected against human airway secretions. Am. J. Pathol.
131 : 290–297, 1988. Reproduced with permission.

Periodate Column
Antibod I lization: S itivity: E ti tfi
A1D3 G, M, S NS I
A1F11 G, M, S NS

-

A10G G, M, S harsh I, II
B2B8 G, M, S harsh

-

B4F 7 G, M, S NS I, II, III
B8E10 G, M, S NS

-

A1E1 1 G, M NS I
A2F3 G, M moderate I
A3G11 G, M mild I
A6D8 G, M harsh I, II
B3D11 G, M NS I
B3E8 G, M moderate I
B3F2 G, M mild

-

B4C11 G, M moderate I
B5D5 G, M NS I
B5D 7 G, M NS I
B6E8 G, M NS I
B6G6 G, M mild I
B3F10 G, S harsh I
B8C3 G, S harsh I
A1F8 M NS II
A8E4 M harsh I
B1D7 M harsh

-

B5E9 M NS I
A2E7 S harsh I
A3B7 S harsh III
A1 OF5 S NS

-

B1D8 S NS II, III
B7ES S NS II

*G, goblet cells; M,
th■ ild,

40C;
sensitive.

10 mM NaIO4, 10 min,
mucous cells; S, serous cells.

moderate,
room temperature.

50 mM NaIO4, 1 h,
NS, not

ft Column Fraction results from RIA and SDS-PAGE immunoblots.
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oxidation conditions used in this study are probably mild
enough to affect only carbohydrate structures. Van Lenten

and Ashwell [251] have shown that periodate oxidation corre
sponding to our mild treatment selectively cleaves between 7–
8-9-hydroxyl positions of terminal unsubstituted sialic acid
residues. Periodate oxidation corresponding to the moderate
treatment cleaves terminal, nonreducing sugars, as well as
some glycosidically linked hexoses containing adjacent, un
substituted hydroxyls. Harsh periodate oxidation probably
destroys carbohydrate residues having unsubstituted hydroxyls
incapable of forming inter-residue hemiacetals [86] . Harsh
oxidation may also affect polypeptides [57, 1311. The fact
that three of the antibodies (A3G11, B3F2 and B6G6) were sen

sitive to mild periodate oxidation suggests the involvement
of carbohydrate epitopes containing terminal sialic acid
residues.

Solid phase RIA and immunoblot analysis demonstrated
that a majority (65%) of antibodies recognized determinants
in Fraction I (Table 7). It is likely that the molecules
carrying these epitopes are of relatively high molecular
weight. Although elution in Fraction I under non-dissociat
ing conditions does not in itself constitute evidence for the
large size of the antigenic molecules, the limited migration

of these molecules on SDS gels strongly indicates they are of
large size. High molecular weight antigens were identified
in all three cell types. However, "low" molecular weight
antigens (Fractions II and III) were most frequently associ
ated with serous cells, either exclusively or in combination
with goblet and mucous cells. These "low" molecular weight
antigens were resistant to mild and moderate periodate treat
ments. Additional studies involving enzymatic digestion are
needed to determine whether these antigens are associated
with protein or carbohydrate moieties.
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Ten antibodies that reacted immunocytochemically with
tracheal tissue sections failed to react with statistical

significance in the solid phase RIA. This phenomenon was

also observed for a panel of monoclonal antibodies directed
against colonic mucin, and it was suggested that this may re
flect unfavorable conformations of antigens after binding to

the beads [194]. Although this could explain the failure of
most antibodies to react it may not account for all of the
negative reactions observed. Antibodies A3G11 and B3F2 were
both sensitive to mild periodate oxidation suggesting a ter
minal carbohydrate epitope, unlikely to be affected by con
formational changes resulting from binding to the beads. It
should also be noted that in the solid phase RIA, antibodies
A3G11 and B5D5 did react to a greater degree with Fraction I
than the other fractions and antibody B1D8 reacted with Frac
tions II and III to a greater degree than Fraction I. All
three of these antibodies reacted positively with these re

spective fractions when tested by SDS-PAGE and immunoblot
analysis. Of the 11 antibodies that did not react by im
munoblot analysis, five demonstrated a significant reaction
with the fractionated airway secretions in the solid phase
RIA. Negative reactions in immunoblots after SDS-PAGE might
be due to sensitivity after treatment with SDS or B-mercap
toethanol.

CONCLUSIONS AND FUTURE DIRECTIONS

In this work, it has been shown that the isolation and

culture of cells from tracheobronchial submucosal glands is
feasible. In culture, bovine tracheal submucosal gland

serous cells propagate and maintain partial differentiation.
This has allowed analysis of some of the secretory regulatory
mechanisms operating in these cells to be investigated. Ad
ditionally, it has allowed more complete biochemical studies
to be performed resulting in the identification of gly
cosaminoglycans as the major carbohydrate secreted by serous
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cells. Monoclonal antibodies directed against human tracheo
bronchial secretions have been shown to be useful in identi

fying products, both protein and carbohydrate, secreted by
tracheobronchial secretory cells. These antibodies have
identified groups of antigens that are unique to specific
cell types and groups of antigens that are shared among the
tracheobronchial secretory cells.

Thus, the characterization of the cultured cells and

antigens recognized by the monoclonal antibodies has already
shed light on some aspects of airway secretion. It is likely
that additional knowledge will be gained by using these sys
tems to answer the many remaining questions. For example,
the establishment of a continuous cell line of bovine tra

cheal gland serous cells will allow a detailed analysis of
the biochemical products synthesized and secreted by this
cell type. As is often the case with cultured cells some of
the in vivo functions are lost or altered. Careful manipula

tions of the the cell culture environment should not only im

prove the differentiation of serous cells in culture but
should indicate which factors are responsible for establish
ing and maintaining the serous cell phenotype. These cells

should continue to be useful for studying the effects of pro
tein phosphorylation, both short-term effects such as those
involved in the control of exocytotic events and long-term
effects such as those involved in the control of growth and
differentiation.

Monoclonal antibodies directed against human airway se
cretions that show cellular specificity can serve as useful
markers of differentiation of human tracheobronchial gland

cells in culture. They can be used to identify differenti
ated features of lung-derived tumor cell lines and perhaps be

used to distinguish lung-derived malignancies from those de
rived from other organs. Monoclonal antibodies can be used
to purify their respective antigens for detailed biochemical
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and structural analysis. Monoclonal antibodies directed

against protein epitopes may be useful in molecular cloning.
Those monoclonal antibodies showing cellular specificity can
be used as probes for the detection of antigen in sputum or
lavage samples. Comparisons can be made between healthy and
diseased individuals. Previously, the release of glyconju
gates from human cells has been detected by incorporated ra–
diolabeled precursors such as [35S] O.4 and [14C) – or [3H]-glu
cosamine [66, 193, 219) . Results obtained from these

studies, while shedding considerable light on the general
control of airway secretion are unsatisfactory for
determining the behavior of individual cell types. The most
promising application of the antibodies described here may
lie in the development of immunoassays to monitor cell
activity in vivo in patients. Recent evidence suggests that
the biochemistry of respiratory secretions is profoundly
changed in patients with airway disease [29, 30]. Using
monoclonal antibodies it should be possible to determine

whether the normal ratio of serous: mucous: goblet cell antigen
in bronchial lavage fluid is altered in disease, and whether

there are abnormalities in the sensitivity of each cell type
to drugs like atropine and isoprenaline. As new drugs become
available, cell-specific monoclonal antibodies may provide
useful tools for testing their effects at the cellular level
in the treatment of chronic obstructive lung disease.
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