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SUMMARY

Asthma is characterised clinically by bronchial
hyperreactivity and bronchial spasm, and histologically
by thickened oedematous airways, which show extensive
epithelial destruction. In asthmatic patients,_the
degree of airway hyperreactivity correlates with damage
to the epithelium. In vitro studies using animal models
have shown that removal of‘the airway epithelium renders
the bronchial smooth muscle more responéive to contractile
agents, and diminishes the relaxing effect of beta-
adrenergic agonists. It has been proposed that there is
an epithelium-derived relaxing factor which diffuses from
the epithelial cell and alters the responsiveness of the
underlying bronchial smooth muscle. The aims of the
present study were (i) tQ determine whether the airway
epithelium can modulate the effect of contractile and
relaxiﬂg agonists, (ii) to investigate whether such an
effect shows heteroéeneity between different airways,
different species and different pharmacological agents,
(iii) to investigate the potential role of the metabolites
of arachidonic acid, prostaglandins and leukotrienes, and
(iv) to use these data to draw conclusions about the
distribution, mechanism of action, and physiological role of

the proposed epithelium-derived relaxing factor or factors.

In the first part of the study, the effect of
epithelium-removal on the pharmacological responses of

canine airways was investigated. Second, third and
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fourth-order bronchi of the dog were dissected from the
lower lobe of the lung, and bronchial segments, with or
without epithelium, were place in organ chambers. All
tissues showed concentration-dependent contractile
responses to acetylcholine, 5-hydroxytryptamine and

' brgnche
histamine. For second and third-ordeqd removal of the
airway epithelium caused a significant leftward shift of
the concentration-effect curves, indicating that tissues
without epithelium were more éensitive to these
contractile agents. The maximal contractions achieved,
and the contractile response to potassium chloride, were
unaffected by epithelium-removal, showing that the‘
bronchial smooth muscle was undamaged. In fourth-order
airways, there was no effect of epithelium-removal on the
response to any of these agents. All bronchi without
epithelium exhibited a dimiﬁished relaxation to the beta-
adrenergic agonist, isoproterenol.ﬁaThis effect was smal;
in second and third order airways but prominent in fourth
order bronchi, where relaxation induced by isoproterenol
appeared to be virtually depéndent on the presence of the

epithelium.

From these data, it is concluded that the airway
epithelium of the dog shows two forms of release of the
epithelium-derived relaxing factor(s). In the larger
airways, basal release of an epithelium-derived relaxing
factor reduces the response to contractile agents. 1In
the small airways of the dog, isoproterenol may stimulate

beta-adrenoceptors on the epithelium to produce a



factor which enhances the relaxation of the bronchial
smooth muscle. This stimulated release is of minor

importance in second and third order bronchi.

The second part of the study extended these
observations to the airways of the pig. Third, fourth
and fifth-order bronchi were examined. Removal of the
epithelium caused a significant leftward shift of the
concentration-effect curves for acetylcholine and
histamine. Unlike the dog, the shift was uniform and
distributed evenly throughout the airways. The response
to isoproterenol was diminished in airways lacking the
epithelium, but in contrast to the dog, the effect of
epithelium-removal was similar in the three orders. It
is concluded that both basal and stimulated release of
‘the epithelium—derived relaxing factor occurs in porcine
airways, but that its effects are more evenly distributed

, mas e
than in the dog. 1In the pig, the results )&,.complicated
by the presence of an epithelium-derived contracting
factor, which enhances the maximal response to potassium
chloride, acetylcholine and electrical stimulation in

some of the airways. The potential role of such a

substance is not clear.

It is known that, in the dog, the degree of
relaxation to isoproterenol depends on the éontractile
agonist used, and the degree of contractile tone’achieved.
Experiments were performed to determine whether these

factors are relevant to the stimulated release of



epithelium derived relaxing factor from fourth-order
canine airways. Tissues with and without epithelium were
‘contracted with either low concentrations (ED4O) or high
concentrations (EDBO) of either acetylcholine or 5-
hydroxytryptamine, and concentration-effect curves to
isoproterenol were obtained. In the presence of 5-
hydroxytryptamine, and low concentrations of
acetylcholine, there was no effect of epithelium-

removal on the relaxation to isoproterenol. At the high
concentration of acetylcholine, tissues without
epithelium showed a markedly attenuated response to
isoproterenol. However, in bronchi with epithelium, the
relaxation was preserved such that there was no
diminution in the response to the beta-adrenergic
agonist. Thus, at levels of acetylcholine greater than '
the EDSO value, the relaxation is dependent on the
presence of the epithelium. This effect is not seen at
low levels of cholinergic tone or in the presence of 5-
hydroxytryptamine, showing heterogeneity in the
stimulated reiease. Relaxation to sodium nitroprusside
demonstrated a similar pattern. By contrast, relaxations
to forskolin were unaffected by the presence of the
epithelium, arguing against a role for cyclic AMP in the
response. The‘brénchi did not relax to nitric oxide.
Thesé results demonstrate release of a relaxing factor by

a non-cyclic AMP, non-cyclic GMP dependent mechanism.

The response to arachidonic acid was also assessed

in canine airways. Second, third and fourth-order bronchi
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exhibited epithelium-dependeﬁt relaxations to arachidonic
acid. The response was abolished by the inhibitors of
cyclooxygenase, indomethacin and meclofenamate, and
partly attenuated by the inhibitors of lipoxygenase,
nordihydroguairetic acid, and BAYG6575. Radioimmunoassay
studies revealed that tissues with epithelium release
large quantities of prostaglandin E, in the presence of
"arachidonic acid. Bronchi without epithelium shbw only a
small release of prostaglandin E,, unaffected by the
addition of arachidonic acid. It is likely that
prostaglandin’EZ mediates the epithelium-dependent
relaxations to arachidonic acid. The results obtained
with lipoxygenase inhibitors indicate that leukotrienes-
may also be produced by the airway epithelium and affect

prostaglandin E, release by an unknown mechanism.

Although prostaglandin E, is derived from the airway’
epithelium, and initiates relaxation of bronchial smooth-
muscle, it is not the epithelium—derived relaxing factor.
Evidence presented in this study, and the evidence of
other workers, show that the effects of the epithelium on
respbnses to contractile and relaxing agents are not
altered by inhibitors of either cyclooxygenase or
lipoxygenase. Therefore, these phenomena cannot be
mediated via prostaglandin release. Thevnature of the
epithelium-derived relaxing factor or factors, remains to

be elucidated.
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INTRODUCTION
CLINICAL BACKGROUND

Asthma is a complex disease with many precipitating
causes and clinical presentations (Scadding, 1985). One
feature which is common to all forms of asthma is |
hyperreactivity of the airways (Nadel and Sheppard, 1985,
Woolcock and Permutt, 1986). The hyperreactivity consists
of an enhanced responsiveness to various bronchoconstrictor
agents, as compared to normal individuais (Fig.1). This
bronchial hyperreactivity is non-specific, as it is seen
in response to such diverse stimuli as inhalation of
allergens, cold air, exercise; industrial chemicals, and a
number of pharmacological agents (Boushey et al, 1980;
Barnes, 1983; Nadel, 1983). Early.in the study of the
disease it was noted that asthmatic patients exhibit
abnormal bronchoconstriction in response to the
cholinergic agonist pilocarpine (Alexander and Paddock,
1921) and histamine (Curry, 1946). This phenomenon is
seen whether‘the drugs are administered intravenously,
intramuscularly, or by aerosol inhalation (Curry, 1946;
Orehek et al, 1977). Asthmatics also demonstrate
hyperresponsiveness to other drugs such as acetylcholine,
5-hydroxytryptamine (serotonin) and bradykinin (Boushey
et al, 1980).

Although the bronchial hyperreactivity of asthma is
well documented, its cause remains unknown (Nadel and
Shéppard, 1985; Stephens, 1987). Damage to the airway
epithelium has been noted as a pathogonomic feature of

asthma for many years (Dunnill, 1960). Extensive
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areas of damage and desquamation of epithelial cells, as
well as areas of regeneration and sqguamous metaplasia, have
been noted in patients dying in status asthmaticus (Dunnill,
. 1960). It has been suggested that damage to the airway
epithelium may contribute to bronchial hyperresponsiveness
(Hogg and Egglestoh, 1984; Nadel 1985).
Bronchoscopic‘examination demonstrates that asthmatic
patients show epithelial destruction at all levels of the
airways, even when they are in cliniﬁQL? remission; this is
correlated with bronchial hyperreactivity to inhaled
histamine (Laitinen et al, 1985). A similar study has

shown that, in mild asthma, there is a strong positive
relationship between the degree of hyperreactivity to
methacholine challenge and the number of epithelial cells
obtained by bronchoalveolar lavage (Wardlaw et al, 1988);
Stimuli such as viral infections and ozone, which cause
airway inflammation and consequent epithelial damage, may
induce transient hyperresponsiveness even in normal
individuals (Empey et al, 1976; Seltzer;gg_gi, 1986).
Studies performed in a'canine model demonstrate that the
bronchoconstriction induced by dry air is associated with
o desquamatioh of airWay epithelia; cells and the release of
bronchoconstrictor prostaglandins (Freed et al, 1987@1),
Thus there is considerable circumstantial evidence that
damage to the airway epithelium may contribute to increased

sensitivity of the bronchial smooth muscle.
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EXPERIMENTAL EVIDENCE
1 The existence of an epithelium - derived relaxing factor
In order to investigate the relationship between
epithelial damége and bronchial hyperreactivity more closely,
in- vitro studies have been performed. Animal models are
used because of the difficulty of obtaining healthy human
tissue. In the first such study, the intrapulmonary bronchi
of the dog were examined (Flavahan et al, 1985). Epithelial
damage was mimicked by gentle mechanical rubbing of the
luminal surface of the bronchi. This procedure removes the
epithelial layer without damaging the underlying structures
or compromising the ability of the smooth muscle to contract
(Flavahan et al, 1985). Paired rings of tissue, with and
without epithelium, were placed in organ chambers, and
their responses to pharmacological stimuli compared.
Tissues without epithelium were significantly more sensitive
to the contractile agents acetylcholine, histamine and
5-hydroxytryptamine (Fig.2). Thus, removal of the airway
epithelium enhanced the responsiveness of the bronchial
smooth muscle to several bronchoconstrictor agents. In
addition, there was a significant reduction in the maximal
relaxation to the beta-adrenergic agonist isoproterenol.
Epithelium removal also affected the responée to
stimulation of the nerves. Isolated canine bronchi have a
complex response to transmural electrical field stimulation.
There is an initial rapid contractile response, followed by
a gradual fade to a plateau level. The fade occurs in the
presence of continuing electrical stimulation (Russell, 1978;

Vermeire and Vanhoutte, 1979; Flavahan et al, 1985). The
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source of this fade response is unknown. It is not due
to stimulation of beta-adrenergic receptors, as it is not
affected by propranolol (Flavahan et al, 1985). However,
bronchi with epithelium show a greater degree of fade,
reaching a lower plateau level than tissues without
epithelium, thus demonstrating an epithelial component to
the responée (Flavahan et al, 1985).

From this evidence, it has been proposed that the
airway epithelium releases a 'relaxing factor', which reduces
the response to contractile agents and enhances the effect
of relaxing agents (Flavahan and Vanhoutte, 1985; Cuss and
Barnes, 1987} Vanhoutte, 1987). Epitheliuh—removal also
enhancesbthe effect of various contractile agents on the
tracheal smooth muscle of the cow (Barnes et al, 1985), the
guinea-pig (Goldie et al, 1986; Holroyde, 1986; Tschirhart
- and Landry, 1986), and the large intrapulmonary bronchi of
the rabbit (Raeburn et al, 1986; Butler et al, 1987). The
influence of the epithelium on responses to relaxing
agénts is more controversial. 1In bovine airways, the
relaxing effect of isoproterenol is reduced by epithelium-
removal (Barnes et al, 1985). In the guinea-pig, removal
vof the airway epithelium may either reduce (Goldie et al,
1986) or énhance (Holroyde, 1986; Farmer et al, 1986) the
relaxing effect of the beta-adrenergic agonist.

2. The role of epithelium-derived arachidonic acid
metabolites.

Prostaglandins and leukotrienes may pléy a role in
the pathogenesis of asthma (Morris, 1985; Befus, 1987;

Burka, 1987). These substances are derived from the
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'~ metabolism of arachidonic acid. Arachidonic acid is a- cell

membrane phospholipid which can be enzymatically cleaved
to yield prostaglandins (via the cyclooxygenase pathway)
or leukotrienes (via thé lipoxygenase pathway). In vivo,
stimuli which disrupt the cell membrane promote the
breakdown of arachidonic acid. These stimuli include
mechanical injury, nerve Stimulation, the attachment of
immunoglobulins to the cell surface, and various
inflammatory mediators (Morris, 1985). In the airways,
metabolism of arachidonic acid via the cyclooxygenase
pathway yields the bronchocanstricting agents
prostaglandin Dy, prostaglandin Foe¢ and thromboxane
Ay (Morris, 1985; Bahkle and Ferreira, 1985; Tamaoki, et
al 1987). The relaxing agents prostaglandin E, and E, are
also produced in significant quantities (Orehek et al,
1973; Yamaguchi et al, 1976; Shore et al, 1985). These
latter substanées are such potent bronchodilators that
they have been tested for potential theraputic use in
asthma (Gardiner, 1986).

The major lipoxygenase products are leukotrienes By,
Cyq and Dy (Bahkle and Ferreira, 1985; Morris, 1985).
Leukotriene B, appears to have no direct effect on
bronchial smooth muscle, but stimulates recruitment of
mast cells and neutrophils (Burka, 1987). These then
release inflammatory mediators such as histamine and
5-hydroxytryptamine, which promote bronchoconstriction
(O'Byrne et al, 1985; Befus,'1987). Leukotrienes Cy and Dy
are the components of slow-reacting substance of

anaphylaxis (SRS-A) (Murphy et al, 1979). SRS-A is a
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powerful bronchocontricting agent in guinéa-pig and human
airways (Dahlen et al, 1980; Ghelani et al, 1980; Burka
and Saad, 1984; Samhoun’and Piper, 1986). However, its
effects in other species are more variable (Krell et al,
1981). 1In normal mongrel dogs leukotrienes C, and D, have
minimal effect (Hirshman et al, 1983) although dogs with
hyperactive airways do show an enhancedéesponse to
leukotriene Dy (Hirshmann EE_Ei’ 1983).

Preliminary stﬁdies have shown that arachidonic acid
evokes relaxations in canine bronchi which are dependent
on the presence of the epithelium (Flavahan et al, 1986).
Similar observations have been made in the rabbit (Butler
et al, 1987) and the guinea-pig (Tschirhart et al, 1987).
In the rabbit, prostaglandin E, has been implicated as the
arachidonic acid product mediating this response (Butler
et al, 1987). These results provide evidence that the
airway epithlium is able to release prostaglandins which
~can influence the contractile behaviour of the underlying
smooth muscle. Hdwever, the exact role of epithelium- .
derived metabolites of arachidonic acid remains to be
established. |

The aims of this study are as follows:-

(a) To examine whether the effect of epithelium-
removal shows heterogeneity along the respiratory tree. To
investigate.this question, three orders of intrapulmonary
bronchi of the dog will be examined in vitro: second order
(lobar bronchus), third order (segmental bronchus) and
fourth order (subsegmental brdnchus). Concentration-

effect curves will be obtained to the following contractile
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agents: S-hydroxytryptamine,’histamine, acetylcholine and
potassium chloride. The relaxing effect of iSoproterenol
will aiso be examined. The effect of epithelium-removal on
"~ the responses to these agents will be compared between
orders of bronchi. |

(b) To examine whether the effect of the epithelium
shows heterogeneity between species, the intrapulmonary
bronchi of the pig will be studied. Three orders
of bronchi will be chosen which have the same outside
diameter as those studied in the dog. These are: third
order (segmental) bronchus and fourth and fifth order
(subsegmental) bronchi. Paired rings of tissue, with and
without epithelium, will be placed in organ chambers.
Concentration-effect curves will be obtained to
acetylcholine, histamine, potassium chloride and
isoproterenol. Pig bronchi do not réspond to
5-hydroxytryptamine (Goldie et al, 1982). The influence
of the epithelium on the responsiveness of the bronchiai
smooth muscle will be compared both between orders of
bronchi and between species.

(c) The effect of epithelium-removal oﬁ the response
to relaxing agents will be studied in more detail, with
special reference to the beta-adrénergic agonist,
isoproterenol. Removal of the epithelium is said to either
reduce (Flavahan et al, 1985; Goldie et al, 1986) or enhance
(Holroyde, 1986; Farmer et al, 1986) the relaxation of
airway smooth muscle to isoproterenol. In canine airways,
the degree of relaxation obtained to isoproterenol depends

on (i) the contractile agent employed to produce active force

-18-



(Russéll, 1984) and (ii) the level of contraction induced
by that agent (Torphy et al, 1983; Torphy et al, 1985). An
attempt will be made to determine whether either of these‘
factors might explain the conflicting results obtained by
different workers. In addition, the influence of the
epithelium on the responses to other relaxing agents

will be examined.

In these experiments, fourth order bronchi, with and
without epithelium, will be placed in organ chambers.
Concentration-effect curves for the contractile agents,
acetylcholiﬁe and 5-hydroxytryptamine, will be obtained.
From these curves, the concentration of agonist giving 40%

(EC4g) and 80% (ECgy) of the maximal response to each

~agonist will be determined. Tissues will then be contracted

to either the EE,, or the ECBO value for either
acetylcholine or’5-hydroxytrthamine. Concentration-
response curves will be obtained to the following
agents: isoproterenol, prostaglandin Ey, forskolin and
sodium nitrouprusside. In the case of isoproterenol and
sodium nitroprusside, these protocols will be gepeatea in
the presénce:of indomethacin, to assess the contribution
' df endogenoué prostaglandins, and in the presence of
LY83583, an inhibitor of cyclic GMP accumulation, to
- determine whether the effect of the epithelium is mediated
via gua27iate cyclase. |

(d) The mechanisms whereby arachidonic. acid
metabolites released from the airway epithelium may
influence the responsiveness of the bronchial smooth

muscle will be investigated. Second, third and fourth
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order canine bronchi will bevexaminéd. Concentration-
response curves to arachidonic acid will be obtained in
the presence and in the abseﬁce of the epithelium. These
experiments will then be repeated in the presence'of
inhibitors of cyclooxygenase and lipoxygenase pathways

of arachidonic acid metabolism. An attempt will be made

to assay products of arachidonic acid metabolism, in order
to determine which of these may mediate epithelium-

dependant relaxations in canine bronchi.
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Figure 1: Bronchospasm,induced by the constricting agent,

histamine. f"myﬂil%SQ--effect curves to histamine are shown
for: normal individuals (right), asthmatics currently in
remission (middle) and asthmatics in the active phase of
their disease (left). There is a progressive leftward
shift of the -~ léz/égﬂ—f‘:—effect curve to histamine with
increasing severity of the disease. Bronchospasm in
measured as the percent fall in the forced expiratory
volume in one/second (FEV1) caused by the presence of
increasing = éxﬁangiﬂu. of histamine. (Reproduced, with
permission, from Woolcock, A.J. (1986). Bronchial
Hyperresponsiveness, in Han@?ook of Physiology. The
Respiratory System. Mechanics of Breathing Part 2.

American Physiological Society, Bethesda, MD).
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CHAPTER 1

Heterogeneity in the Effects of Epithelium Removal

in the Canine Bronchial Tree

INTRODUCTION

In vitro studies have shown that, in the dog, removal

of the airway epithelium augments the responsiveness of
the bronchial smooth muscle to the " contractile agonists
5-hydroxytryptamine, histamine and acetylcholine. In
addition, the relaxing effect of the beta-adrenergic
agonist isoproterenol is decreased (Flavahan et al, 1985).
Subsequent studies have demonstrated a similar effect of
epithelium-removal on the tracheal smooth muscle of the
vguinea—pig (Goldie et al, 1986; Holroyde, 1986)? the cow
(Barnes et al, 1985) and the rabbit (Raeburn et al, 1986;
Butler et al, 1987). So far, no attempt has been made to
map the ézstribution of this phenomenon within the
respiratory tree. Furthermore, the influence of the
epithelium in smaller bronchi has not.been investigated.

This study explpres the effect of epithelium removal in

three orders of canine bronchi.

METHODS

Experiments were performed on bronchi taken from
mongrel dogs of either sex (15-20 kg), anaesthetized with
pentobarbital sodium (30 mg/kg i.v.) and killed by
exsanguination. Lungs which showed evidence of infection

with heart worms or bronchopneumonia were rejected from

the study. Tissues were taken from either the right or
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left lower lung lobe (lobus diaphragmaticus). This lobe
was chosen for ease of dissection, and  to eliminate any
variation arising from the use of different lobes. In
each dog, three orders of bronchus were examined; second
order (lobar bronchus), third order (segmental bronchus)
and fourth order (subsegmental bronchus) (Miller et al,
1964). The outside diameters of these airways are given
in Table 1. All bronchi used in this study Qere shown
histologically to contain cartilagenous eieménts.
Bronchial segments (8-10 mm long) were dissected free of
the surrounding parenchyma, and paired rings (4-5mm long)
were prepared from each segment. In one ring of each pair,
care was taken not to damage the epithelium; in the other
ring, the tips of a pair of watchmaker's forceps were
inserted into the lumen and the epithelial layer removed
by gently rolling the tissue back and forth on saline-
loaded filter paper (Flavahan et al, 1985). Epithelium-
removal was confirmed histologically at the end of each
experiment (Fig 3).

| The rings were suspended in organ chambers filled
with 25ml of Krebs-Ringer bicarbonate solution (millimolar
composition: NaCl, 118.3; KCL, 4.7; CaClz, 2.5;MgS0y, 1.2;
KH2P04,1.2; NaHCO5, 25.0; calcium disodium edetate, 0.026;
glucose, 11.1) maintained at 37°C and aerated with
95%02/5%C02 (pH=7.4) (Fig.4). Each ring was suspended by
two stainless steel clips passed through the lumen. One
clip was anchored to the bottom of the organ chamber, the
other was connected to a strain gauge (Statham Gould UC2) -

for the measurement of isometric force. This procedure
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caused damage only to the small area of epithelium where
the clips were in contact with the tissue, as confirmed
by histology. For transmural nerve stimulation, two
platinum-plate electrodes were placed parallel to the
preparation (distance between electrodes: 7mm) (Fig.4).
Electrical impulses (2 ms, 16Hz) were provided by a
stimulator (Grass S09) and a D.C. current amplifier (Mayo
Clinic, Section of Engineering).

The tissues were allowed to equilibrate for one hour.
At the end of this period, the bronchial rings were
stretched progressively until the response to a standard
electrical stimulus (9V, 2ms, 16Hz 10s, applied every 15
minutes) was maximal. These stimulation parameters produce
makimal contractions in airways of the sizés used in this
study (Russell, 1978). Tissues which did not respond to
transmurai electrical stimulation were rejected from the
protocol. When optimal resting tensions were achieved
(Table 1), the bronchial rings were allowed to equilibrate
for a further hour prior to the administration of drugs.
To ensure that the integrity of the smooth muscle had not
been compromised by removal of the epithelium,
concentration-effect curves fér potassium chloride were
obtained for each order of bronchus. Within each order,
the concentration of potassium chloride producing 50% of
the maximal response (EC%O) was not significantly
different for tissue with and without epithelium (Table

1).
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Experimental Protocols

The following drugs were used: 5-hydroxytryptamine,
histamine, acetylcholine and isoproterenol. For each drug,
concentration-effect curves were obtained by increasing the
concentrations in‘the organ chambers cumulatively in half-
log increments (Van Rossum, 1963). In one protocol, the
effects of 5-hydroxytryptamine and histamine were studied.
A concentration-effect curve to 5-hydroxytryptamine was
first obtained. This drug was then washed out and the
tissues allowed to return to resting tension. Histamine is
known to have a weak effect at cholinergic receptors in
this tissue, which is blocked by the addition of 10'8M
atropine (Shore et al, 1983). Therefore, prior to the
administration of this agonist, the bronchial rings were
incubated in atropine (10'8M) for 30 minutes. A
concentration-effect curve for histamine was then obtained.
Atropine remained in contact with the tissues throughout |
this period. In a separate protocol, concentration-effect
curves to acetylcholine were obtained, and the drug was
washed out of the preparations. The bronchial rings were
incubated for 30 minutés with cocaine (5 x 10“6M),
hydrocortisone (3 x 10'5M) and phentolamine (10"6M) to
block neuronal uptake, extraneuronal uptake and alpha-
adrenoceptors, respectively (Furchgott, 1972). These drugs
remained in contact With the tissues throughout the
experiment. Each ring was then contracted to its individual
ECSO value for gcetylcholine, and a cumulative
concentration-effect curve to isoproterenol was obtained.

Relaxations to the beta-adrenergic agonist are
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expressed as percent of the contractile response to
acetylcholine. |
Histology

At the end of each experiment, all tissues were fixed
for 24 hours in a 10% buffered formaldehyde solution (pH=
7.0). They were then embedded iq paraffin wax (Tissue
Prep 2, Fair Lawn, NJ) and sectioned at 54Mm.Sections wefe
stained in haematoxyl&h and eosin, and éxamined under
light microscopy to assess the presence or absence of
airway epithelium.
Drugs Used

Acetylcholine chloride (Sigma Co., St. Louis, MO.);
atropine sulphate (Sigma); cocaine hydrochloridé (Yar
Lang, LaCrosse, WI); histamine hydrochloride (Sigma);
hydroéortisone 21-sodium hemisuccinate (Sigma);
5-hydroxytryptamine creatinigi sulphate (Sigma); dl-
isoproterenol hydrochloride (Sigma); papaverine (Sigma)
phentolamine mesylate (Ciba-Geigy Corp., Summit, NJ); and
potassium chloride (Fisher, Fair Lawn, NJ).
Data Analysis

For each drug, concentratiop—effect curves weré
obtained in the range 107°M to 10~ %M. Relaxations to
isoproterenol are expressed as percent relaxation of the
contractile response to acetylcholine. For the c¢ontractile
agonists 5-hydroxytryptamine, histamine and acetylcholine,
results are expressed as percent of the response to a

10~ %M concentration of the agonist. ECSO values (i.e.

that concentration of_agonist giving 50% of the |
*(kﬂqééssxéééééfﬁJaéé géé;fé;kif abfz/éxéizif'aJvee akégni9(;Zé%f/
o %sé/éa/wwt/e/) a/za/éf 07 2l
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contractile response to 10—4M) were obtained by regression
analysis of the concentration-effect curve, and are
presented as -log ECSO. To determine the degree of shift
in the concentration-effect curves for contractile
agonists caused by epithelium removal, concentration-
ratios were calculated as follows; antilog (;log ECSO

with epithelium)/(-log Eééo without epithelium).

The results are expressed as means + SE. Statistical
analysis of ECgq values and concentration-ratios was by
Student's t-Test for paired observations. P smaller than
0.05 was considered to be statistically significant. The
contractile response achieved to a 1074m concentration -
of agonist showed a wide variation between tissues.
Therefore, for these values, the Wilcoxon matched-pairs
signed-ranks test was used to determine whether there was
a significant difference between tissues with and without
epithelium; c< smaller than 0.05_wa$ considered to be
statistically significant. In all experiments, ﬁ equals
the number of dogs.

RESULTS

Contractile Agents. 5-hydroxytryptamine, histamine
and acetylcholine evoked cbncentration-dependent
contractions in the three orders of bronchi. For the
second and third order, removal of the epithelium caused
a significant leftward shift of the concentration-effect
éurve for each agonist (Figs. 5,6,7; Table 2). The degree
of shift obtained was comparable for each agonist, as
determined by concentration—ratios (Table 2). In fourth

order bronchi, epithelium-removal did not significantly
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affect the concentration-effect curves to any of the
contractile-agents tested (Figs. 5,6 and 7; Table 2).
within each order the cont;éctile reponse to the maximal
concentration of each agonist used showed no sigqificant
difference between tissues with and without epithelium,

as determined by the Wilcoxon matched-paifs signed-ranks

test (Table 2).

Isoproterenol. Each tissue was contracted with its
individual EC;y value for acetylcholine. The degree of
active force development was comparable for each order of
bronchus with and without epithelium. Isoproﬁerenol caused
concentration4dependent relaxations in thé three orders
of bronchi. In second order bronchi, the relaxant effect
was greater in tissues with epithelium, although this
difference was significant only at high concentrations
of isoproterenol (10‘5M - 10'4M) (Fig. 8). Third order
bronchi showed a similar response, with intact preparations
showing a significantly greater degree of relaxation at
high concentrations of the beta-adrenergic agonist (3 x
107% - 107%M) (Fig. 8). Fourth order bronchi with
epithelium exhibited a marked relaxation to isoproterenol
(fFig. 8). By contrast, fourth order bronchi without
epithelium showed no significant relaxation to the beta-'
adrenergic agonist, but relaxed completely in response to
3 x 1074 papaverine (rig. 9). The difference between
tissues with and without épithelium was significantly

greater than that for second or third order bronchi.
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DISCUSSION

This study confirms that, in canine airways, remdval
of the airway epithelium augments the responsiveness of
broncﬁial smooth muscle to 5-hydroxytryptamine, histamine>
and acetylcholine, and reduces the effect éf isoproterenol
(Flavahan et al, 1985). In all tissues studied, potassium
chloride caused concentration-dependent contractions which
were similar in bronchi with or without epithelium,
demonstrating that epithelium-removal did not impair the
ébility of the smooth muscle to contract. Tissues without
epithelium relaxed completely to papaverine, .indicating
that the smooth muscle was capable of relaxation.

The major findings can be summarized as follows:
(a) with decreasing diameter, the potentiating effect of
epithelium-removal on contractile agonists.is reduced;
and (b) in contrast, with decreasing diameter, the
modulating influence of the epithelium on the . beta-
adrenergically mediated relaxation becomes more prominent.
The implication of these results 1is that if airway
- epithelium releases a factor which promotes relaxation of
bronchial smooth muscle (Flavahan and Vanhoutte, 1985;
Vanhoutte, 1987), there is considerable heterogeneity in
the release or the effect of the factor along the
respiratory tree.
In larger airways (second and third order) it
appears that the major effect of eﬁitheliuﬁ—removal is to
44eafuunéthe efficacy of chtractile agonists. This is a
non-selective phenomenon, as the concentration-effect

curves obtained for 5-hydroxytryptamine, histamine and
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acetylcholine are shifted in a comparable manner. By
contrast, in small airways (fourth order) the major
effect is a pronounced enhancement of the relaxation to‘
isoproterenol. A loygical explanation for these
observations may be that in larger airways, there.is a
continuous, basal release of an epithelium-derived
relaxing factor, which exerts a tonic restraint of the
underlying smooth muscle, reducing sensitivity to
constricting agents. The absence of potentiation of the.
response to contractile agonists in the smaller bronchi
then would mean that at the level of these airways, the
basal release of epithelium-aerived relaxing factor is
minimal.

That the epithelium of these smaller airways cah
release inhibiting substances is demonstratea by the
effect of epithelium-removal on the response to
isoproterenol. Significant numbers of beta-adrenoceptors
have been detected in the airway epithelium of several
species [the dog (Dévié et al, 1979); the ferret (Barnes
et al, 1982); the rat, (Xue et al, 1983),‘the guinea-pig
(Goidie et al, 1986, and the pig (Goldie et al, 1986))
These beta-adrenoceptors can modulate secretion across
the airway epithelium (Davis et al, 1979; Smith et al,
1982; Welsh, .1986). The dependency of the relaxation to
the beta-adrenergic agonist on the presence of epithelium
woula then be explained if isoproterenol were to stimulate
beta-adrenoceptors on the epithelial cells to cause active
release of an inhibitory substance which relaxes bronchial

smooth muscle (fFig. 10). If this interpretation is correct,
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the présent results strongly suggest that the epithelial
beta-adrenoceptors are more numerous, or more effective,
"in smaller than in larger airways -

.Thus, the airway epithelium modulates the
responsiveness of the bronchial smooth muscle at several
levels of the respiratory tree. This modulation may be
achieved by the release of epithelium-derived relaxing
factors. These factors show heterogeggity in their
release and/dr their effect within bronchi of varying

diameter.
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Figure 3: Histological sections of second-order (top),

third-order (middle) and fourth-order (bottom) canine
bronchi, demonstrating that the epithelium was success-
fully removed by gentle mechanical rubbing of the luminal
surface (right). In control tissues, the epithelium
remained intact (left). Fpi, epithelium; subM, subrnucosa;
BSM, bronchial smooth muscle; cart, cartilage. Haemotoxylon

and eosin stain; Magnification x 100.
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Figure 5: The effect of epithelium-removal on the
concentration-effect cufve to S-hyd:oxytryptamine in

second order (left), third-order (middle), and fourth-order
(right) canine bronchi. Data (means + SE) are expressed as'
percent of the response to 10~ %M 5-hydroxytryptamine; n=6.

®, Rings with epithelium; 0, rings without epithelium.
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Figure 6: The effect of epithelium-removal on the

concentration-effect curve to histamine in second-order
(left), third-order (middle) and fourth-order (right) canine
bronchi. Data (means + SE) are expressed as percent of the
response to 1074m histamine; n=6. @, rings with epithelium;

0, rings without epithelium.
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Figure 7: The effect of epithelium-removal on the
concentration-effect curve to acetylcholine in second order
(left), third-order (middle), and fourth-order (right)
canine bronchi. Data (means + SE) are expressed as percent
of the response to 10~ %M acetylcholine; n=6.

¥, Rings with epithelium; 0 rings without epithelium.
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Figure 8: The effect of epithelium-removal on the
concentration-effect curve to isoproterenol in second-
order (top), third-order (middle) and fourth-order (bottom)
canine bronchi. Rings were contracted to equal tensions
using the concentration of acetylcholine producing 50% of
the maximal response to this agonist. Data (means + SE)
are expressed as percent relaxation of the response to
acetylcholine; n = 6. @, Rings with epithelium; 0, rings

without epithelium.
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Figure 9; Representative tracing of the effect of
isoproterenol on paired rings of fourth-order bronchi with
(top) and without (bottom) epithelium. Each ring was

contracted with the ECg, dose for acetylcholine.
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Figure 10: Proposed model for the heterogeneity in the
release of the epithelium-derived relaxing factor in
second order (left) and fourth order (right) canine
bronchi. 1In the second order airways, the most prominent
effect of the epithelium is the basal release of an
epithelium-derived relaxing factor, which reduces the -
response to contractile agents. There is also a
stimulated release of this factor, which is mediated via
beta-adrenoceptors on the epithelial cells. This route is
of minor importance in large airways. In fourth order
bronchi, basal release is minimal or absent, and
stimulatéd release assumes a far greater importance.

5-HT = S—hydroxytryptamine;v ACh = acetylcholine.lﬂg

= beta-adrenoceptor. H = histamine receptor. M =

muscarinic receptor.



TABLE 1. Characteristics of the three orders of canine bronchus used.

ECgy for KC1, mM Maximal Response to KCl, g

Outside : o

Diam. Optimal Resting With epi- Without With epi- Without

mm Tension, g thelium epithelium thelium epithelium
Second Order .
(lobar bronchus) 8-10 0.5-2 18.86+1.2 16.18+0.26 7.442.16  5.62+1.38
Third Order , M
(segmental bronchus) 4-5 0.5-2 14.8840.4 13.66+0.64 6.31+2.7  5.83+1.74 T
Fourth Order
(subsegmental bronchus) 1-3 0.5-1 14.18+41.62 15.06+1.13 3.541.33 2.74+0.8

Value are means + SE. Outside diameters and optimal resting tensions are approximate ranges based on 12 experiments;
for response to KCl, n = 6. EC5g concn producing 50% of maximal response.



Table 2.

orders of canine bronchi.

Effect of mvww:mwwcs removal on response to 5-hydroxytryptamine, histamine, and acetylcholine in the three

~-Log EC
J 50 Response to 1074M agonist, g
Bronchi With epi- Without Concentration With epi- Without
thelium epithelium Ration thelium epithelium
5-Hydroxytryplamine 2nd order 5.58+0.15 6.44+0.16a 8.32+2.0 5.9+1.78 4.3+0.7
3rd order  6.02+0.13 6.63+0.10a 4.55+0.86 5.47+3.3 5.28+1.99
4th order 6.15+0.26 6.36+0.24 1.88+0.54 3.93+0.82 2.47+0.94
Histamine 2nd order 4.53+0.05 5.14+0.2la 3.12+0.62 4.46+2.6 5.38+1.78
3rd order 4.82+0.13 5.24+0.08a 3.18+1.0 4.98+2.24 6.7+1.5
4th order 4.99+0.16 5.07+0.15 1.39+0.30 3.98+2.0 2.84+1.4
Acetycholine 2nd order 5.16+0.20 5.83+0.22a 4.20+0.66 7.3+3.22 4.9+42.23
3rd order 5.39+0.22 6.18+0.21a 5.69+1.67 4.8+2.69 4.15+2.3
4th order 5.25+0.14 5.63+0.14 1.99+0.78 1.43+0.67

2.88+0.75

Values are means + SE .n = 6 for each mooswmﬁ. &Cs5 concn producing 50% of maximal response. 2Significantly different

from tissues with epithelium.
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CHAPTER 2
The Airway Epithelium Modulates the Responsiveness of

Porcine Bronchial Smooth Muscle

INTRODUCTION

The previous study demonstrated that, in the dog, the
airway epithelium can modulate the responsiveness of the
underlying smooth muscle. This effect of the epithelium
shows heterogénity along the canine respiratory tree: in
large airways the major effect of epithelium-removal is
to enhance the effect of contractile agonists, while in
small airways the major effect is the reduction of
relaxing responses to isoproterenol. It is postulated
that the epithelium secretes a relaxing factor, which
~ has a continuous, basal release, and whose release may
also be stimulated by beta-adrenergic agents. Other
studies have indicated that the epitheiium may enhance
the relaxation to electrical field stimulation in
isolated canine bronchi (Flavahan et al, 1985). The

i

aims of the following study were (a) to determine

‘whether the heterogeneity in the modulatory influence

of the airway epithelium could be demonstrated in the
intrapulmonary bronchi of another species, and (b) to
investigate the effect of transmural electrical field
stimulation, in order to compare the responses of porcine
bronchi with those previously obtained in the dog.

(Flavahan et al, 1985).
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METHODS

Experiments were performed on bronchi, taken from
male Yorkshire pigs (30-50kg) anaesthetized with ketamine
hydrochloride (300mg intramuscularly), followed by
pentobarbital sodium (12.5 mg/kg intravenously) and
exsanguinated. Tissues were taken from either the right
or left lower lung lobe (caudal lobe) (Nickel et al,
1973). This lobe was chosen to remove any variation
arising from the use of different lobes, and to allow
comparison with the lower lobe of the dog used in the
previous study. None of the tissues studied showed
evidence of infection on either gross or histological
examination. In each pig, three orders of bronchus
were examined; third order (segmental bronchus),
fourth order and fifth order (subsegmental bronchi).
These bronchi correspond'to the diameters of
those studied in the dog. The morphology of the
airway-epithelium is directly related to the absolute
size of the airway (Weibel 1985). Thus, by
choosing bronchi of similar diameter to those of the
dog, rather tﬁan bronchi of similar anatomical origin,
an attempt was made to standardize the epithelial cell
types present in the two species. All bronchi used in
this study were shown histologically to contain
cartilagenous elements. The outside diameters of the
airways used are given in Table 3.

Bronchial segments (8-10 mm long) were dissected
free of the surrounding parenchyma, and paired rings

(4-5 mm long) were prepared from each segment. 1In one
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ring of each pair, care was  taken not to damage the
epithelium; in the other ring, the tips of a pair of
watchmaker's forceps were inserted into the lumen and
the epithelial layér removed as previously descriped for
the dog. Epithelium-removal was confirmed histologically
at the end of each ekperiment. |

The rings were suspended 1in organ chambers
identical to thosé used for the canine bronchi and alloﬁed
to equilibrate for one hour. At the end of this period,
the bronchial rings were streched in 0.5 g increments
until the response to a standard electrical stimulus
(16Hz, for 30s, applied in every 10 minutes) was maximal.
Preliminary experiments indicated that these stimulus
parameters produce 80-90% of the maximal contraction to -
electrical stimulation obtainable in this tissue. When
optimal resting tensions were achieved (Table 3), the
brbnchial rings weré allowed to equilibrate for a
further hour prior to the administration of drugs. The
optimal resting tensions were similar in tissues with and

without epithelium.

Experimental protocols

The following drugs were used: acetylcholine,
isoproterenol, histamine and potassium chloride.
Concentration-effect curves were obtained by increasing
the concentrations in the organ chambers cumulatively in
half-log increments (Van Rossum, 1963). In one series of
experiments, concentration-effect curves to acetylcholine
were obtained, énd the drug was washed out of the

preparations. The bronchial rings were then incubated for
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thirty minutes with cocaine (5 x 10"6M), hydrocortisone
(3 x 10'5M)'andiphentolamine (10"6M) to block neuronal
uptake, extraneurﬁnal uptake and alpha-adrenoceptors,
respectively (Furchgott, 1972). These drugs remained in
contact with the tissues throughout the experiment. Each
ring was then_cohtracted to its individual ECg, value for
acetylcholine, and a cumulative'concentfation—effect curve
to isoproterenol was obtained. At the end of each
experiment, a maximal relaxation to sodium nitroprusside
(10“5M) was obtained in all tissues. 1In a separate
experimental series, concentration-effect curves to
histamine were performed in the three orders of bronchij;
the drungas washed out, the preparations allowed to
relax to baseline, and concentration-effect curves for
potassium chloride obtained.

Transmural ner%e simulation. Experiments were
conducted to confirm thé presence of = excitatory
cholinergic neurotransmission in pig bronchi. Transmural
" nerve stimulation was applied in the presence of either
atropine (10'6M), tetrodotoxin,(10"6M) or hexamethonium
k5 x-10f6M) (Vermeire and Vanhoutte, 1979). Each of these
drugs wés in contact with the tissue for 30 minutes prior
to the experiment, and remained in the solution during
nerve stimulation. Atropine and tetrodotoxin abolished the
response to transmural nerve stimulation in the three
orders of pig bronchi. However, the ganglion-blocking
agent hexamethonium had no significant effect (n = 2).
These results imply that the contractile response to

transmural nerve stimulation in the pig is mediated via
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release of endogenous acetyléholine from postganglignic_
choéinergic nerves. . Frequency-effect curves were
constructed in a non-cumulative manner. The following
stimulus parameters were employed: 9V, 2ms, 0.5 to 64Hz.
Preliminary experiments indicated that this voltage and
pulse duration were maximal. The bronchial rings were
stimulated at each frequency for three minutes at ten
minute intervéls (Flavahan et al, 1985)..‘For those
experiments in which the effect of propranolol was
examined, a 5 % 10'6M concentration of the beta-
adrenergic antagonist was added 30 minutes prior to the
start of the protocol. A frequency-effect curve to
transmural nerve stimulation was then conducted. The
antagonist remained in contact with the tissue throughout
the experiment.
Drugs Used

Acetylcholure chloride (Sigma Co., St. Louis, MO);
atropine sulphate (Sigma); cocaine hydrochloride (Yar Lang,
LaCrosse, WI); hexamethonium bromide (XK + K Labs., Inc.,
Plainview, NY); histamine hydrochloride (Sigma);
hydrocortisone 21-sodium hemisuccinate (Sigma); dl -
isoproterenol hydrochloride (Sigma); phentolamine meéylate
(Ciba-Geigy Corp., Summit, NJ); dl -propranolol

hydrochloride (Slgma)' - sodlum nitroprusside (Slgma)CLﬂaf/

éexvza(ééé 447(%E?wa\)

Data Analyszs
For acetylcholine, concentration-effect curves were
obtained in the range 10™9M to 10~%M. For histamine,

curves were constructed in the range 107"M to 10"4M For
¥ Mﬂésg Q/%ZW&S‘Z gé'ég/ @«(( @//o(. s we Sl
zéésa/r/z/ 7 odio & e 0/ m)a,-é/ sl éf
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these agonists, the results are expressed as percent of
the response to a 10"%M concentration of the agonist in
each individual preparation. For potassium chloride,
contractile responses were obtained in the range 10 -

40 mM. Relaxations to isoproterenol (in the range 1072 -
10'4M) are expressed as percent relaxation of the
contractile response to acetylcholiné. ECzy values (i:e.
the concentration of agonist giving 50% of the contractile
response obtained with 10‘4M) were obtained by regression
analysis of the concéntration—effect curve, and are
presented as -log ECSO'

The response to transmural nerve stimulation was
measured at two points: the initial peak response (30 secs
after the start of stimulation) and the fade response (3
mins after the start of stimulation). Both points are
expressed as a percent of the maximal peak response to
éiectrical stimulation (i.e.at 32 Hz) in each bronchial
ring.

The results are expressed as means + S.E.M. Statistical
analysis was by Student's t-test for paired observations.
P smaller the 0.05 was considered to.be statistically
'significanf. In all experiments, n equals the number of pigs.
RESULTS |

Potassium chloride: Concentration-effect curves
for potassium chloride were obtained for each order of
bronchus. For third and fourth order bronchi, the maximal
response to potassium chloride was reduced significantly
by the removal of the epithelium (Fig. 11). However, the

ECgy values for potassium chloride were not significantly
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different between tissues with and without epithelium
(Table 3). In fifth order bronchi, neither the maximal
response nor the ECSO values for potassium chloride were
significantly affected by epithelium-removal (Fig.11,
Table 3). |

Acetylcholine and histamine: The two agonists’evoked
concentration-dependent contractions in the three orders
of bronchi. For third and fourth order bronchi, removal
of the epithelium caused a significant leftward shift of
the concentration-effect curve for acetylcholine as
determined from,ECSO values (Fig. 12, Table 4). For
these two orders, there was no significant difference in
the response to 10~ 4M acetylcholine (Fig.11). For fifth
order bronchi, there was no significant difference in E gj
values between tissues with and without epithelium (Table
4). However, there was a significant leftward shift in the
concentration—efféct curve for fifth order tissues without
epithelium at lower éoncentrations of écetylcholine
(3 x 10°7M, 107®M) (Fig.12). 1In addition, the
maximal response achieved to acetylcholine was
significantly reduced by epithelium-removal (Fig.11).

-Removal of the epithelium caused a significant
leftward shift of the concentration-efféct curve for
histamine in third and fifth order bronchi, as determined
from ECc values (Fig.13, Table 4). For fourth ordgr
bronchi, although the EC50 values were similar for
tissues with and without epithelium, there was a significant
leftward shift of the curve for tissues without epithelium

at lower concentrations of histamine (3 x 10'6M) (Fig.13). .
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There was no significant difference in maximal response
achieved to 10~%M histaminerin tissues with and without
epithelium for any of the three orders (Fig.11).
Isoproterenol. The degree of active force developed
in response to the Etso value of acetylcholine was similar
for each order of bronchus with and without epithelium
(data not shown). Isoproterenol caused concentration-
dependent relaxations in the three orders of bronchi
(Fig.14). The relaxation obtained to the beté—adrenergic
agonist was significantly reduced in tissues without
epithelium in the following dose-ranges: third order:
3 x 10°7M-10"4M; fourth order: 3 x 10" /M-10"%M; and fifth
order: 10"7M-10'4M (Fig.14). For the three orders, the
maximal relaxation achieved was similar in tissues with
epithelium. There was no significant difference between
the three orders in the maximal relaxation ach<gved in
tissues without epithelium. All tissues relaxed to basal
tension in the presence of sodium nitroprusside (10'5M).
Transmural nerve stimulation. In all rings,
transmural nerve stimulation evoked a biphasic response,
consisting of an initial peak response, followed by a
gradual fade (Fig.15). The peak responses was frequency-
dependent, and reached a maximum at 32Hz (Table 5).
Further increases in frequency caused a decline in the
response (Table 5). For third and fourth order bronchi,
tissues without epithelium showed a rightward shift of the
.frequency-effect curve which was significant at the
following frequencies: 3rd order: 1Hz, 2Hz, 8Hz, 16Hz;

4th order: 0.5Hz, 1Hz, 2Hz (Fig. 16, Table 5). Fifth order
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bronchi without epithelium also showéd a rightward shift of
the fiequency—effect curve, but this was significant only
at 1Hz (Table 5). The maximal response to electrical
stimulation was similar in tissues with and without
epithelium in the three orders of bronchi (Fig.11).

The degree of fade of the peak response during the 3-
minute stimulation period was also frequency-dependent,
i.e. the response showedAa greater degree of reduction at
higher stimulus frequencies (Fig 15). This fade response
was not affected by the beta-adrenergic antagonist
propranolol (5 x 10°%M) (n = 2, data not shown). For
third and fourth order bronchi, thé fade response was
similar in tissues with and without epithelium. In fifth
order broﬁchi without epithelium, the degree of fade of
the response was significantly less than that for rings

with epithelium at 8Hz and 16Hz (Fig. 17, Table 5).

DISCUSSION

These results imply that, as in the dog, the airway
epithelium of the pig is able to modulate the
responsiveness of the underlying smooth muscle to both
exogenously applied agonists and nerve stimulation,
possibly via the production of substances from the
epithelium. The distribution of this effect shows
heterogeneity along the porcine respiratory tree, but the
pattern of this heterogeneity differs from that of the
dog. In canine airways, the potentiating effect of
epithelium-removal on the contractile agonists

acetylcholine and histamine is reduced as airway diameter
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decreases. In the pig, removal of the epithelium causes a
significant leftward shift in the concentration-response
curve for acetylcholine. The shift is most prominent in
third and fourth order bronchi, and is least in fifth
order tissues. The response to histamine is also enhanced
significanfly by epithelium-removal. The degree of shift
of the concentration-effect curve to histamine is similar
in third and fifth order bronchi, and is reduced ih fourth
order bronchi. Overall, thé data suggest that the shifts
in the concentration-effect curves fof acetylcholine and
histamine are comparable for the three orders. Thus, it
is likely thatvin the pig, unlike tﬁe dog, the epithelium
of bronchi of different diameters exhibits a comparable
basal release of relaxing factors. As in the dog, the
factor is non-specific, as similar shifts occur for the
concentration—response curves to acetylcholine and
histamine with epithelium-removal.

‘The relaxing effect of "isoproterenol is considerably
enhanced in the presence of the epithelium. The degree of
shift of the concentration-effect curve caused by
epithelium-removal was similar in the three orders of
bronchi. This is in contrast to the dog, where the
influence of the epithelium on isoproterenol-induced
relaxations is most prominent in the smallest airways.

It has been proposed that isoproterenol acts on beta-
adrenoceptors of the airway”epitheli&m to stimulate
active release of a relaxing factor (Chapter 1).
Significant numbers of beta-adrenoceptors have been

demonstrated in the epithelium of porcine airways (Goldie
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et al, 1986). It is probable that isoproterenol stimulates
these receptors to produce an epithelium-derived relaxing
factor. 1If so, the data suggest that the distribution . -
o ~...% . of these epithelial beta—adrenoceptors may be
more uniform in the pig than in the dog.

The response to electrical stimulation in pig
bronchi is abolished by atropine and tetrodotoxin, but
not by hexamethonium. This means that transmural nerve
stimulation causes a contractile response via the release
of endogenous acetylcholine from postganglionic
vcholinergic nerves, as previously described in the dog
(Vermeire and Vanhoutte, 1979). 1In the dog, the peak
response to electrical stimulation shows a significant
leftward shift in the absence of the epithelium (Flavahan
et aly1985). In the pig, epithelium-removal causes a
significant shiftvto the right of the peak response to
nerve stimulation. This is in contrast to the effect of
exogenous acetylcholine in this animal. The implication
of these results is that there is an epithelium-derived
contracting factor, which is released during transmural
nerve stimulation, and augments the coﬁtractile response
to endogenous acetylcholine. An epithelium-dependent
contractile response to electrical stimulation has been
described in human airways (de Jongste et al, 1987). For
third and fourth ordér bronchi,there was no difference in
the fade response between tissues with and without
epithelium. 1In fifth order bronchi, epithelium removal
diminished the degree of decline of the peak response.

This latter phenomenon has been observed also in third
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and fourth order canine bronchi, where it has been
attributed to loss of an epithelium-derived relaxing
factor (Flavahan et al, 1985). Thus, it appears that
the response of the pig bronchus to transmural nerve
stimulation may be infiuenced by the production of both
epithelium-derived contracting and relaxing factors.
Removal of the airway epithelium of the pig reduced
the maximal response to potassidm chloride in third and
fourth order bronchi, and that to acetylcholine in fifth
order bronchi. This may indicate that the process of
epithel<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>