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Abstract

Efferent neural control of airway smooth muscle is
comprised of cholinergic, adrenergic, excitatory
nonadrenergic noncholinergic (e-NANC) and inhibitory
nonadrenergic noncholinergic (i-NANC) components. This
thesis concentrates on the cholinergic and NANC
innervation of guinea-pig and human airways, apd aims to
investigate the nature and modulation of responses
produced by the stimulation of such nerves and their
neurotransmitters in vitro.

Catecholamines inhibited cholinergic responses of
human bronchi to electrical field stimulation (EFS) to a
greater degree than responses to acetylcholine. Inhibition
of responses to EFS was blocked by a beta2-adrenoceptor
antagonist. These results suggest that catecholamines may
inhibit cholinergic neurotransmission, possibly via
prejunctional beta,-adrenoceptors.

Contractile responses of the guinea-pig trachea to
tachykinins were inhibited by airway epithelium, partly
due to the release of cyclooxygenase products and partly
due to metabolism by neutral endopeptidase (NEP).
Responses induced by e-NANC nerve stimulation in
guinea-pig bronchi were modulated by NEP. Relaxant
responses of guinea-pig trachea to vasoactive intestinal
peptide (VIP) were inhibited by airway epithelium, due to
metabolism of VIP by NEP. Responses induced by i-NANC

nerve stimulation were not modulated by NEP.



Receptors mediating responses of airway smooth muscle
to tachykinins and e-NANC nerve stimulation were
investigated using selective agonists and antagonists.
Selective agonists to NK1-, NK2- and NK4-receptors were
active on guinea-pig airways, but only the NK2-receptor
agonist was active on human airways. NK2-receptor
antagonists were weakly active on responses of guinea-pig
trachea to tachykinins and e-NANC nerve stimulation, but
inhibited responses of human bronchi to tachykinins.

Relaxation of guinea-pig trachea to VIP and i-NANC
nerve stimulation was potentiated by a CAMP
phosphodiesterase inhibitor but not by a cGMP
phosphodiesterase inhibitor. Methylene blue had no effect
on relaxation to VIP or i-NANC nerve stimulation. These
findings suggest that cAMP mediates relaxation to VIP and

i-NANC nerve stimulation.
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1. Introduction

1.1. Autonomic control of airway smooth muscle (ASM)

The autonomic innervation of the airways consists of
afferent (sensory) and efferent (motor) pathways. The
afferent innervation serves to provide sensory information
to the central nervous system and spinal cord required for
the control of breathing pattern and bronchomotor tone
under physiological and pathological conditions. The
efferent innervation controls airway smooth muscle tone,
mucus secretion, transport across airway epithelium,
vascular permeability and blood flow in the bronchial
circulation. The efferent innervation of the airways
consists of the parasympathetic (cholinergic), sympathetic
(adrenergic) and nonadrenergic noncholinergic (NANC)
pathways. NANC innervation may be excitatory (e-NANC) or

inhibitory (i-NANC).

1.1.1. Afferent pathways

Afferent nerves arise in the airway epithelium,
interalveolar spaces, smooth muscle and submucosal 1layer
(Sant'Ambrogio, 1982; Coleridge & Coleridge, 1986).
Afferent fibres pass primarily with wvagus nerves to the
brain stem, although some may also pass with sympathetic
fibres to the spinal cord. Afferent nerve endings include

(i) slowly adapting mechanoreceptors (stretch receptors)
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supplied by myelinated fibres, (ii) rapidly adapting
mechanoreceptors (irritant receptors) supplied by
myelinated fibres and (iii) nonmyelinated C-fibre endings.
Stimulation of afferent endings 1leads to reflex
bronchoconstriction, pulmonary vasodilatation, oedema,
increased airway secretion and cough (Coleridge &

Coleridge, 1986).

1.1.2. Efferent pathways

1.1.2.1. Parasympathetic control

l1.1.2.1.a. Innervation and function

The parasympathetic nervous system represents the
major bronchoconstrictor pathway in most animals.
Parasympathetic fibres arise in the wvagal nuclei of the
brainstem and descend via the vagus nerves to synapse at
ganglia located in the airway wall. Short postganglionic
fibres supply airway smooth muscle, secretory glands and
pulmonary arteries (Richardson, 1979). Both preganglionic
and postganglionic nerves are cholinergic and upon
stimulation release acetylcholine as their
neurotransmitter.

Cholinergic nerves in the airways have been localised
indirectly by histochemical staining for acetylcholine
esterase (AChE), the enzyme responsible for the enzymatic

degradation of acetylcholine. AChE-containing fibres have
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been described in airway smooth muscle of all mammalian
species studied (Richardson, 1979). In human airways,
AChE-containing fibres are found in all airway levels from
the trachea to terminal bronchioles and their density
decreases with airway diameter (Partanen et al., 1982;
Sheppard et al.,1983). The specificity of AChE staining,
however, has been questioned since AChE may be localised
to nerves other than cholinergic (Papka et al., 1981).
Ultrastructural studies have revealed the presence of
nerve profiles containing predominantly small agranular
vesicles and some large dgranular vesicles, which are
considered to be cholinergic, in the smooth muscle layer
of human airways (Laitinen et al., 1985b).

The functional role of the parasympathetic
innervation to the airways can be demonstrated in whole
animals and isolated airway preparations. In animals,
electrical stimulation of the distal ends of transected
vagus nerves leads to a bronchoconstrictor response which
can be potentiatedWyAChE inhibitors and blocked by the
muscarinic cholinoceptor antagonist atropine (Colebatch &
Halmagyi, 1963; Olsen et al., 1965). Electrical field
stimulation (EFS) of isolated guinea-pig and human airway
smooth muscle elicits a rapid and transient contraction
that is ©blocked by atropine and the neurotoxin
tetrodotoxin (TTX), suggesting that it is mediated by the

activation of cholinergic nerves and the action of
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acetylcholine on muscarinic receptors on airway smooth
muscle (Foster, 1964; Farmer & Coleman, 1970; Richardson &

Beland, 1976).

1.1.2.1.b. Receptors

Muscarinic receptors in +the airways have been
identified by receptor binding studies, autoradiographic
mapping and functional assays (Murlas et al., 1982; Barnes
et al., 1983a). Muscarinic receptors are found on airway
smooth muscle, submucosal glands, epithelium, airway
ganglia and nerve bundles (Barnes et al., 1983a; Van
Koppen et al., 1987).

Using selective antagonists, muscarinic receptors can
be divided into three subtypes (Doods et al., 1987) and
all three forms may occur in the airways (Barnes, 1989).
M, receptors are generally found in the brain and
autonomic ganglia (Hammer & Giachetti, 1982) and it is
possible that they may also exist in airway ganglia. 1In
humans, the M receptor antagonist pirenzepine inhibits
vagally-mediated bronchoconstriction induced by SO,, at a
dose that has no effect on bronchoconstriction due to
inhaled methacholine, suggesting an effect on the
cholinergic reflex pathway (Lammers et al., 1989). In
human airways M, receptors are also found on submucosal
glands and alveolar walls (Mak & Barnes, 1989b). M,
receptors, originally described in the heart ("cardiac"

receptors), are found on postganglionic cholinergic nerves
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to the airways where they act as autoreceptors inhibiting
the release of acetylcholine from nerve terminals
(Faulkner et al., 1986). In human airways, the M, receptor
agonist pilocarpine inhibits cholinergic nerve-mediated
contraction of isolated bronchi induced by EFS whilst
having no effect on acetylcholine-induced contractions,
and this response is blocked by the M, receptor antagonist
gallamine (Minette & Barnes, 1988). Muscarinic receptors
on airway smooth muscle may be of the M, subtype since
they are sensitive to the M, receptor antagonists 4-DAMP

and hexahydrosiladifenidol (Mak & Barnes, 1989a).

1.1.2.2. Sympathetic control

l.1.2.2.a. Innervation and function

The sympathetic innervation of the airways arises
from the thoracic spinal cord, and nerve fibres synapse at
extramural stellate ganglia. Postganglionic nerve fibres
enter the lung and intermingle with parasympathetic fibres
to form a plexus of fibres which ramifies throughout the
airways as far as the bronchioles, and around blood
vessels (Richardson, 1979). Preganglionic nerves are
cholinergic, releasing acetylcholine as their
neurotransmitter, whereas postganglionic nerves are

adrenergic and release noradrenaline.
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Sympathetic 4innervation of +the airways can be
demonstrated by fluorescence histochemistry. In most
species catecholamine-containing fibres supply submucosal
glands, bronchial arteries and parasympathetic ganglia,
but a great variability in the sympathetic innervation of
airway smooth muscle appears to occur between species
(Richardson, 1979). Catecholamine-containing fibres
innervate the smooth muscle of cat and guinea-pig airways
(Silva & Ross, 1974; Doidge & Satchell, 1982) whereas in
rat, rabbit, monkey and human airways sympathetic
innervation is sparse or absent (Doidge & Satchell, 1982;
El Bermani, 1978; Partanen et al, 1982).In guinea-pig
airways a dense sympathetic innervation occurs in tracheal
smooth muscle but is scant in bronchial smooth muscle
(O'Donnell et al., 1978). Ultrastructural studies on human
airways have shown nerve endings containing small granular
vesicles, which are considered to be adrenergic, in the
proximity of smooth muscle (Laitinen et al., 1985b). The
number of adrenergic profiles however is 1low and
represents only a small fraction of the fibres innervating
human airway smooth muscle.

Sympathetic control of bronchomotor tone can be
demonstrated in whole animals and isolated airway
preparations. In vivo, electrical stimulation of thoracic
sympathetic nerves in the presence of vagal
bronchoconstriction, 1leads to a bronchodilatation which
can be blocked by the beta-adrenoceptor antagonist

propranolol (Cabezas et al., 1971). This response remains
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after adrenalectomy, indicating that it is not due to the
release of catecholamines from the adrenal glands. EFS of
guinea-pig tracheal smooth muscle causes a relaxation
which can be abolished by TTX and partially blocked by
propranolol, suggesting that it is partly due to the
stimulation of adrenergic nerves (Farmer & Coleman, 1970;
Coleman & Levy, 1974). EFS of guinea-pig bronchial smooth
muscle, however only induces a contractile response
(Grundstrom et al., 1981b), and this agrees with the
sparcity of sympathetic innervation in this tissue. EFS
of human bronchial smooth muscle induces a relaxant
response which is blocked by TTX but not by propranolol,
suggesting that human airway smooth muscle does not
possess a functional sympathetic innervation and that
relaxation is mediated by other neural pathways

(Richardson & Beland, 1976; Davis et al, 1982).

1.1.2.2.b. Circulating catecholamines

Catecholamines released by the adrenal glands into
the circulation may be important in the control of airway
smooth muscle tone. In humans, adrenaline is a potent
bronchodilator (Warren & Dalton, 1983) but noradrenaline
has no effect on airway function at physiological
concentrations (Berkin et al., 1985) suggesting that
adrenaline, but not noradrenaline, may function as a
circulating hormone. In vitro beta-adrenoceptor agonists

potently relax human airway smooth muscle (Goldie et al.,
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1982) despite the the sparcity of sympathetic innervation.
In animals adrenalectomy and beta-adrenoceptors both
potentiate bronchoconstrictor responses (Piper et al.,
1967; Collier & James, 1967) suggesting that circulating
catecholamines may protect against bronchoconstrictor

influences.

1.1.2.2.c. Receptors

Effector responses to sympathetic nerve stimulation
and circulating catecholamines are mediated by alpha- and
beta-adrenoceptors. Receptor binding studies show a high
density of beta-receptors in 1lung of many species
including humans (Rugg et al., 1978; Barnes et al.,
1980b). Autoradiographic mapping studies demonstrate the
presence o0f beta-receptors on airway smooth muscle,
submucosal glands and airway epithelium, and show a
decreasing density of receptors in peripheral airways
(Barnes et al., 1982a; Carstairs et al., 1985).
Beta-receptors may be subdivided into two subtypes, and
functional studies on isolated airway smooth muscle
suggest that receptors mediating relaxation induced by
exogenous agonists are of the beta,-subtype, whereas those
mediating relaxation induced by sympathetic nerve
stimulation are of the beta - subtype (Barnes et al.,

1983b). Thus beta -receptors are regulated by sympathetic

27



nerves ("innervated" beta-receptors) and beta,-receptors
are regulated by circulating adrenaline ("hormonal"
beta-receptors) (Ariens & Simonis, 1983).
Alpha-adrenoceptors are also present in the 1lung
although their density is low (Barnes et al., 1979).
Alpha-receptors mediate contraction of airway smooth
muscle although responses can only be demonstrated under
certain conditions. In canine airways alpha-receptor
agonists or sympathetic nerve stimulation by EFS induce
contraction only after pretreatment with histamine,
5-hydroxytryptamine or potassium chloride (Kneussl &
Richardson, 1978; Barnes et al., 1983c). Alpha-receptor
agonists induce a contractile response in human airways
that are diseased but not in normal airways (Kneussl &
Richardson, 1978). Thus, alpha-receptors of animal and
human airway smooth muscle appear to require prior
activation or priming in order to produce a response.
Alpha-receptors, 1like beta-receptors are subdivided into
two types according to their selectivity for agonist and
antagonists. Canine tracheal smooth muscle possesses a
high density of alpha,-receptors but a low density of
alpha -receptors, and contractile responses induced by
alpha-receptor agonists and sympathetic nerve stimulation
are blocked by alpha,-receptor antagonists (Barnes et

al.,1982c).
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1.1.2.3. Excitatory non-adrenergic non-cholinergic control

EFS of guinea-pig bronchial smooth muscle induces a
cholinergic contraction followed by a slower
longer-lasting contraction that is not sensitive to
muscarinic or alpha-adrenoceptor antagonists (Grundstrom
et al., 1981b; Andersson & Grundstrom, 1983). This e-NANC
component is blocked by TTX suggesting that it is
neurogenic in nature. A variety of peptides have been
localised to nerves supplying the airways, and of these
the tachykinins (also called neurokinins) have received
much attention as possible neurotransmitters for e-NANC

nerves.

1.1.2.3.a. Innervation and function

The tachykinins comprise a group of bioactive
peptides that share a common amino acid sequence at the
C-terminal region. Substance P (SP), an 11 amino acid
peptide, was discovered in equine brain and gut (Von
Euler & Gaddum, 1931). Recently three other tachykinins,
neurokinin A (NKA), neurokinin B (NKB) and neuropeptide K
(NPK) were isolated from mammalian nervous tissue (Kimura
et al., 1983; Minamino et al., 1984; Tatemoto et al.,
1985).

SP-immunoreactive nerves have been detected in the
lungs of several mammalian species including guinea-pigs

and humans, and are observed in close association with
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airways and blood vessels (Nilsson et al., 1977; Wharton
et al., 1979; Polak & Bloom, 1982). SP-immunoreactive
nerves are found at all airway levels from the trachea to
terminal: bronchioles, and are seen in close contact with
smooth muscle, submucosa, adventitia and epithelium.

SP-immunoreactive nerves supplying the 1lung are
largely of vagal afferent origin. In the guinea-pig and
rat SP-immunoreactivity can be detected in the wvagus
nerve, and SP-immunoreactive cell bodies are found in the
nodose ganglia (Lundberg et al., 1978; Terenghi et al.,
1983). SP is axonally transported down the cervical vagus
nerve towards peripheral organs including the 1lung
(Lundberg et al., 1978; Gamse et al., 1979a; Terenghi et
al., 1983). Vagal denervation and pretreatment with
capsaicin both lead to a loss of SP-immunoreactivity from
the trachea and bronchi of guinea-pigs (Lundberg et al.,
1983a). Capsaicin, which selectively degenerates sensory
nonmyelinated C-fibres (Jancso et al., 1977), has been
shown to cause the release of SP from nonmyelinated
sensory nerves (Gamse et al., 1979b) and the long term
depletion of SP from these nerves (Jessel et al., 1978).

A small proportion of SP-immunoreactive nerves
entering the lung may also be of spinal afferent origin,
since stellatectomy in guinea-pigs leads to a reduction in
SP-immunoreactivity in the lung (Saria et al., 1985).

Capsaicin-sensitive nerves in the airways may contain
other tachykinins as well as SP. Immunoreactivity to SP,

NKA and NPK (but not NKB) has been detected in
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capsaicin-sensitive nerves in guinea-pig and human lower
airways (Hua et al., 1985; Martling et al., 1987). In
isolated perfused guinea-pig lungs, capsaicin causes the
release of SP and NKA into the effluent (Saria et al.,
1985).

The functional response to stimulation of e-NANC
nerves can be demonstrated in vivo and in vitro, and can
be shown to be mediated by capsaicin-sensitive sensory
nerves. In guinea-pigs, a long-lasting and
atropine-resistant bronchoconstriction can be induced by
the antidromic stimulation of vagal afferent fibres, and
by an intravenous infusion of SP or capsaicin (Nilsson et
al., 1977; Lundberg & Saria, 1982). E-NANC responses to
vagal nerve stimulation, SP and capsaicin can all be
reduced by a tachykinin receptor antagonist (Lundberg et
al., 1983c). Chronic pretreatment of animals with
capsaicin, which depletes SP-immunoreactivity, reduces the
bronchoconstrictor response to vagal nerve stimulation
(Lundberg & Saria, 1982).

In vitro, the e-NANC response of guinea-pig bronchi
to EFS is reduced by tachykinin receptor antagonists
(Lundberg et al., 1983c¢c; Karlsson et al., 1984; Leander et
al., 1984) and by pretreatment of animals with capsaicin
(Lundberg & Saria, 1982). Exogenous SP causes contraction
of airway smooth muscle (Nilsson et al., 1977), and this
response is inhibited by tachykinin-receptor antagonists
(Lundberg et al., 1983c). In vitro application of

capsaicin to guinea-pig and human airways induces a
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contractile response that becomes tachyphylactic, probably
due to the release and subsequent depletion of SP and
other tachykinins from nerve endings (Molnar et al., 1969;
Lundberg et al., 1983b).

Capsaicin-sensitive sensory nerves mediating
bronchoconstriction are thought to be part of a local axon
reflex (Lundberg & Saria, 1982). Activation of
chemosensitive epithelial irritant receptors by capsaicin
leads to the retrograde release of sensory neuropeptides
from collaterals, which mediate bronchoconstriction and
increases in submucosal gland secretion and microvascular
permeability. In inflammatory conditions such as asthma,
this axon reflex mechanism may be exaggerated due to the
exposure of sensory nerve endings following epithelial
damage (Laitinen et al., 1985a) and the subsequent
activation of such endings by inflammatory mediators such

as bradykinin (Barnes, 1986).

1.1.2.3.b. Receptors

The classification of tachykinin receptors has been
based on receptor binding studies and functional assays
for agonists and antagonists. Three tachykinin receptor
subtypes have been identified (Lee et al., 1982; Buck et
al., 1984; Burcher et al., 1986; Regoli et al., 1987):

1) the NK1 receptor, with a rank order of potency for

the natural agonists of SP > NKA > NKB,
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2) the NK2 receptor, with a rank order of agonist
potencies of NKA > NKB > SP, and

3) the NK3 receptor, with a rank order of agonist
potencies of NKB > NKA > SP.

The rank order of potency of tachykinins on airway
smooth muscle corresponds to the NK2-receptor
classification although studies using selective agonists
suggest the presence of NK1l- and NK2-receptors on
guinea-pig tracheal smooth muscle (Dion et al., 1987;
Drapeau et al., 1987). Recently, the existence of a fourth
type of tachykinin receptor, the NK4-receptor, has been
proposed and is suggested to be present on guinea-pig
tracheal smooth muscle (McKnight et al., 1987 & 1988). In
human bronchial smooth muscle, responses to tachykinins
appear to be mediated exclusively by NK2-receptors

(Advenier et al., 1987).

1.1.2.4. Inhibitory nonadrenergic noncholinergic control

l1.1.2.4.a. Innervation and function

The existence of an inhibitory innervation to airway
smooth muscle in addition to the adrenergic nervous system
has been demonstrated in isolated airway preparations and
in whole animals. In the presence of atropine and
propranolol, EFS of isolated airway smooth muscle from
several species, including guinea-pigs and humans, elicits

a TTX-sensitive relaxation (Coburn & Tomita, 1973; Coleman
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& Levy, 1974; Richardson & Beland, 1976). In the presence
of propranolol, nicotine elicits a relaxation of
guinea-pig trachea which can be prevented by TTX and
hexamethonium suggesting that it is mediated by the
activation of nicotinic receptors on postganglionic
efferent nerves (Jones et al., 1980). In cats and
guinea-pigs, sustained electrical stimulation of the vagus
nerve in the presence of atropine and propranolol induces
bronchodilatation, suggesting that i-NANC responses may be
mediated by vagal pathways (Chesrown et al., 1980; Diamond
& O'Donnell, 1980; Irvin et al., 1980). However, in an
isolated innervated guinea-pig tracheal preparation,
electrical stimulation of the vagus nerve does not produce
an 1i-NANC response suggesting that in this preparation
vagal pathways are not involved in i-NANC responses
(Blackman & McCaig, 1983).

I-NANC responses obtained in vivo and in vitro can be
demonstrated at several airway levels, although species
variations exist. Using tantalum Dbronchography,
bronchodilatation in cats in response to wvagal nerve
stimulation occurs at all airway levels down to small
bronchioles and is maximal in airways of an intermediate
size (Matsumoto et al., 1985). In isolated guinea-pig
airways 1i-NANC responses can only be demonstrated in the
trachea, with EFS of bronchi inducing only contractile

responses (Grundstrom et al., 1981b). It is possible,
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however, that i-NANC responses may still be present in
guinea-pig bronchi but are masked by e-NANC responses

to EFS.

1.1.2.4.b. Possible neurotransmitters

The existence of an i-NANC innervation to airway
smooth muscle is well established but there has been
considerable controversy as to the identity of the
neurotransmitter mediating i-NANC responses. Smooth muscle
of the gastrointestinal tract is supplied by intramural
nerves whose terminals store and release purine
nucleotides such as ATP (Burnstock, 1972). Since airway
smooth muscle has the same embryological origin as smooth
muscle of the gut, it has been suggested that purine
nucleotides may be the neurotransmitters released by
i-NANC nerves. Guinea-pig tracheal smooth muscle is
relaxed by adenosine, adenosine monophosphate, adenosine
diphosphate and adenosine triphosphate (Coleman & Levy,
1974; Richardson & Bouchard, 1975; Satchell, 1982) and
relaxant responses to purines mimic the relaxation induced
by stimulation of i-NANC nerves by EFS. Dipyridamole,
which blocks adenosine uptake, potentiates relaxation of
guinea-pig trachea to purines and i-NANC nerve stimulation
(Coleman, 1976). Furthermore, adenosine deaminase, which
degrades adenosine, reduces depressor responses to
adenosine and i-NANC nerve stimulation in an isolated

guinea-pig tracheal tube preparation (Satchell, 1984).
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Considerable evidence now exists which refutes a role
for purine nucleotides as neurotransmitters for i-NANC
nerves in the airways. Dipyridamole does not potentiate
i-NANC relaxation in human, cat and bovine airways (Davis
et al., 1982; Ito & Takeda, 1982; Cameron et al., 1983),
and contrary to previous findings, adenosine deaminase has
been shown not to reduce i-NANC responses of guinea-pig
tracheal smooth muscle (Ellis & Farmer, 1989a).
Furthermore, i-NANC responses persist in the presence of
purine receptor antagonists (Davis et al., 1982; Cameron
et al., 1983), after desensitisation to purines (Ito &
Takeda, 1982) and in the presence of a maximal relaxation
to adenosine (Karlsson & Persson, 1984).

The presence of a variety of peptides in the lung has
led to the suggestion that i-NANC responses may be
mediated by "peptidergic" nerves. Increasing evidence now
suggests that vasoactive intestinal peptide (VIP), a 28
amino acid peptide, and/or the related peptide histidine
isoleucine (PHI) may mediate i-NANC responses in the
airways. This evidence can be summarised as follows:

1) VIP-immunoreactive nerves and nerve terminals are
present in the lung of several species and are found in
close association with tracheal and intrapulmonary airway
smooth muscle (Dey et al., 1981; Polak & Bloom, 1982). PHI
coexists with VIP in airway nerves (Lundberg et al.,

1984b).
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2) VIP potently relaxes isolated airway smooth muscle
of several species (Said et al., 1974; Wasserman et al.,
1982) and mimics the relaxant effect of i-NANC nerve
stimulation by EFS (Matsuzaki et al., 1980; Cameron et
al., 1983). PHI also relaxes guinea-pig tracheal smooth
muscle although it is less potent than VIP (Christofides
et al., 1984).

3) VIP is released from airway tissues during EFS and
this effect is blocked by TTX (Matsuzaki et al., 1980;
Cameron et al., 1983).

4) Desensitisation of airway smooth muscle to VIP
reduces i-NANC responses to EFS (Ito & Takeda, 1982;
Venugopalan et al., 1984).

5) Pretreatment of guinea-pig trachea with antisera
to VIP and PHI leads to a reduction of i-NANC responses to
EFS (Matsuzaki et al., 1980; Ellis & Farmer, 1989a).

6) The peptidases alpha-chymotrypsin and papain
reduce i-NANC responses to EFS and abolish relaxant
responses to VIP and PHI in the guinea-pig trachea (Ellis
& Farmer, 1989b). The persistence of a small i-NANC
response 1in the presence of peptidases in this study may
also suggest the release of a non-peptide transmitter in
addition to VIP and/or PHI.

Evidence against a role for VIP in mediating i-NANC
responses also exists. I-NANC relaxation of guinea-pig
trachea persists in the presence of a maximally effective
concentration of exogenous VIP (Karlsson & Persson, 1984).

In a similar study, i-NANC responses were diminished in
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the presence of a maximally effective concentration of VIP
(Ellis & Farmer, 1989a), suggesting that while VIP may
partly account for i-NANC responses other transmitters may
be released by 1-NANC nerves. In cat airways
alpha-chymotrypsin abolishes relaxant responses to VIP but
has no effect on i-NANC responses to EFS, suggesting that
in this species VIP may not be the i~NANC neurotransmitter
(Altiere & Diamond, 1985).

Further confirmation of a role for VIP in mediating
i-NANC responses has been hindered by the unavailability
of VIP-receptor antagonists. Two compounds, a growth
hormone releasing factor analog and a VIP analog, have
been shown to be competitive VIP receptor antagonists in
intestinal and pancreatic cells (Waelbroek et al., 1985;
Pandol et al., 1986), but neither agent is effective
against VIP or PHI induced relaxation in guinea-pig
trachea, suggesting that VIP receptors on airway smooth
muscle may differ from those on intestinal and pancreatic

cell (Ellis & Farmer, 1989a).
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1.2. Modulation of airway smooth muscle responses

1.2.1. Modulation of cholinergic neurotransmission

Cholinergic neurotransmission at airway ganglia or at
the neuroeffector junction of airway smooth muscle may be
modulated by a variety of agents acting on preganglionic
or prejunctional receptors located on cholinergic nerve
terminals. Activation of such receptors leads to an
increase or decrease in the output of acetylcholine from
cholinergic nerve terminals and therefore serves to
provide fine adjustments in neurotransmission required
under varying physiological conditions. Neuromodulators
may be other neurotransmitters released by nerve terminals
located in the vicinity of cholinergic nerves (for example
noradrenaline released by sympathetic nerves), may be
released from non-neural elements in the airways (for
example histamine released by mast cells) or may diffuse
from the circulation (for example catecholamines released
by the adrenal glands). In addition, acetylcholine may
inhibit its own release by acting on preganglionic and
prejunctional "autoreceptors."

The presence of catecholamine-containing nerve
terminals in airway parasympathetic ganglia (Jacobowitz et
al., 1973; Richardson & Ferguson, 1979) has led to the
suggestion that noradrenaline released by sympathetic
nerves may modulate cholinergic neurotransmission at
airway ganglia. In ferret paratracheal ganglia, exogenous

noradrenaline decreases the amplitude of excitatory
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postsynaptic potentials evoked by electrical stimulation
of interganglionic nerve fibres, and this effect can be
blocked by an alpha-receptor antagonist (Baker et al.,

1983). Contractions of ferret tracheal smooth muscle
induced preganglionically by the electrical stimulation
of the wvagus are inhibited by noradrenaline and
isoprenaline to a greater degree than are contractions
induced postganglionically by EFS (Skoogh 1983 & 1986;

Skoogh & Svedmyr, 1989). The response to noradrenaline is
inhibited by an alpha-receptor antagonist whereas the
response to isoprenaline is inhibited by a selective
beta,-receptor antagonist, suggesting that cholinergic
neurotransmission at airway ganglia may be inhibited
preganglionically by both alpha- and beta,-receptors.

Circulating adrenaline may modulate cholinergic

neurotransmission at ganglia by acting preferentially on
beta,-receptors.

Cholinergic neurotransmission at the neuroeffector
junction of airway smooth muscle may also be modulated by
catecholamines. In guinea-pig and human tracheal smooth
muscle, adrenergic fibres are sometimes found in close
association with cholinergic fibres (Jones et al., 1980;
Daniel et al., 1986). Indirect evidence for modulation of
neurotransmission is provided by studies which compare
cholinergic contractions induced by EFS to contractions
induced by exogenous acetylcholine. Using this approach
catecholamines have been shown to inhibit cholinergic

neurotransmission in guinea-pig and human airway smooth
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muscle via prejunctional alpha,-receptors (Grundstrom et
al., 198la; Grundstrom & Andersson 1985) and in canine
airway smooth muscle via prejunctional beta-receptors
(Vermeire & Vanhoutte, 1979).

Modulation of cholinergic neurotransmission can be
demonstrated in intact animals. In cats & dogs sympathetic
nerve stimulation inhibits the bronchoconstrictor effect
of wvagal nerve stimulation with 1little or no effect on
acetylcholine-induced tone (Cabezas et al., 1971; Baker &
Don, 1987). A similar effect can be produced by
intravenous adrenaline suggesting that circulating
catecholamines may also modulate neural responses in vivo.

(Baker & Don, 1987).

1.2.2. Modulation of airway smooth muscle responses by the

epithelium

Mechanical removal of airway epithelium has been
shown to alter the reactivity of airway smooth muscle to a
variety of agonists in vitro (Flavahan et al., 1985;
Barnes et al., 1985; Goldie et al., 1986). Asthma is
associated with epithelial cell damage or loss (Laitinen
et al., 1985a) and it has been suggested that the loss of
the modulatory influence of the epithelium may contribute
to bronchial hyperreactivity in asthma (Hogg & Eggleston,

1984).
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Epithelium removal increases the sensitivity of
isolated airway smooth muscle to contractile agents such
as muscarinic agonists, histamine and 5-hydroxytryptamine,
but has no effect on the sensitivity to KCl (Flavahan et
al., 1985; Barnes et al., 1985; Goldie et al., 1986).
Maximal contractile responses to these agents are
unchanged or increased. Epithelium removal also increases
the sensitivity of airway smooth muscle to some relaxant
agents such as isoprenaline, adenosine and sodium
nitroprusside, but not to others such as La' and
papaverine (Holroyde, 1986; Farmer et al., 1986).
Epithelium removal may also modulate neurogenic responses
of airway smooth muscle. Cholinergic contractile responses
to EFS are potentiated (Flavahan et al., 1986; Murlas,
1986) or unaffected (Holroyde¢ 1986) by epithelium removal.

The mechanism by which the epithelium modulates
airway smooth muscle reactivity in vitro is uncertain. The
epithelium has been suggested to act as a barrier to
diffusion preventing access of bronchoactive molecules to
the underlying smooth muscle (Holroydg¢ 1986). This is
unlikely since the sensitivity of airway smooth muscle to
several relaxant agents is de.creased, and not, as expected
from the diffusion barrier hypothesis, increased.
Furthermore, removal of a diffusion barrier would not be
expected to alter neural responses to EFS as these are
produced by the local release of neurotransmitter from

nerve terminals in the smooth muscle layer.
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The epithelium may represent a site of uptake or
metabolism of bronchoactive molecules reducing their
effective concentration at the smooth muscle 1layer.
Corticosterone, a catecholamine wuptake inhibitor,
abolishes the inhibitory influence of epithelium on
responses of guinea-pig tracheal smooth muscle to
isoprenaline, suggesting that the epithelium may contain
sites of catecholamine uptake (Farmer et al., 1986). Thus
the effect of epithelium removal on smooth muscle
responses to catecholamines at least can explained by the
loss of sites of uptake. The effect of epithelium removal
on responses of canine ASM to acetylcholine persists in
the presence of AChE inhibitors, suggesting that
metabolism does not account for the modulatory effect of
epithelium on reactivity to acetylcholine (Flavahan et
al., 1985). Airway epithelium contains high levels of
peptidases such as neutral endopeptidase (Sekizawa et al.,
1987b), therefore it is possible that responses of ASM to
bronchoactive peptides may be modified by their metabolism
at epithelial sites.

A further mechanism by which airway epithelium may
modulate smooth muscle reactivity may be through the
release of an inhibitory factor. Superfusion cascade
experiments on guinea-pig trachea failed to demonstrate
the release of a relaxant factor from airway epithelium
(Holroyde 1986). However, in a modified "sandwich"
preparation consisting of an "acceptor" tracheal strip

surrounded by a "donor" tracheal ring, the release of an
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inhibitor factor has been demonstrated in response to
ovalbumin in preparations from ovalbumin-sensitised
guinea-pigs (Hay et al., 1987b).

The identity of the inhibitory factor released by the
epithelium is unknown, but some studies have suggested
that it may be a cyclooxygenase product. Indomethacin has
been reported to mimic the effect of epithelial removal on
ASM responses to constrictor agents (Flavahan et al.,
1985; Hay et al., 1986; Butler et al., 1987).
Cyclooxygenase has been localised to airway epithelium (Xu
et al., 1986; Butler et al., 1987) and cyclooxygenase
products, particularly PGE,, are released by cultured
airway epithelial cells (Leikauf et al., 1985). Other
studies however have demonstrated that the effect of
epithelium removal on ASM responses is still evident in
the presence of indomethacin (Barnes et al., 1985;
Holroyd®, 1986) suggesting that whilst cyclooxygenase
products may contribute to the modulatory effect of
epithelium in some preparations, other inhibitory factors

may also be released by the epithelium.

1.2.3. Modulation by neuropeptide metabolism

Endogenous peptides may be degraded in the lung by a
variety of peptidases and recently much interest has
focused on the possible modulation of airway function by
such peptidases. Peptides released by nerve terminals may

be inactivated or may be converted to forms with different
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biological actions. Thus, the localisation and selectivity
of peptidases in the lung may be important factors in
achieving a balance between the excitatory and inhibitory

influences of neuropeptides on airway function.

1.2.3.1. Neutral endopeptidase (NEP)

NEP (endopeptidase-24.11 or "enkephalinase") was
first localised to the renal brush border (Kerr & Kenny,
1974) where it exists as a membrane-bound
metalloendopeptidase. NEP is now known to be widely
distributed in the body and high levels are found in the
lung (Llorenz & Schwartz, 1981; Johnson et al., 1985). In
ferret airways NEP-immunofluorescence is found in the
smooth muscle, interstitium and epithelium (Sekizawa et
al., 1987b).

NEP hydrolyses peptide bonds involving the amino
groups of hydrophobic residues. In the brain NEP is the
major inactivator of enkephalins, but in vitro studies on
tissue homogenates or purified enzyme preparations reveal
that NEP may hydrolyse a variety of peptides including SP
(Matsas et al., 1983; Skidgel et al., 1984), NKA (Hooper
et al., 1985), NKB (Hooper & Turner, 1985), bradykinin
(Gafford et al., 1983), cholecystokinin
(Droschodt-Lanckman & Strosberg, 1983) and others. NEP
hydrolyses tachykinins at several hydrophobic bonds and
the resultant peptide fragments are devoid of biological

activity:
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NEP hydrolysis (T) of tachykinins:

1 2 3 4 5 6 7 8 9 10 11

SP ! Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-MetNH,
NKA : His-Lys-Thr-Asp-Ser-Phe-Val-Gly-Leu-MetNH,
NKB : Asp-Met-His-Asp-Phe-Phe-Val-Gly-Leu-MetNH,

f

A role for endogenous NEP in modulating the
biological effects of neuropeptides is suggested by the
use of selective NEP-inhibitors. In vitro, NEP-inhibitors
potentiate responses of guinea-pig and ferret ASM to
tachykinins (Stimler-Gerard, 1987; Sekizawa et al., 1987a
& 1987b), bradykinin (Dusser et al., 1988a),
cholecystokinin (Stretton & Barnes, 1989) and VIP (Liu et
al., 1987). In vivo, NEP-inhibitors potentiate the
bronchoconstrictor response of guinea-pigs to SP,
capsaicin and the e-NANC response to wvagal nerve
stimulation (Shore et al., 1988; Dusser et al., 1988b;
Thompson & Sheppard, 1988). Inhalation exposure of
guinea-pigs to toluene diisocyanate increases the
bronchoconstrictor response to tachykinins and decreases
tracheal NEP-activity, suggesting that inhibition of NEP
may result in ASM hyperresponsiveness to tachykinins

(Sheppard et al., 1988).
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1.2.3.2. Other peptidases

Angiotensin-converting enzyme (ACE) or peptidyl
dipeptidase A is a membrane-bound metalloenzyme located
primarily to wvascular endothelium where it catalyses the
hydrolysis of angiotensin I to angiotensin II (Erdos,
1979). ACE has also been shown to hydrolyse bradykinin
(Erdos & Yang, 1967) and SP (Skidgel et al., 1984), but
not NKA (Hooper et al., 1985) or NKB ( Hooper & Turner,
1985). ACE-activity and immunoreactivity has also been
detected in isolated airways (Johnson et al., 1985; Dusser
et al., 1988a), and ACE inhibitors potentiate
bradykinin-induced contractions of ferret ASM in vitro
(Dusser et al., 1988a) and SP-induced bronchoconstriction
in guinea-pigs in vivo (Shore et al., 1988), suggesting
that endogenous ACE may modulate responses of ASM to
bronchoactive peptides.

Mast cell activation is associated with the secretion
of trypsin and chymotrypsin, and both enzymes have been
implicated in the degradation of VIP (Caughey et al.,
1988). VIP-induced relaxation of ASM is prevented by
chymotrypsin (Altiere & Diamond, 1985; Ellis & Farmer,
1989b) and reversed by mast cell supernatant containing
trypsin and chymotrypsin (Franconi et al., 1989). SP is
also degraded by mast cell chymotrypsin but not by trypsin

suggesting that a differential inactivation of excitatory
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and inhibitory neuropeptides by mast cell proteases may
contribute to bronchial hyperreactivity during
inflammatory states (Caughey et al., 1988).

In cell-free systems SP is also metabolised by acid
proteases (Hanson et al., 1980) and by AChE (Chubb et al.,
1980). SP-induced cholinergic contractions of ferret
trachea, however, are not modified by leupeptin suggesting
that acid proteases do not metabolise SP in the airways
(Sekizawa et al., 1987a). Similarly, AChE inhibitors do
not potentiate tachykinin-induced contraction of ferret
and guinea-pig airways in vitro (Stimler-Gerard, 1987;
Sekizawa et al., 1987b) suggesting that although AChE may
be 1localised to the airways it may not represent an

important pathway for the metabolism of tachykinins.
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2. Materials and methods

2.1. Tissue preparation

2.1.1. Animal tissue

Male Dunkin-Hartley guinea-pigs (Charles Rivers
Breeding Laboratories, UK) weighing 250-500 g were used
throughout. Animals were housed in a temperature
controlled room (21°C) with water and food freely
available, and were used within 1 week of their arriwval at
the animal house.

Guinea-pigs were killed by cervical dislocation. The
trachea and lungs were excised and placed in ice-cold
oxygenated Krebs-Henseleit (KH) solution. The trachea was
cleared of connective tissue and blood vessels, and was
opened longitudinally by cutting through the cartilage
opposite the smooth muscle layer. The trachea was cut into
eight transverse segments, each comprising 3-4 opened
cartilaginous rings. When necessary, alternate segments
were gently rubbed with a cotton-wool probe in order to
remove the epithelium. The effectiveness of this procedure
was ascertained by histological examination of 5 um
sections fixed in 10 % phosphate-buffered formaldehyde and
stained with haematoxylin-eosin.

Guinea-pig lungs were cleared of parenchyma to expose
the bronchi. Four bronchial rings were dissected, two from

main bronchi and two from hilar bronchi.
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2.1.2. Human tissue

Human airways were obtained from patients undergoing
surgery for carcinoma of the lung. Tissue was obtained
from 51 patients (43 male, age range 39-79 years; 8
female, age range 59-74 years) with a mean age of 62.0 +
1.7 years.

Human lung was collected from surgery and placed in
ice-cold oxygenated KH solution. Third order bronchi
located away from the carcinoma were cleared of parenchyma
and blood vessels, and were excised. Airways were either
used immediately or were stored overnight in oxygenated
ice-cold KH solution. Bronchi were cut into rings of 3-4
mm length. When epithelial denudation was required, a
cotton wool probe was gently pulled through alternate

bronchial rings.

2.2. Isometric measurement of tension

Airways were mounted in 10 ml glass organ baths
containing KH solution bubbled with 95% O, and 5% CO,, pH
7.4, and maintained at 37°C. Organ baths were coated with
the siliconizing agent Surfasil (Pierce Chemical Co.,
Illinois, USA) to prevent adherence of peptides to glass.
Tissues were fixed at one end to a tissue support and
connected at the other end to isometric Grass FT.O03
transducers (Grass Instruments, Quincy, MA, USA) via silk

thread. Changes in tension were recorded on a Grass 7D
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Polygraph. Tissues were placed under a tension which
was found to be optimal for measurement of changes in
tension. Initial tension was set at 2g for human bronchi
and guinea-pig trachea, 500 ug for guinea-pig main bronchi
and 300 ug for guinea-pig hilar bronchi. Tissues were
allowed to equilibrate for 1 hr during which time they
were washed 3-4 times with KH solution and resting tension

readjusted to the optimal level.

2.3. Concentration-response (C-R) curves

C-R curves to exogenous agonists were constructed by
adding increasing concentrations of agonist to the baths
and allowing responses to plateau between successive
additions. When no response was obtained a period of 5 min
was allowed between successive additions of agonist. After
the completion of each C-R curve, tissues were washed with
KH solution and tension allowed to return to the baseline
level. The effects of drugs on C-R curves was assessed
either by (i) constructing a control C-R curve, incubating
tissues with the relevant drug or solvent for a specified
period of time and constructing a second C-R curve, or by
(ii) incubating parallel preparations from the same
animal/patient with the relevant drug or solvent and
constructing only one C-R curve. Where appropriate tissues
were maximally contracted with 10 uM carbachol or
maximally relaxed with 0.1 mM papaverine added to organ

baths at the end of each experiment.
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2.4. EFS

EFS was delivered by two parallel platinum wires
placed on either side of tissues, approximately 1 cm
apart. Electrodes were connected to a Grass S88 stimulator
and a unity voltage gain amplifier/inverter (Royal
Postgraduate Medical School, UK) for the delivery of
biphasic square-wave impulses. Trains of impulses were
delivered for a period of time which allowed maximal
responses to be developed. After each application of EFS,
tension was allowed to return to the baseline level before
EFS was re-applied. Optimum parameters for nerve
stimulation were determined by constructing
stimulus-responses curves over a range of voltages, pulse
durations and frequencies. The neural nature of responses
to EFS was ascertained by incubating tissues for 30 min

with 3 uM TTX and repeating EFS.

2.5. Data analysis

Contractile responses to exogenous agonists and EFS
were expressed as (i) absolute changes in tension measured
in mg, (ii) % of maximal response obtained in each C-R
curve or EFS stimulus response curve, or (iii) % of maximal
response to 10 uM carbachol (carqu) induced at the end of
the experiment. Relaxant responses to exogenous agonists

and EFS were expressed as (i) absolute changes in tension
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measured in mg, (ii) % of maximal response to 0.1 mM
papaverine induced at the end of the experiment, or (iii)
% reversal of tone induced by precontracting agent.

C-R curves and EFS stimulus-response curves from each
preparation (or where this was not possible from meaned
results) were fitted to sigmoid curves using GraphPAD (ISI
Software, Philadelphia, Mass., USA). Concentrations
inducing 50 % of maximal response to each agonist (EC,s
for excitatory agonists or IC,s for inhibitory agonists),
concentrations inducing 30 % of maximal carbachol-induced
contraction (Eq“), EFS frequencies inducing 50 % of
maximal response to EFS (EF,;s) and EFS frequencies
inducing 35 % reversal of KCl-induced tone (EEES) were
determined by interpolation of the linear portion of
sigmoid curves fitted to results from individual
preparations or to meaned results. EC, s were expressed as
pD,s (-log EC,).

Results were compared by Student's t-test for paired
and unpaired observations where appropriate. Observations
were considered to be paired when control and test
responses were obtained on the same preparation.
Probability levels (p) less than 0.05 were considered to
be significant. Unless otherwise indicated the number of
preparations used in each group (n) was equal to the
number of animals or subjects from which preparations were

obtained.
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2.6. Drugs and solutions

The following drugs were used: acetylcholine
chloride, atropine sulphate, (-)-adrenaline, carbamyl
choline (carbachol), corticosterone, hexamethonium
chloride, indomethacin, (-)-isoprenaline bitartrate,
methylene blue, N-ethylmaleimide, (-)-noradrenaline
bitartrate, phosphoramidon (N-(alpha-rhamno-pyrano-xyloxy-
hydroxy-phosphinyl)-L-leucyl-tryptophan, NH, salt),
(+)-propranolol hydrochloride, sodium nitroprusside, SP,
tetrodotoxin, tyramine hydrochloride and VIP (porcine
synthetic), purchased from Sigma Chemical Co., Poole, UK;
NKA and NKB, purchased from Sigma Chemical Co. and Bachem,
Saffron-Waldon, UK; betaxolol, donated by Synthelabo,
Paris, France; ICI 118551, donated by Imperial Chemical
Industries, Macclesfield, UK; [Sar’, Met(0,)'']sp,
[N1e'©]NKA(4-10) and senktide, purchased from Cambridge
Research Biochemicals, Cambridge, UK; L-659837
(cyclo(GlnTrpPhe(R)Gly[ANC-2]LeuMet)), L-659874 (Ac-LeuMet
GlnTrpPhe.NH, ), L-659877 (cyclo(GlnTrpPheGlyLeuMet) and
L-663109 (GlpPhePhe[ANC—Z]GlyLeuMetNHZ), donated by Merk,
Sharp & Dome, UK; SK&F 94120, donated by Smith, Kline &
French, Welwyn, UK; zaprinast donated by May & Baker,
Dagenham, UK.

Adrenaline, isoprenaline and noradrenaline were
dissolved in 0.1 mg/ml ascorbic acid. Corticosterone was
dissolved in ethanol. Indomethacin was dissolved in

phosphate buffer, 0.02 M KH, PO, and 0.12 M Na,HPO, pH 7.8,
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by heating to 40°C for 30 min. NKB was dissolved in 50 %
sulpholane (tetrahydrothiophen-1, 1-dioxide). [Nle'?]
NKA(4-10), L-659877, L-659874, L659837 and L-663109 were
dissolved in dimethyl sulfoxide (DMSO; Sigma Chemical
Co.). SK&F 94120 and zaprinast were dissolved in 0.1 M
NaOH. All other drugs were dissolved in distilled water.
Peptides were dissolved, aliquoted into appropriate volumes
and stored at -20 or -80°C until use. Other drugs were
dissolved freshly on the day of use. Stock solutions of all
drugs were prepared freshly and were diluted +to
appropriate concentrations in Krebs-Henseleit (KH)
solution.

The composition of KH solution (in mM) was as
follows: NaCl 118, KCl 5.9, MgSO,.7H,0 1.2, CaCl,.6H,0 2.5,

NaH,PO, .2H,0 1.2, NaHCO; 25.5 and glucose 11.
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3. Modulation of cholinergic neurotransmission in human

airway smooth muscle by catecholamines

3.1. Aim

The present study was designed to investigate whether
cholinergic neurotransmission in human airway smooth
muscle may be modulated by catecholamines. Modulation by a
prejunctional mechanism was investigated by comparing the
effects of exogenous catecholamines on contractions of
isolated human bronchi induced by exogenous and endogenous
acetylcholine. The release of endogenous acetylcholine
from cholinergic nerve terminals was evoked by EFS. The
receptor +type mediating modulation of cholinergic
neurotransmission was determined with the use of selective
adrenoceptor antagonists. The effect of tyramine on
cholinergic responses of human bronchi was also
investigated in order to determine whether noradrenaline
released by any intrinsic adrenergic nerves may also

modulate cholinergic neurotransmission.
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3.2. Protocol

3.2.1. EFS parameters

Cholinergic nerve-mediated contractile responses were
induced by EFS in human bronchi. EFS was applied for 15 s
at intervals of 4 min. Optimum parameters for the
stimulation of cholinergic nerves were determined by
constructing stimulus-response curves over a pulse
duration range of 0.01-1 ms, a voltage range of 2.5-60 V
and a frequency range of 0.5-64 Hz. Tissues were incubated
for 30 min with 3 uM TTX and stimulus-response curves
repeated. For all subsequent experiments a pulse duration
of 1 ms, voltage of 40 V and frequency range of 4-32 Hz
was used.

The effect of 1 uM atropine and 1 uM hexamethonium
was assessed on contractile responses to repeated

applications of 32 Hz EFS.

3.2.2. Catecholamines

Preliminary experiments were carried out to determine
the time course for the inhibitory effect of isoprenaline
on EFS-induced contractions. Tissues were field stimulated
every 4 min at 32 Hz for 10-15 min. When stable responses
were obtained, 1 uM isoprenaline was added and EFS

continued for 1 hr.
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Control EFS frequency-response curves and
acetylcholine C-R curves were constructed in separate
preparations. Tissues were washed with KH solution and
stimulus-response curves repeated following incubation
with increasing concentrations (0.001-1000 uM) of
isoprenaline, adrenaline or noradrenaline for 10 min. Only
one catecholamine was studied on each tissue. Consecutive
stimulus-response curves were constructed in adjacent
bronchial rings in the absence of catecholamines to assess
the reproducibility of EFS frequency-response and
acetylcholine C-R curves with time.

In separate experiments tissues were field stimulated
every 4 min at 32 Hz. When stable responses were obtained,
tissues were incubated for 20 min with 1 uM phentolamine,
luM propranolol, 0.1 uM betaxolol (a betal—selective
antagonist) or 0.1 uM ICI 118551 (a beta,-selective
antagonist), and then 1 uM isoprenaline was added.
Time-control experiments were carried out in parallel
tissues from the same patient in the absence of any
antagonist.

To investigate the effect of tyramine on EFS-induced
contractions tissues were field stimulated every 4 min at
32 Hz, and after a control period, 100 uM tyramine was

added.
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3.3. Results

3.3.1. EFS parameters

EFS of human bronchi induced a rapid and transient
contraction followed by a variable 1longer-lasting
relaxation. The contractile response to EFS was dependent
on the pulse duration, voltage and frequency of
stimulation (figure 1). TTX (3uM) abolished contractile
responses to EFS of pulse durations up to 0.2 ms, voltages
up to 20 V and frequencies up to 16 Hz. EFS of greater
pulse duration, voltage and frequency induces small
TTX-resistant contractions. Optimal stimulus parameters
were selected from stimulus-response curves. Hence, EFS
with a pulse duration of 1 ms, voltage of 40 V and
frequency of 32 Hz induces a maximal contractile response
with a minimal TTX-resistant component (approximately 5%).

Atropine (1 uM) inhibited contractions induced by EFS
(1 ms, 40 V, 32 Hz), with responses being reduced to 4.7 +
3.0 % of their control level (n=6). Hexamethonium (5 uM)
had no effect on similar contractions induced by EFS,
with responses being 101.7 + 6.8 % of their control level

(n=6).

3.3.2. Control responses to EFS and acetylcholine

EFS (1.0 ms, 40 V, 4-32 Hz) and acetylcholine (1-300

uM) induced frequency- and concentration-dependent
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Figure 1. EFS parameters for the stimulation of
cholinergic nerves in human bronchi. (a) Effect of pulse
duration on contraction induced by EFS (40 VvV, 32Hz). (b)
Effect of voltage on contraction induced by EFS (1.0 ms,
32 Hz). (c) Effect of frequency on contraction induced by
EFS (40 v, 1.0 ms). Responses were obtained in the
absence (O) and presence (@) of 3 uM TTX. Points
represent means + SE of n=6, ** p<0.01 absence vs.
presence of TTX.
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contractions of human bronchi, respectively (figure 2).
EFS with frequencies of 4, 8, 16 and 32 Hz evoked
contractions (in mg) which were comparable in magnitude to
contractions evoked by 10, 30, 100 and 300 uM
acetylcholine, respectively (table 1).

Consecutive EFS frequency-response curves and
acetylcholine C-R curves were reproducible. Table 2
demonstrates contractile responses induced by 32 Hz EFS
and 300 uM acetylcholine as part of 6 consecutive
stimulus-response curves. Responses to EFS were similar
for all 6 frequency-response curves. Responses to
acetylcholine were similar for the first 4 C-R curves but
were significantly reduced in the 5th and 6th curve. For
subsequent experiments, a maximum of 6 EFS consecutive
frequency-response curves and 4 consecutive acetylcholine

C-R curves were used.

3.3.3. Time course

In preliminary experiments on bronchial rings from 4
patients, isoprenaline (1 uM) caused a 54.7 + 8.7 %
reduction in baseline tone (equivalent to 1144 + 139 mg)
and an 83.8 + 6.1 % reduction in the contractile response
to EFS (1.0 ms, 40 VvV, 32 Hz) (figure 3). Inhibition of
EFS-induced contraction was maximal 6-10 min after the
addition of isoprenaline and was maintained for
approximately 30 min. After this time, inhibition was

gradually reversed. In subsequent experiments, the effects
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Points represent means + SE.
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Table 1. Matched contractile responses of human bronchi to
EFS and acetylcholine

EFS Contraction' Acetylcholine Contraction® p3
(Hz) (mg) (uM) (mg)

4 671 + 108 10 599 + 610 Nst
8 943 + 132 30 894 + 940 NS
16 1206 + 171 100 1237 + 107 NS
32 1590 + 1879 300 1541 + 130 NS

Figures represent means + SE.

1. n= 35 preparations from 22 patients.

2. n= 28 preparations from 22 patients.

3. Probability 1level for unpaired Student's T-test
comparison of matched EFS- and acetylcholine-induced
contractions.

4. NS= no significance.
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Table 2. Reproducibility of matched contractile responses
of human bronchi to EFS and acetylcholine.

% response!

32 Hz EFS 300 uM acetylcholine
first 100.0 + 0.0 100.0 + 0.0
second 100.0 + 4.2 95.4 + 5.2
third 103.3 + 4.8 97.0 + 3.7
fourth 106.4 + 6.4 96.6 + 5.5
fifth 103.4 + 6.4 80.8 + 6.3"
sixth 104.8 + 4.2 72.3 + 5.6

1. Figures represent contractile responses (means + SE of
6 preparations) induced by 32 Hz EFS or 300 uM
acetylcholine as part of six consecutive stimulus-response
curves, expressed as % of the response obtained in the
first stimulus-response curve.

** p<0.01 paired Student's T-test, compared to response
in first stimulus-response curve.
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Figure 3. Time course for inhibitory effect of 1 uM
isoprenaline on responses of human bronchi to EFS (1.0 ms,
40 VvV, 32 Hz). Cholinergic responses were measured at
several time points following the addition of 1 uM
isoprenaline (QO). Adjacent tissues served as time controls
in the absence of isoprenaline (@®). Points represent means
+ SE of n=4, ** p<0.0l1 compared to time control.
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of catecholamines on cholinergic contractions was examined
by incubating tissues with catecholamines for 10 min
before the application of acetylcholine or EFS. Responses
to acetylcholine and EFS were examined within 30 min of
the addition of catecholamines. This period of time
allowed the construction of two EFS frequency-response
curves (4-32 Hz) or a limited acetylcholine C-R curve

(1-300 uM).

3.3.4. Catecholamines

Isoprenaline, adrenaline and noradrenaline produced
concentration-dependent inhibition of contractile
responses to both EFS and acetylcholine. The rank order of
potency of catecholamines for inhibition

of EFS-induced responses (determined from a
comparison of 1IC,s) was isoprenaline > adrenaline
> noradrenaline, and was similar at all frequencies
studied (table 3). All three catecholamines were more
potent at inhibiting cholinergic contractions induced by
low rather than high frequencies of stimulation with IC, s
for inhibition of contraction induced by 32 Hz being 1 to
2 orders of magnitude greater than IC, s for inhibition of
contraction induced by 4 Hz. IC,s for inhibition of
acetylcholine-induced contraction could not always be
determined as 50 % inhibition was not always achieved.
However, for contractions induced by 10 uM acetylcholine ,

the rank order of potency for inhibition by catecholamines
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was isoprenaline = adrenaline > noradrenaline.
Isoprenaline and noradrenaline were more potent at
inhibiting contractions induced by low concentrations of
acetylcholine than high concentrations.

In order to determine whether catecholamines modulate
cholinergic neurotransmission, a comparison of inhibition
of matched EFS-induced and acetylcholine-induced
contractions was made. Thus, inhibition of contraction
induced by 4 Hz EFS was compared to inhibition of
contraction induced by 10 uM acetylcholine, and so on. At
all frequencies studied, isoprenaline (0.1-100 uM) caused
a significantly greater inhibition of EFS-induced
contractions than of acetylcholine-induced contractions
(figure 4). At a stimulation frequency of 4 Hz,
isoprenaline was 77 times more potent at inhibiting
EFS-induced contractions than matched
acetylcholine-induced contractions. This
concentration-ratio (determined from comparison of Iqms)
increased with frequency of stimulation, such that at 32
Hz isoprenaline was >350 times more potent at
inhibiting EFS-induced than acetylcholine-induced
contractions. A representative tracing of the inhibitory
influence of isoprenaline on EFS-induced contractions of
human bronchi, at concentrations that have 1little effect
on acetylcholine-induced contractions, is shown in figure
5.

Adrenaline (1 uM or greater) also induced a

significantly greater inhibition of EFS-induced
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Table 3. IC,,s for inhibition of cholinergic reponses by

catecholamines
EFS IC,' acetylcholine 1IC,' ratic®
(Hz) (uM) (uM) (uM)
isoprenaline 4 0.048 10 3.7 77
8 0.087 30 15 170
16 0.24 100 >100° >420
32 0.29 300 >100° >350
adrenaline 4 0.40 10 2.7 6.8
8 0.68 30 NC NC
16 1.1 100 NC? NC
32 25 300 Nc? NC
noradrenaline 4 56 10 300 5.4
8 160 30 200 1.3
16 320 100 790 2.5
32 560 300 >1000° >1.8
1. 1IC,, = concentration inducing 50 % inhibition of

cholinergic contractions, interpolated from sigmoid curves
fitted to mean responses.

2. Ratio of IC,;s for matched acetycholine- and
EFS-induced contractions.

3. 50 % inhibition not achieved, therefore I o ©estimated
to be greater than the highest concentration of
catecholamine used.

4. 50 % inhibition not achieved, therefore IC,, not
calculated (NC).
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Figure 4. Effect of isoprenaline on matched responses of
human bronchi to EFS (1.0 ms, 40 V) and acetylcholine. (a)
4 Hz EFS and 10 uM acetylcholine, (b) 8 Hz EFS and 30 uM
acetylcholine, (c) 16 Hz EFS and 100 uM acetylcholine, and
(d) 32 Hz EFS and 300 uM acetylcholine. Points represent
means + of n=7-8, ** p<0.01 acetylcholine-induced vs.
EFS-induced responses. O EFS; @ acetylcholine.
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Figure 5. Representative tracing of inhibition of
cholinergic responses by isoprenaline. Isoprenaline
inhibits EFS-induced contractions (A), at concentrations
that have 1little effect on acetylcholine-induced
contractions (B).
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contractions than of matched acetylcholine-induced
contractions (figure 6), with a concentration-ratio of 6.8
at a stimulation frequency of 4 Hz.

Noradrenaline (1 mM) induced a significantly greater
inhibition of EFS-induced than acetylcholine-induced
contractions, but only at stimulation frequencies of 4 and
8 Hz (figure 7). At 4 Hz, noradrenaline was 5.4 times more
potent at inhibiting EFS-induced than

acetylcholine-induced contractions.

3.3.5. Adrenoceptor antagonists

Phentolamine (1 uM), propranolol (1 uM), betaxolol
(0.1 uM) and ICI 118, 551 (0.1 uM) had no effect on
contractile responses to EFS (1.0 ms, 40 VvV, 32 Hz), with
responses being 101 + 2 %, 103 + 5 %, 99 + 4 % and 100 + 1
% respectively, of their control 1level. The inhibitory
effect of 1 uM isoprenaline on similar contractile
responses to EFS was unaffected by phentolamine and
betaxolol, but was blocked by propranolol and ICI 118
551 (figure 8). The concentration of isoprenaline used
for such studies was chosen as it was found to inhibit
contractile responses to EFS whilst having no effect on

matched acetylcholine contractions.
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Figure 6. Effect of adrenaline on matched responses of
human bronchi to EFS (1.0 ms, 40 V) and acetylcholine. (a)
4 Hz EFS and 10 uM acetylcholine, (b) 8 Hz EFS and 30 uM
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Figure 8. Effect of adrenoceptor antagonists on inhibition
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3.3.6. Tyramine

Tyramine (100 uM) had no effect on contraction
induced by EFS (1.0 ms, 40 V, 32 Hz), with responses after
10 and 30 min incubation being 105.3 + 6.5 % and 106.0 +

11.1 & respectively of their control level.
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3.4. Discussion

The response of isolated human airway smooth muscle
preparations to EFS has been well characterised by several
studies (Richardson & Beland, 1976; Davies et al., 1982;
Taylor et al., 1984). In these reports, as in the
experiments, EFS of isolated bronchi elicits a contractile
response that can be blocked by atropine and TTX
suggesting that contraction results from the activation of
intrinsic cholinergic nerves. The cholinergic contraction
is followed by an inhibitory response that is blocked by
TTX but is unaffected by propranolol, and is thought to be
due to the activation of i-NANC nerves. A sustained
non-neuronal contractile response to EFS has also been
described to be present in 80 % of bronchial preparations
(de Jongste et al., 1987). This response may be due to a
partly epithelium-dependent synthesis of excitatory
arachidonic acid metabolites and is reduced by prior
cooling of tissues to 4 °C. In the present experiments, a
sustained contractile response to EFS was observed in
preparations from only 2 out of 22 patients studied. All
preparations used were maintained at 4°C prior to mounting
in the organ baths, and this may explain the low incidence
of non-neuronal responses to EFS in this study.

Contractile responses of human bronchi to exogenous
acetylcholine were depressed by isoprenaline, adrenaline

and noradrenaline, presumably by the activation of
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beta-adrenoceptors 1located on smooth muscle membranes.
Responses to cholinergic nerve stimulation by EFS were
also depressed by catecholamines, and to a greater degree
than were responses to exogenous acetylcholine. Several
explanations may account for these findings. Exogenous
acetylcholine may activate a greater number of muscarinic
receptors on bronchial smooth muscle than acetylcholine
released during EFS. Functional antagonism between
catecholamines and acetylcholine would result in a
decreased effectiveness of catecholamines to inhibit
contractions induced by exogenous acetylcholine as
compared to EFS-induced contractions. This explanation is
unlikely since inhibition of cholinergic responses by
catecholamines was determined on acetylcholine- and
EFS-induced contractions of similar magnitude. Another
explanation may be that the distribution of muscarinic
receptors activated by endogenously released and
exogenously added acetylcholine may not be the same, and
this could influence the effectiveness of catecholamines
to antagonise contractile responses.

In addition to postjunctional mechanisms,
catecholamines may depress contractile responses to EFS by
acting prejunctionally to alter neurotransmitter release.
The response of smooth muscle preparations to EFS
represents a composite of the effects of excitatory and
inhibitory neurotransmitters. A reduction in the magnitude
of cholinergic contractions induced by EFS may be due to a

decrease in the release of acetylcholine from cholinergic
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nerve terminals or an increase in the release of an
inhibitory neurotransmitter which would antagonise
contractile responses postjunctionally. The identity of
the inhibitory neurotransmitter mediating relaxant
responses of human bronchi to EFS is uncertain, and
antagonists to this response are not available.
Potentiation of the release of an inhibitory
neurotransmitter can therefore not be discounted as a
mechanism by which catecholamines inhibit responses to
cholinergic nerve stimulation. In canine airways
noradrenaline and isoprenaline suppress the amplitude of
excitatory junction potentials evoked by EFS at
concentrations that have no effect on membrane potential,
suggesting that catecholamines may decrease the release of
acetylcholine from cholinergic nerve terminals (Ito &
Tajima, 1982). However, measurements of acetylcholine
release from canine airways have failed to demonstrate an
inhibitory effect of noradrenaline (Martin & Collier,
1986). The mechanism by which catecholamines inhibit
cholinergic nerve-mediated responses of isolated airway
smooth muscle therefore remains controversial, and the
results of the present study cannot lead to a definitive
conclusion.

Modulation of cholinergic neurotransmission by
catecholamines has been demonstrated in airway ganglia
(see introduction). EFS of isolated preparations excites
all neuronal elements present, therefore the release of

neurotransmitter from a nerve terminal results from local
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changes in ionic gradients, and not from the propagation
of action potentials. Cholinergic neurotransmission at the
neuroceffector junction is therefore not dependent on the
presence of airway ganglia, and this is confirmed by the
lack of effect of hexamethonium on EFS-induced responses.
Modulation of neurotransmission at any ganglia present in
an isolated preparation will not necessarily be
accompanied by changes in neurotransmission at the
neuroeffector junction. If modulation of neurotransmitter
release is the mechanism by which catecholamines inhibit
responses to cholinergic nerve stimulation then modulation
must occur at the neuroeffector junction of airway smooth
muscle.

In guinea-pig airway smooth muscle adrenergic fibres
are sometimes found in close association with cholinergic
fibres (Jones et al., 1980). In the rabbit small intestine
complexes are formed between terminal adrenergic
varicosities and cholinergic axons, and the stimulation of
adrenergic and cholinergic nerves leads to the reciprocal
inhibition of acetylcholine and noradrenaline release
(Mamber et al., 1979). Smooth muscles of the airways and
the gastrointestinal tract share a common embryological
origin, therefore it is possible that the stimulation of
adrenergic nerves in airway smooth muscle may inhibit
acetylcholine release from cholinergic nerves. In canine
bronchi, propranolol augments cholinergic responses to EFS
but not exogenous acetylcholine, suggesting that

noradrenaline released from adrenergic nerves by EFS may
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inhibit cholinergic nerve-mediated responses (Vermeire &
Vanhoutte, 1979). Tyramine, which causes the
pharmacological displacement of noradrenaline from
adrenergic nerves, depressed cholinergic contractions
evoked by EFS but not those induced by exogenous
acetylcholine (Danser et al., 1987). Adrenergic
innervation to human airway smooth muscle is scant,
although a close proximity between cholinergic nerve
terminals and possible adrenergic varicosities has been
reported (Davis & Kannan, 1987). EFS and tyramine both
induce the release of noradrenaline from human bronchial
smooth muscle (Davis & Kannan, 1987) and noradrenaline has
been shown to inhibit EFS-induced contractions of human
bronchi at concentrations that have little effect on
acetylcholine-induced contractions (Grundstrom & Andersson,
1985). Experiments described by Grundstrom & Andersson,
1985, were carried out in the presence of the neuronal
uptake inhibitor cocaine and this may explain the higher
concentrations of noradrenaline needed in our experiments
to inhibit contractile responses to EFS. Propranolol and
tyramine had no effect on cholinergic responses induced by
EFS, suggesting that in the present study noradrenaline
released by any intrinsic adrenergic nerves has no
significant effect on responses of human bronchi to the
stimulation of cholinergic nerves.

Isoprenaline and adrenaline were both more potent
than noradrenaline at inhibiting contractile responses to

EFS and acetylcholine, and both yielded greater ICg,
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concentration-ratios for inhibition of
acetylcholine-induced contractions compared to inhibition
of EFS-induced contractions. This raises the possibility
that circulating catecholamines, rather than noradrenaline
released by adrenergic nerves to smooth muscle, may be
responsible for modulating cholinergic nerve-mediated
responses in vivo. In anaesthetised cats, intravenous
isoprenaline abolishes wvagal tone but only reduces
acetylcholine-induced tone by 50 % (Baker & Don, 1987).
The rank order of potency of catecholamines for
inhibition of EFS-induced contractions was isoprenaline >
adrenaline > noradrenaline, suggesting that responses to
catecholamines may be mediated by beta-adrenoceptors.
Indeed, the inhibitory influence of isoprenaline on
EFS-induced contraction was prevented by a
beta,-adrenoceptor antagonist but not by alpha- or beta -
adrenoceptor antagonists. Other studies have shown
inhibition of cholinergic nerve-mediated responses by
noradrenaline to be mediated by alpha,-adrenoceptors in
the guinea-pig trachea and human bronchus (Grundstom et
al., 1981; Grundstrom & Andersson, 1985a) and by
betal—adrenoceptors in canine bronchi (Danser et al.,
1987). A similar study to ours has also reported a
selective inhibition of EFS-induced contractions of human
bronchi by isoprenaline, but the receptor type mediating
such effects was not determined (Davis & Kannan, 1987).
The same study however failed to show an inhibitory effect

of the alpha,-adrenoceptor agonist clonidine on EFS- or
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acetylcholine-induced contractions. In the guinea-pig
trachea the Dbeta,-adrenoceptor agonist procaterol
suppressed end junction potentials evoked by EFS without
affecting membrane potential, and this response was
prevented by a beta,-adrenoceptor antagonist (Ito, 1988).
Differences in methodology, animal species and airway
level used by different investigators may underlie some of
the wvariability obtained in receptor classification,
although it is difficult to reconcile the contrasting
findings obtained from human bronchi regarding the role of
alpha,-adrenoceptors in mediating inhibition of
EFS-induced contraction.

Inhibition of cholinergic neurotransmission in human
airways may represent an important pathway by which
circulating catecholamines protect against
bronchoconstrictor influences. Any deficiency in this
pathway would therefore have important clinical
implications. Plasma adrenaline 1levels 1in resting
asthmatic subjects are normal (Barnes et al., 1982b) but
fail to rise during an acute asthma attack (Ind et al,
1985). This is in contrast to the rise in catecholamine
levels seen under conditions of acute stress, such as
myocardial infarction (Karlsberg et al., 1981). Asthmatic
patients also demonstrate a blunted rise in adrenaline
levels during exercise (Barnes et al, 1981). Since
adrenaline clearance appears to be normal in stable
asthmatics, the failure of plasma adrenaline 1levels to

rise during an asthma attack or exercise may indicate an
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impairment of adrenaline secretion in asthma. Nocturnal
asthma is associated with a drop in circulating levels and
this coincides with the time of maximum
bronchoconstriction (Barnes et al., 1980). Early morning
bronchoconstriction may be reduced by a cholinergic
receptor antagonist (Coe & Barnes, 1986), suggesting that
the fall in adrenaline 1levels observed leads to an
increase in wvagal tone. Beta-adrenoceptor antagonists
induce a bronchoconstriction in asthmatic, but not normal,
subjects that is prevented and reversed by anticholinergic
drugs (Grieco & Pierson, 1971; Ind et al., 1989)
suggesting that there is a tonic inhibition of vagal tone.
Our results are in agreement with these observations since
blockade of prejunctional beta-adrenoceptors on
cholinergic nerves would remove the inhibitory influence
of circulating catecholamines on cholinergic
neurotransmission. The increase in acetylcholine release
that would follow beta-adrenoceptor blockade would have a
much greater effect in asthmatic subjects who are
hyperreactive to cholinergic agonists. This would explain
why asthmatic but not normal subjects develop
bronchoconstriction in response to beta-adrenoceptor
antagonists.

In conclusion, catecholamines inhibit cholinergic
contractions mediated by the stimulation of cholinergic

nerves to a greater degree than comparable contractions
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evoked by exogenous acetylcholine. This may reflect
prejunctional modulation of cholinergic neurotransmission

in human airways by beta,-adrenoceptors.
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4. Modulation of tachykinin-induced contraction of

guinea-pig and human ASM by airway epithelium: role of

cyclooxygenase and NEP.

4.1. Aim

The present study was designed to investigate whetheg
and by what mechanism)airway epithelium modulates the
response of the underlying smooth muscle to tachykinins.
Contractile responses to exogenous tachykiniag were
induced in guinea-pig tracheal and human bronchial smooth
muscle in the presence and absence of an intact epithelial
layer. The effects of indomethacin and the NEP inhibitor
phosphoramidon on tachykinin-induced contraction were
examined in order to determine whether inhibitory
cyclooxygenase products or peptide metabolism by NEP
respectively may contribute to epithelial modulation of

ASM responses.
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4.2. Protocol

Cumulative C-R curves to tachykinins were
constructed in intact and epithelium-denuded guinea-pig
tracheal and human bronchial preparations. Parallel
preparations from the same trachea/bronchus were
pretreated with 5 uM indomethacin and/or 10 uM
phosphoramidon for 30 min prior to the construction of C-R
curves. When indomethacin induced relaxation, baseline
tension was readjusted to the pre-existing level. Only one
tachykinin C-R curve was constructed in each preparation
and tachykinin-induced contractions were compared to the
response induced by 10 uM carbachol at the end of each

experiment.
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4.3 Results

4.3.1. Guinea-pig trachea

4.3.1.1 Tachykinins

NKA, NKB and SP induced concentration-dependent
contractions of guinea-pig tracheal smooth muscle. Maximal
(or even 50 % of maximal) contractile responses were not
achieved by any of the tachykinins studied, therefore pD,
values could not be determined. A comparison of mean EC, s
suggests a rank order of potency of tachykinins of NKA >
NKB > SP (-log EC,, 6.45 + 0.09 NKA, 5.72 NKB and 5.30 +
0.14 SP). NKB at the highest concentration used, produced
a contraction which was less than 30 % of the maximal
carbachol contraction, therefore the -log EC,, was
extrapolated from a sigmoid curve fitted to mean

NKB-induced responses.

4.3.1.2. Effect of epithelium removal

The effectiveness of epithelium removal was assessed
pharmacologically by determining the reactivity of rubbed
and unrubbed preparations to acetylcholine (figure 9).
Epithelium removal increased the potency of acetylcholine
(pD, 4.98 + 0.02 unrubbed preparations, 5.91 + 0.03
rubbed preparations, p<0.0l1, concentration-ratio 8.5, n=5)

but had no effect on the maximal response to acetylcholine
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Figure 9. Effect of epithelium removal on responses of

guinea-pig trachea to acetylcholine ( O intact, @
epithelium-denuded preparations). Points represent means +
SE of n=5, * p<0.05, ** p<0.01 intact vs.

epithelium-denuded preparations.
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(2983 + 156 mg unrubbed preparations, 2762 + 203 mg rubbed
preparations).

Epithelium removal <caused a potentiation of
contractile responses to all three tachykinins which was
manifested in increases in potency (tables 4, 5 & 6,
figures 10, 11 & 12). Mean EC,;s for NKA, NKB and SP were
increased 12-fold, 288-fold and 138-fold, respectively. In
epithelium-denuded preparations the rank order of potency
of tachykinins, derived from comparisons of mean EC,,s and
pD,s, was NKB = NKA > SP. The effect of epithelium removal
on maximal responses to tachykinins could not be
determined as sufficiently high bath concentrations of
tachykinins could not always be achieved.

Epithelium removal had no effect on the maximal

contraction induced by 10 uM carbachol (table 7).

4.3.1.3. Effect of cyclooxygenase inhibition

Indomethacin (5 uM) induced relaxation of guinea-pig
tracheal preparations (1234 + 213 mg intact, 932 + 154 mg
epithelium-denuded preparations, n=25).

Indomethacin (5 uM) caused a potentiation of
contractile responses of intact and epithelium-denuded
preparations to NKA (figure 10, table 4). In intact
preparations, mean -log EC,;s for wuntreated and

indomethacin-treated preparations were significantly
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Table 4. Effect of epithelium removal, cyclooxygenase
inhibition and NEP inhibition on contractile responses of
guinea-pig trachea to NKA.

-log EC,' ratio? pD,> ratio®

Untreated:

intact 6.45 + 0.09 -

denuded 7.51 + 0.07 12 7.65 + 0.07 -
Indomethacin:

intact 8.10 + 0.08 7.60 + 0.08
denuded 8.78 + 0.09° 4.8 8.37 + 0.08 5.9
Phosphoramidon:

intact 7.62 + 0.10 7.73 + 0.14
denuded 7.82 + 0.08 1.6 8.08 + 0.13 2.4
Indomethacin +

phosphoramidon:

intact 9.08 + 0.06 8.68 + 0.08
denuded 9.18 + 0.07 1.3 8.77 + 0.06 1.2

1. EC,,= concentration of tachykinin inducing 30 3% of the
maximal carbachol-induced contraction.

2. Ratio of EC,;s in epithelium-denuded and intact
preparations.

3. pD,= -log EC.

4. Ratio of EC,s in epithelium-denuded and intact
preparations.
* p<0.05 denuded vs. intact preparations, unpaired

Student's T-test.

Figures represent means + SE of n=8.
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Table 5. Effect of epithelium removal, cyclooxygenase
inhibition and NEP inhibition on contractile responses of
guinea-pig trachea to NKB.

-log EC,,' ratid? pD,3 ratio?®
Untreated:
intact 5.72 -
denuded 8.18 + 0.11" 288 7.77 + 0.15 -
Indomethacin:
intact 7.78 + 0.13* 7.48 + 0.1§
denuded 8.45 + 0.10 4.7 8.15 + 0.08 4.7
Phosphoramidon:
intact 7.50 + 0.13* 7.11 + 0.0Z
denuded 8.66 + 0.15 14 8.33 + 0.06 17
Indomethacin +
phosphoramidon:
intact 8.61 + 0.09 8.14 + 0.03
denuded 8.79 + 0.05 1.5 8.37 + 0.06 1.7

1. EGC,,= concentration of tachykinin inducing 30 ¥ of the
maximal carbachol-induced contraction.

2. Ratio of EC,;s in epithelium-denuded and intact
preparations.

3. pDb,= -log EC,,.

4. Ratio of EC,;s in epithelium-denuded and intact
preparations.

* p<0.05 denuded vs. intact preparations, unpaired
Student's T-test.

Figures represent means + SE of n=7.
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Table 6. Effect of epithelium removal, cyclooxygenase
inhibition and NEP inhibition on contractile responses of
guinea-pig trachea to SP.

-log EC,! ratioc? pD,> ratic
Untreated:
intact 5.35 + 0.09, -
denuded 7.49 + 0.10 138 7.23 + 0.16 -
Indomethacin:
intact 6.78 + 0.11 6.16 + 0.08
denuded 7.78 + 0.19 10 7.40 + 0.12 17
Phosphoramidon:
intact 7.55 + 0.07 7.14 + 0.07
denuded 8.18 + 0.08 4.3 7.71 + 0.08* 3.7
Indomethacin +
phosphoramidon:
intact 8.27 + 0.08 7.83 + 0.09
denuded 8.52 + 0.12 1.8 8.06 + 0.16 1.7

1. EC,,= concentration of tachykinin inducing 30 % of the
maximal carbachol-induced contraction.

2. ratio of EC,;s in epithelium-denuded and intact
preparations.

3. pb,= -log EC,.

4. ratio of EC,;s in epithelium-denuded and intact
preparations.

* p<0.05 denuded vs. intact preparations, unpaired
Student's T-test.

Figures represent means + SE of n=10.
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Figure 10. Effect of epithelium removal and cyclooxygenase
inhibition on responses of guinea-pig trachea to NKA.
Tissues were untreated ( O intact, @ epithelium-denuded
preparations) or pretreated with 5 uM indomethacin
( A intact, A epithelium-denuded preparations). Points
represent means + SE of n=8.
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Figure 11. Effect of epithelium removal and cyclooxygenase
inhibition on responses of guinea-pig trachea to NKB.
Tissues were untreated ( O intact, @ epithelium-denuded
preparations) or pretreated with 5 uM indomethacin
( A intact, A epithelium-denuded preparations). Points
represent means + SE of n=7.
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Figure 12. Effect of epithelium removal and cyclooxygenase
inhibition on responses of guinea-pig trachea to SP.
Tissues were untreated ( @ intact, @ epithelium-denuded
preparations) or pretreated with 5 uM indomethacin
( A intact, A epithelium-denuded preparations). Points
represent means + SE of n=10.
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Table 7. Maximal contraction induced by 10 uM carbachol

maximal contraction (mg)!

epithelium-
intact denuded
preparations preparations

NKA:

untreated 2951 + 162 2622 + 309
indomethacin 2945 + 449 2535 + 323
phosphoramidon 2954 + 286 2567 + 315
indo. + phosph. 3146 + 475 2625 + 528
NKB:

untreated 2278 + 489 2597 + 197
indomethacin 2710 + 500 2562 + 346
phosphoramidon 2619 + 301 2481 + 298
indo. + phosph. 2445 + 350 2896 + 268
SP:

untreated 2452 + 335 2130 + 359
indomethacin 2513 + 274 2269 + 212
phosphoramidon 2820 + 214 2582 + 300
indo. + phosph. 2565 + 257 2138 + 211

1. maximum tension generated by 10 uM carbachol in
untreated preparations or preparations pretreated with
indomethacin and/or phosphoramidon after the construction
of NKA, NKB or SP C-R curves.

Figures represent means + SE of n=7-10.
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different (p<0.01) and yielded a concentration-ratio of
45. In epithelium-denuded preparations, mean -1log EC,,
for untreated and indomethacin-treated preparations were
significantly different (p<0.01) and yielded a
concentration-ratio of 19. Potentiation of NKA-induced
contractions by indomethacin was therefore greater in
intact than in epithelium-denuded preparations. In the
presence of indomethacin, epithelium removal still
resulted in a potentiation (4.8-fold for mean EC,,s and
5.9-fold for mean pD,s) of NKA-induced contractions,
although this effect was smaller than in untreated
preparations (12-fold for mean EC,,s). The effect of
indomethacin on maximal responses to NKA could not be
determined.

Indomethacin caused a potentiation of intact, but not
epithelium-denuded, preparations to NKB (figure 11, table
5). In intact preparations, a comparison of mean -log
EC,;s in untreated and indomethacin-treated preparations
yielded a concentration-ratio of 115 (significance could
not be determined) In epithelium-denuded preparations,
there was no significant difference between mean -log
EC,,s for untreated and indomethacin-treated preparations.
In the presence of indomethacin, epithelium removal still
resulted in a potentiation (4.7-fold for mean Eqwsand
pDzs) of NKB-induced contractions, and this effect was
smaller than in untreated preparations (288-fold for mean
Eqms). The effect of indomethacin on maximal responses to

NKB could not be determined in intact preparations. 1In
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epithelium-denuded preparations, however, indomethacin
potentiated the maximum contraction induced by NKB (74.2 +
9.2 % wvs. 97.1 + 1.4 % of carb, untreated vss.
indomethacin-treated preparations, p<0.05).

Indomethacin caused a potentiation of contractile
responses of intact, but not epithelium-denuded,
preparations to SP (figure 12, table 6). In intact

preparations, mean -log EC,,s for untreated and

30
indomethacin-treated preparations were significantly
different (p<0.0l1), with a concentration-ratio of 27. 1In
epithelium-denuded preparations, there was no significant
difference between mean -log EC,;s for untreated and
indomethacin-treated preparations. In the presence of
indomethacin, epithelium removal still resulted in a
potentiation (12-fold for mean EC,,s and 17-fold for mean
pD,s) of SP-induced contractions, and this effect was
smaller than in untreated preparations (138-fold for mean
EC,;s). The effect of indomethacin on maximal responses to
SP could not be determined in intact preparations. In
epithelium-denuded preparations, however, indomethacin had
no effect on the maximum contraction induced by SP (71.8 +
9.3 % vs. 88.1 + 7.4 % of carb, untreated vs.
indomethacin-treated preparations).

Indomethacin had no effect on the maximal contraction

induced by 10 uM carbachol in intact and

epithelium-denuded preparations (table 7).
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4.3.1.4. Effect of NEP inhibition

Phosphoramidon (10 uM) induced an increase in resting
tension in 4 out of 30 intact preparations (283 + 58 mg)
and 5 out of 30 epithelium-denuded preparations (333 + 62
mg).

Phosphoramidon (10 uM) caused a potentiation of
contractile responses of intact, but not
epithelium-denuded, preparations to NKA (figure 13a, table
4). In intact preparations, mean -log EC,,s for untreated
and phosphoramidon-treated preparations were
significantly different (p<0.01) and yielded a
concentration-ratio of 15. In epithelium-denuded
preparations, there was no significant difference between
mean -log EC,;s for untreated and phosphoramidon-treated
preparations. In the presence of phosphoramidon,
epithelium removal failed to potentiate NKA-induced
contractions, with no significant difference being
observed between mean -log EC,;s or between mean pD,s for
intact and epithelium-denuded preparations (table 4). The
effect of phosphoramidon on the maximal response to NKA
could not be determined.

Phosphoramidon caused a potentiation of contractile
responses of intact and epithelium-denuded preparations to
NKB (figure 14a, table 5). In intact preparations, mean

-log EC

20S for untreated and phosporamidon-treated

preparations vyielded a concentration-ratio of 60

(significance could not be determined). In epithelium
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Figure 13. Effect of NEP inhibition on responses of
guinea-pig trachea to NKA. 1In (a) tissues were untreated
(Ointact, @ epithelium-denuded preparations) or pretreated
with 10 uM phosphoramidon (¢ intact, ¢ epithelium-denuded
preparations). In (b) tissues were pretreated with 5 uM
indomethacin alone ( O intact, @ epithelium-denuded
preparations) or with 5 uM indomethacin Plus 10 uM
phosphoramidon ( ¢ intact, ¢ epithelium-denuded
preparations). Points represent means + SE of n=8.
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Figure 14. Effect of NEP inhibition on responses of
guinea-pig trachea to NKB. In (a) tissues were untreated
(Ointact, @ epithelium-denuded preparations) or pretreated
with 10 uM phosphoramidon ( ¢ intact, ¢ epithelium-denuded
preparations). In (b) tissues were pretreated with 5 uM
indomethacin alone ( O intact, @ epithelium-denuded
preparations) or with 5 uM indomethacin plus 10 uM
phosphoramidon ( ¢ intact, @ epithelium-denuded
preparations). Points represent means + SE of n=7.
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denuded preparations, mean -log EC,;s for untreated and
phosphoramidon-treated preparations were significantly
different (p<0.05) and yielded concentration~-ratios of
3.4. Potentiation of NKB-induced contractions by
phosphoramidon was therefore greater in intact than in
epithelium-denuded preparations. In the presence of
phosphoramidon, epithelium removal still resulted in a
potentiation (14-fold for mean -log EC,;s and 17-fold for
mean pDzs) of NKB-induced contractions, and this effect
was smaller than in untreated preparations (257-fold for
mean -log EC;,;s). The effect of phosphoramidon on maximal
responses to NKB could not be determined in intact
preparations. In epithelium-denuded preparations
phosphoramidon had no effect on the maximum contraction
induced by NKB (74.2 + 9.2 % vs. 86.7 + 9.0 % untreated
vs. phosphoramidon-~treated preparations.)

Phosphoramidon caused a potentiation of contractile
responses of intact and epithelium-denuded preparations to
SP (figure 15a, table 6). In intact preparations, mean
-log EC,;s for wuntreated and phosporamidon-treated
preparations were significantly different and yielded a
concentration-ratio of 158. In epithelium denuded

preparations, mean -log EC,,s for wuntreated and

30
phosphoramidon-treated preparations were significantly
different (p<0.05) and yielded concentration-ratios of 5.8
for mean EC,;s and 3.0 for mean pD,s. Potentiation of

SP-induced contractions by phosphoramidon was therefore

greater in intact than in epithelium-denuded preparations.
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Figure 15. Effect of NEP inhibition on responses of
guinea-pig  trachea to SP. In (a) tissues were untreated
(Ointact, @ epithelium-denuded preparations) or pretreated
with 10 uM phosphoramidon ( ¢ intact, ¢ epithelium -denuded
preparations). In (b) tissues were pretreated with 5 uM
indomethacin alone ( O intact, @ epithelium-denuded
preparations) or with 10 uM indomethacin and 10 uM
phosphoramidon ( © intact, € epithelium-denuded
preparations). Points represent means + SE of n=10.
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In the presence of phosphoramidon, epithelium removal
still resulted in a potentiation (4.3-fold for mean -log
EC,,s and 3.7-fold for mean pD,s) of SP-induced
contractions, and this effect was smaller than in
untreated preparations (138-fold for mean -log EC,;s). The
effect of phosphoramidon on maximal responses to SP could
not Dbe determined in intact ©preparations. In
epithelium~denuded preparations phosphoramidon potentiated
the maximal contraction induced by SP (71.8 + 9.3 % vs.
106.5 + 8.1 % of carb__. untreated vs.
phosphoramidon-treated preparations, p<0.05).

Phosphoramidon had no effect on maximal contraction
induced by 10 uM carbachol in intact and
epithelium-denuded preparations (table 7).

Phosphoramidon had no effect on contractile responses
of intact preparations to acetylcholine (pD, 5.05 + 0.25

untreated, 4.77 +0.26 treated preparations, n=5).

3.2.1.5. Effect of combined cyclooxygenase and NEP

inhibition

In the presence of indomethacin, phosphoramidon
caused a further potentiation of NKA-induced contractions
in intact, but not epithelium-denuded, preparations
(figure 13b, table 4). In intact preparations, mean -log
EC,,s and pD,s for indomethacin-treated and indomethacin
plus phosphoramidon-treated preparations were

significantly different (p<0.01) and yielded
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concentration-ratios of 9.5 for mean -log EC,;s and 12 for
mean pD,s. In epithelium-denuded preparations there was no
significant difference between mean -log EC,;s or between
mean pD,s for indomethacin-treated and indomethacin plus
phosphoramidon-treated preparations. 1In the presence of
indomethacin and phosphoramidon, epithelium removal failed
to potentiate NKA-induced contractions, with no
significant differences in mean -log EC,;s or pD,s being
observed between intact and epithelium-denuded
preparations (table 4).

In the presence of indomethacin, phosphoramidon
caused a further potentiation of NKB-induced contractions
in intact, but not epithelium-denuded, preparations
(figure 14b, table 5). In intact preparations, mean -log
EC,,s and pD,s for indomethacin-treated and indomethacin
Plus phosphoramidon-treated preparations were
significantly different (p<0.05) and yielded
concentration-ratios of 6.8 for mean -log EC,;s and 4.6
for mean pD,s. In epithelium-denuded preparations there
was no significant difference between mean -log EC,;s or
between mean pD,s for indomethacin-treated and
indomethacin plus phosphoramidon-treated preparations. In
the presence of indomethacin and phosphoramidon,
epithelium removal failed to potentiate NKB-induced
contractions, with no significant differences in mean -log

EC

530S and pD,s being observed between intact and

epithelium-denuded preparations (table 5).

In the presence of indomethacin, phosphoramidon
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caused a further potentiation of SP-induced contractions
in intact and epithelium-denuded preparations (figure 15b,
table 6). In intact preparations, mean -log EC,;s and pD,s
for indomethacin-treated and indomethacin plus
phosphoramidon-treated preparations were significantly
different (p<0.01) and yielded concentration-ratios of 31

for mean -log EC

50S @and 47 for mean pD,s. In

epithelium-denuded preparations, mean -log EC,;s and pD,s
for indomethacin-treated and indomethacin plus
phosphoramidon-treated preparations were significantly
different (p<0.05) and yielded concentration-ratios of 4.5
for mean -log EC,;s and 4.6 for mean pD,s. In the presence
of indomethacin and phosphoramidon, epithelium removal
failed to potentiate SP-induced contractions, with no
significant differences in mean -log EC,;s or pD,s being
observed between intact and epithelium-denuded
preparations (table 6).

Indomethacin and phosphoramidon had no effect on
maximal contraction induced by 10 uM carbachol in intact

and epithelium-denuded preparations (table 7).

4.3.2. Human bronchi

NKA caused concentration-dependent contractions of
human bronchi. Maximal or even 50% of maximal contraction
was not achieved, therefore a pD, could not be determined.

Epithelium removal produced a 2.3-fold increase in

the potency of acetylcholine (pD, 4.42 + 0.11 intact
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preparations, 4.78 + 0.08 epithelium~denuded
preparations, p<0.05, n=6), with no effect on maximal
contraction (1976 + 237 intact preparations, 1765 + 222 mg
epithelium-denuded preparations), (figure 16). Epithelium
removal had no effect on NKA-induced contraction (figure
17), with no significant difference being observed between

mean -log EC

20 S for intact (6.91 + 0.23) and

epithelium-denuded (7.19 + 0.08) preparations (n=8).
Phosphoramidon had no effect on resting tension but
caused a potentiation of NKA-induced contraction of intact
and epithelium-denuded preparations (figure 1%#). In intact
preparations, mean -log EC,,s for untreated (6.91 + 0.23)
and phosphoramidon-treated (8.05 + 0.31) preparations were
significantly different (p<0.0l1, n=8) and yielded a
concentration-ratio of 13. In epithelium-denuded
preparations mean -log EC,;s for untreated (7.19 + 0.08)
and phosphoramidon-treated (8.42 + 0.16) preparations were
significantly different (p<0.01], n=8) and yielded a
concentration-ratio of 17. In the presence of
phosphoramidon there was no significant difference between

mean -log EC,,s for intact and epithelium-denuded

30
preparations. However, mean pD,s for intact (7.77 + 0.08)
and epithelium-denuded (8.18 + 0.14) preparations in the
presence of phosphoramidon were significantly different
(p<0.05) and yielded a concentration-ratio of 2.6. The
effect of phosphoramidon on maximal responses to NKA could

not be determined. Phosphoramidon had no effect on the

maximum contraction induced by 10 uM carbachol at the end
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Figure 16. Effect of epithelium removal on responses of
human bronchi to acetylcholine (Qintact, @ epithelium-
denuded preparations). Points represent means + SE of n=6,
* p<0.05 intact vs. epithelium-denuded preparations.

108



100 7

80 -

contraction

o)
°

I T T I 1

-10 -9 -8 -7 -6

log [neurokinin A (M}]

Figure 17. Effect of epithelium removal and NEP inhibiton
on responses of human bronchi to NKA. Tissues were
untreated ( O intact, @ epithelium-denuded preparations)
or pretreated with 10 uM phosphoramidon ( ¢ intact,
¢ epithelium-denuded preparations). Points represent
means + SE of n=8.
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of each experiment in intact (2471 + 273 mg untreated ,
2493 + 405 mg phosphoramidon-treated) or
epithelium-denuded (2506 + 360 mg untreated, 2275 + 333 mg
phosphoramidon-treated) preparations.

Indomethacin had no effect on resting tension or on
NKA-induced contraction of human bronchi (figure 18),
with no significant difference being observed between
mean -log EC,,s for untreated (6.81 + 0.13) and
indomethacin-treated (6.65 + 0.13) preparations (n=8).
Indomethacin had no effect on maximal contraction induced
by 10 uM carbachol (2471 + 273 mg untreated, 1983 + 341 mg

indomethacin-treated preparations).
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Figure 18. Effect of cyclooxygenase inhibition on
responses of human bronchi to NKA. Tissues were untreated
(O ) or pretreated with 5 uM indomethacin ( A ). Points
represent means + SE of n=8.
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4.4. Discussion

Airway epithelium is known to modulate the
reactivity of the underlying smooth muscle to contractile
and relaxant agonists (see introduction). The mechanism
responsible for this effect is unclear and indeed a
variety of pathways may be involved. Our results suggest
that the modulation of responses of the guinea-pig trachea
to tachykinins may be mediated in part by the release of
cyclooxygenase metabolites of arachidonic acid and in part
by the enzymatic degradation of peptides by NEP located in
the epithelial layer.

Epithelium removal caused a potentiation of
contractile responses of the guinea-pig trachea to NKa,
NKB and SP which was reflected in an increase in the
potency of tachykinins. Potentiation was greater than that
generally reported for other agonists (Murlas, 1986;
Goldie et al., 1986; Holroyd, 1986; Hay et al., 1986)

esting that additional factors may be involved in the
epithelial modulation of responses to tachykinins.
Potentiation was similar to that reported by others
(Tschirhart & Landry, 1986; Devillier et al., 1988)
although a recent report has found that epithelium removal
has no effect on contraction of guinea-pig trachea to SP
(Lunblad & Persson, 1988). The effect of epithelium
removal on the maximal response of guinea-pig trachea to
tachykinins could not be determined in our experiments,

however, responsiveness to other agonists is generally
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unchanged (Murlas, 1986; Goldie et al., 1986; Holroyde,
1986).

Cyclooxygenase products are involved in the
maintenance of tone in the guinea-pig trachea and may
modulate its sensitivity and/or responsiveness to
contractile agonists (Orehek et al., 1975). Indomethacin
caused a potentiation of contractile responses to NKA, NKB
and SP suwygesting that responses to tachykinins may be
modulated by cyclooxygenase products. Potentiation was
greater in the presence than absence of epithelium,
suggesting that cyclooxygenase products may originate at
least in part from the epithelium. Cyclooxygenase has been
localised to airway epithelium (Xu et al., 1986; Butler et
al., 1987) and cyclooxygenase products are released by
cultured epithelial cells (Leikauf et al., 1985).
Qualitative and quantitative differences in the
potentiation of contraction by indomethacin were observed
between the three tachykinins. Indomethacin increased the
potency of all three tachykinins in intact preparations,
whereas only that of NKA was increased in
epithelium-denuded preparations. SP-induced contractions
were only potentiated in intact preparations.
Cyclooxygenase products released by the epithelial layer
may therefore be more important in modulating responses of
SP and NKB than to NKA, with cyclooxygenase products from
other sources within the airways also contributing to the
modulation of NKA-induced contractions. In the presence of

indomethacin, modulation of responses to tachykinins by
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the epithelium was diminished but was still evident,
suggesting that whereas cyclooxygenase products released
by the epithelium may contribute to its modulatory
influence, other mechanisms may also be involved.
Phosphoramidon caused a potentiation of contractile
responses of the guinea-pig trachea to NKA, NKB and SP
suggesting that tachykinins may be degraded by endogenous
NEP. Phosphoramidon had no effect on responses to
acetylcholine thus eliminating the possibility of a
non-specific effect of phosphoramidon. Potentiation was
greatest for SP suggesting that this tachykinin may be
more susceptible to NEP activity than NKA or NKB. This is
in contrast with findings in the ferret trachea which
suggest NKB to be the most potently affected by NEP
(Sekizawa et al., 1987b) and in the guinea-pig trachea
which suggest NKA to be the most potently affected by NEP
(Devillier et al., 1988). Potentiation of responses of
guinea-pig trachea to NKA by phosphoramidon mimicked the
effect of epithelium removal and was absent from
epithelium-denuded preparations. NKB- and SP-induced
responses were potentiated in intact and
epithelium-denuded preparations, but potentiation was
greatest in the presence of epithelium. These results
suggest that NEP may be primarily 1located in the
epithelial layer and that degradation of tachykinins by
NEP may contribute to (or account for in the case of NKA)
the modulatory effect of epithelium on smooth muscle

reactivity. Studies on the ferret and guinea-pig +trachea
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have demonstrated that the modulatory effect of epithelium
on responses to all three tachykinins is abolished by
thiorphan (Sekizawa et al., 1987b; Devillier et al.,
1988). In the ferret trachea NEP is localised to the
interstitium, smooth muscle and epithelium (Sekizawa et
al., 1987b). Hence, epithelium removal would reduce NEP
levels and increase the concentration of tachykinins in
the smooth muscle layer. This would be particularly
important to exogenously applied tachykinins since agonist
molecules must pass the epithelial layer in order to reach
the smooth muscle. The small potentiation of SP- and
NKB-induced contractions in epithelium-denuded
preparations would result from degradation of tachykinins
by NEP in the interstitium and smooth muscle. Modulation
of SP- and NKB-induced responses by the epithelium could
still be observed in the presence of phosphoramidon, but
was abolished by the combination of
phosphoramidon and indomethacin. Epithelial modulation of
responses to SP and NKB therefore resultsfrom the combined
effects of degradation by NEP and the release of
inhibitory cyclooxygenase products from the epithelium. A
recent report has demonstrated a residual effect of
epithelium removal on SP-induced contraction in the
presence of phosphoramidon and indomethacin, suggesting
that additional factors may be involved (Fine et al.,
1989).

Epithelium removal has also been shown to potentiate

the sensitivity of human tracheal and bronchial smooth
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muscle to contractile agonists (Raeburn et al., 1986;
Aizawa et al., 1988) and indeed we were able to show a
small potentiation of acetylcholine-induced responses.
Epithelium removal, however, tended to but failed to
significantly potentiate contractile responses of human
bronchi to NKA. Histological examination of transverse
sections revealed that the epithelium was often damaged in
"normal" airways, and therefore the modulatory effect of
the epithelium may already be absent or reduced. A recent
study has demonstrated a 4-5 fold potentiation of
responses to NKA in human bronchi by epithelium removal
(Naline et al., 1988).

Indomethacin had no effect on resting tone of human
bronchi suggesting that cyclooxygenase products do not
contribute to muscle tone in human airways (Brink et al.,
1980; Davis et al., 1982). Human lung is able to generate
large quantities of cyclooxygenase products (Piper &
Walker, 1973; Haye-Legrand et al., 1986) but they do not
appear to modulate contractile responses in vitro (Brink
et al., 1980; Haye-Legrand et al., 1986). In agreement
with this, indomethacin had no effect on NKA-induced
contraction of human bronchi in our experiments.

Phosphoramidon potentiates NKA-induced contraction of
human bronchi (Black et al., 1988; Naline et al., 1988).
Although an effect of epithelium removal could not be
demonstrated in untreated preparations, potentiation of
NKA-induced contraction by phosphoramidon was consistently

observed in rubbed and unrubbed preparations suggesting
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that NKA is degraded by NEP located in non-epithelial
sites. This contrasts with our findings on the guinea-pig
trachea which suggest the epithelium to be the primary
site of degradation of NKA by NEP. In the presence of
phosphoramidon, epithelium removal did in fact increase
the sensitivity of human bronchi to NKA suggesting that:
modulation of smooth muscle responses in human airways by
airway epithelium must involve mechanisms other than
enzymatic degradation of neuropeptides by NEP.

In conclusion, contractile responses of guinea-pig
trachea to tachykinins are modulated by airway epithelium.
Modulation may be due to the combined effects of
degradation of tachykinins by NEP 1located in the
epithelial layer and the release of inhibitory
cyclooxygeanse products from the epithelium. Epithelial
modulation of smooth muscle responsiveness may also occur
in human airways although the mechanism is unclear.
Degradation of tachykinins by NEP in non-epithelial sites

may also occur in human and guinea-pig airways.
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5. Effect of NEP inhibition on contraction of guinea-pig

bronchi induced by e-NANC nerve stimulation and by

tachykinins

5.1. Aim

The observation that responses of isolated ASM to
exogenous tachykinins are modulated by NEP raises the
possibility that tachykinins released endogenously by
peptidergic nerves in the airways may also be susceptible
to degradation by NEP. Guinea-pig bronchi possess an
e-NANC innervation, for which tachykinins are putative
neurotransmitters (Lundberg et al., 1983c). The aim of
the present study was therefore to investigate the effect
of the NEP inhibitor phosphoramidon on e-NANC
nerve-induced responses of guinea-pig bronchi evoked by

EFS and on responses induced by exogenous tachykinins.
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5.2. Protocol

All experiments were carried out in the presence of 5
uM indomethacin in order to prevent the generation of
cyclooxygenase metabolites of arachidonic acid.
Indomethacin was included in the KH solution at the start

of the equilibration period and was present throughout.

5.2.1. EFS parameters

Contractile responses to the stimulation of e-NANC
nerves by EFS were examined in guinea-pig bronchi. EFS was
applied for 30 s at intervals of 30 min. Optimum
parameters for the stimulation of e-NANC nerves were
determined by constructing stimulus-response curves over a
pulse duration range of 0.01-1 ms, voltage range of 1-60 V
and frequency range of 0.25-32 Hz. E-NANC responses tended
to decrease with time, therefore a maximum of 6
stimulations were applied on each preparation. For each
stimulus parameter, three control responses were obtained,
tissues were incubated for 30 min with 3 uM TTX, and EFS
repeated three times.

For all subsequent experiments a pulse duration of
0.5 ms, voltage of 40 V and frequency of 8 Hz were chosen
as eliciting a maximal response with a minimal

TTX-resistant component.
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5.2.2. NEP inhibition

The effect of NEP inhibition on e-NANC responses of
guinea-pig main and hilar bronchi was examined by field
stimulating tissues three times to obtain control
responses, incubating with 10 uM phosphoramidon for 30 min
and repeating three stimulations. Contractile responses to
EFS were compared to a maximal carbachol-~-induced
contraction obtained at the end of each experiment.

Cumulative C-R curves to NKA, NKB and SP were
constructed in guinea-pig main and hilar bronchi. Adjacent
preparations were pretreated for 30 min with and without
10 uM phosphoramidon. Only one tachykinin C-R curve was
constructed in each preparation and responses were
compared to the contraétion induced by 10 uM carbachol at

the end of each experiment.
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5.3. Results

5.3.1. EFS parameters

EFS of guinea-pig‘hilar bronchi induced a rapid
contraction followed by a slow-developing longer-lasting
contraction. The magnitude of the second component was
dependent on the pulse duration, voltage and frequency of
stimulation (figure 19). TTX (3uM) abolished contractile
responses to EFS of pulse durations up to 0.2 ms, voltages
up to 15 V and frequencies up to 4 Hz. EFS of greater
pulse duration, voltage and frequency induced small
TTX-resistant contractions. Optimal stimulus parameters
were selected from stimulus-response curves. Hence, EFS
with a pulse duration of 0.5 ms, voltage of 40 V and
frequency of 8 Hz induced a near-maximal contractile
response with a minimal TTX-resistant component, and
was used in all subsequent experiments.

The second contractile component of the response to
EFS (0.5 ms, 40 V, 8 Hz) was unaffected by 1 uM atropine
or 1 uM phentolamine, with responses being 104 + 3 % and
100 + 4 % respectively of their control 1level. The
response is therefore neither cholinergic nor adrenergic
in nature, and is assumed to be due to the stimulation of

e-NANC nerves.
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Figure 19. EFS parameters for the stimulation of e-NANC
nerves in guinea-pig hilar bronchi. (a) Effect of pulse
duration on e-NANC responses induced by EFS (40 Vv, 8 Hz).
(b) Effect of voltage on e-NANC responses induced by EFS
(0.5 ms, 8 Hz). (c) Effect of frequency on e-NANC
responses to EFS (40 V, 0.5 ms). Responses were obtained
in the absence ( Q0 ) or presence of 3 uM TTX (@ ).
Indomethacin (5 uM) was present throughout. Points
represent means + SE of n=4-7, * p<0.05, ** p<0.0l1] absence
vs. presence of TTX.
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3.2.2.2. Effect of NEP inhibition

Phosphoramidon caused a potentiation of e-NANC
responses induced by EFS (0.5 ms, 40 Vv, 8 Hz) in
guinea-pig bronchi (figures 20 and 21). Phosphoramidon
increased the magnitude of e-NANC contractions by 45.6 +
9.3 % in main bronchi and by 52.8 + 9.6 % in hilar
bronchi. Phosphoramidon also increased the duration of
e-NANC responses induced by EFS. In main bronchi, the mean
time taken for 50 % recovery of baseline tension (to4) in
control ( 8.1 + 1.6 min) and phosphoramidon-treated (17.0
+ 4.6 min) preparations were significantly different
(p<0.01). Similarly, in hilar bronchi mean tmws in control
(9.4 + 3.1 min) and phosphoramidon-treated (32.3 + 4.4
min) preparations were significantly different (p<0.01).
In the presence of phosphoramidon (but not in its
absence), e-NANC responses induced by EFS in hilar bronchi
were longer-lasting than those induced in main bronchi,
with a significant difference in mean ¢t,,s (p<0.01).

Contractile responses of guinea-pig bronchi to
tachykinins were also potentiated by 10 uM phosphoramidon
(figures 22 and 23; table 8). In main bronchi,
phosphoramidon caused a 93-fold, 148-fold and 141-fold
increase in mean EC,)s for NKA, NKB and SP respectively.
In hilar bronchi, phosphoramidon caused a 115-fold,
115-fold and 245-fold increase in mean EC,;s for NKA, NKB
and SP respectively.

Phosphoramidon potentiated contractile responses of
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Figure 20. Effect of NEP inhibition on e-NANC responses
induced by EFS in guinea-pig bronchi. EFS (0.5 ms, 40 Vv, 8
Hz) was applied to (a) main bronchi and (b) hilar bronchi
in the absence ( O ) and presence ( ® ) of 10 uM
phosphoramidon. Indomethacin (5 uM) was present
throughout. Points represent mean + SE of n=5, * p<0.05,
** p<0.01 absence vs. presence of phosphoramidon.
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Figure 21. Representative tracing showing effect of

phosphoramidon on responses of (A) main bronchi and (B)

hilar bronchi to stimulation of e-NANC nerves. Responses

were induced by EFS (0.5 ms, 40 VvV, 8 Hz). Indomethacin (5
~uM) was present throughout.

N.B. Phosphoramidon-treated tissues did not always return to baseline

tension following EFS.
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Figure 22. Effect of NEP inhibition on responses of
guinea-pig main bronchi to tachykinins. Responses were
obtained in the absence ( O NKA, O NKB, A SP) or presence
of 10 uM phosphoramidon ( @ NKA, ¢ NKB, A SP). Indomethacin
(5 uM) was present throughout. Points represent means + SE
of n=6-8. '
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Figure  23. Effect of NEP inhibition on responses of
guinea-pig hilar bronchi to tachykinins. Responses were
obtained in the absence ( O NKA, { NKB, A SP) or presence
of 10 uM phosphoramidon ( @ NKA, ¢ NKB, A SP). Indomethacin
(5 uM) was present throughout. Points represent means + SE
of n=6.
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Table 8. Effect of NEP inhibition on responses of
guinea-pig bronchi to NKA, NKB and SP.

Main bronchus

-log EC} pD,’ n

Indomethacin:

NKA 7.01 + 0.05 - 8
NKB 6.37 + 0.10 - 6
SP 5.92 + 0.09 - 7
Indomethacin +

phosphoramidon:

NKA 9.07 + 0.06, 8.55 + 0.03 8
NKB 8.43 + 0.05 8.06 + 0.03 6
SP 8.31 + 0.08" 7.79 + 0.05 7

Hilar bronchus
-log EC,' pD,’ n

Indomethacin:

NKA 6.45 + 0.21 - 6
NKB 5.98 + 0.18 - 6
SP 4.95 - 6
Indomethacin +

phosphoramidon:

NKA 8.42 + 0.21' 8.06 + 0.22 6
NKB 8.15 + 0.22" 7.81 + 0.12 6
SP 7.10 + 0.16 6.80 + 0.08 6

1. EC,,= tachykinin concentration inducing 30 % of maximal
carbachol-induced contraction.

2. pb,= -log EC,.

Figures represent means + SE of n preparations.

* p<0.05 unpaired Student's T-test indomethacin-treated
vs. indomethacin plus phosphoramidon-treated.
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guinea-pig bronchi to exogenous tachykinins to a greater
degree than comparable e-NANC responses induced by EFS. In
the absence of phosphoramidon 0.98 nM NKA, 0.43 uM NKB and
1.20 uM SP induced contractions (30 % of carb ) that were
similar in magnitude to contractions induced by EFS (0.5
ms, 40 VvV, 8 Hz). Phosphoramidon (10 uM) potentiated
contractions induced by 0.98 nM NKA, 0.43 uM NKB and 1.20
uM SP by 191 %, 206 % and 211 % respectively. This
contrasts with the 45.6 % potentiation of EFS-induced

e-NANC responses by phosphoramidon.
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5.4. Discussion

EFS of guinea-pig bronchi induced a contractile
responserwhich was neurogenic in nature but was not due to
the activation of adrenegic or cholinergic nerves. E-NANC
responses o0f guinea-pig bronchi are antagonised by
tachykinin-receptor antagonists (Lundberg et al., 1983c;
Leander et al., 1984; Karlsson et al., 1984) suggesting
that they are mediated by the release of tachykinins from
peptidergic nerves in airway smooth muscle.

Phosphoramidon caused a potentiation of contractile
responses evoked by the stimulation of e-NANC nerves in
guinea-pig bronchi suggesting that endogenously released
tachykinins may be degraded by NEP. A similar finding has
been reported recently for guinea-pig bronchi (Djokic et
al., 1989). In the ferret trachea, SP enhances the release
of acetylcholine from cholinergic nerve terminals and this
effect is‘potentiated by phosphoramidon (Sekizawa et al.,
1987a). Phosphoramidon potentiated not only the magnitude
of e-NANC responses but also their duration. The action of
neurotransmitters on postsynaptic membranes is terminated
by neuronal or extraneuronal uptake of neurotransmitter
molecules, by enzymatic degradation and by diffusion away
from the synaptic cleft. If NEP has a functional role in
the termination of responses induced by endogenously
released tachykinins, then NEP inhibition would prolong
their duration of action. In the absence of phosphoramidon

e-NANC responses of main and hilar bronchi were of similar
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magnitude and duration. In the presence of phosphoramidon
the magnitude of e-NANC responses was similar in main and
hilar bronchi but were of a longer duration in hilar
bronchi. This may reflect a greater importance of NEP in
the inactivation of tachykinins in hilar bronchi as
opposed to main bronchi.

Phosphoramidon also potentiated contractile responses
of guinea~pig bronchi to exogenous tachykinins.
Potentiation was greater than that observed in the
guinea-pig trachea suggesting that NEP activity may be
greater in small airways. Potentiation of responses to
exogenous tachykinins was greater than the potentiation of
comparable e-NANC responses evoked by EFS. This could
reflect the importance of NEP 1located in the epithelial
layer and the interstitium in the degradation of exogenous
but not endogenous tachykinins. E-NANC responses evoked by
EFS result from the local release of neurotransmitter from
nerve terminals in smooth muscle and tachykinins released
endogenously would therefore not be expected to be
degraded by NEP in the epithelium and interstitium.
Exogenously applied tachykinins on the other hand would
have to pass through the epithelial layer and interstitium
before reaching the smooth muscle and would be more
susceptible to degradation by NEP.

In conclusion, contractile responses of guinea-pig
bronchi induced by endogenous and exogenous tachykinins

may be modulated by NEP in the airways.
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6. Characterisation of tachykinin receptors on guinea-pig

and human ASM

6.1. Aim

Agonist potency ratios suggest the existence of three
tachykinin receptor subtypes (see introduction), although
a fourth type has been proposed to exist on guinea-pig
tracheal smooth muscle (McKnight et al., 1987 & 1988). We
have used the natural tachykinin-receptor agonists NKA,
NKB and SP, selective agonists to NK1-, NK2- NK3~ and the
putative NK4-receptor, and selective NK2-receptor
antagonists, to characterise receptors mediating
tachykinin-induced contraction of guinea-pig and human
ASM. Since tachykinins may mediate responses induced by
the stimulation of e-NANC nerves (Lundberg et al., 1983c)
we have also examined the effect of a selective
NK2-receptor antagonist on e-NANC contractions of
guinea-pig bronchi induced by EFS. Tachykinins may be
degraded in the airways by NEP (Sekizawa et al., 1987a &
1987b) therefore we have examined the effect of NEP
inhibition by phosphoramidon on the classification of

tachykinin-receptors.
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6.2. Protocol

All experiments on guinea-pig airways were carried
out in the presence of 5 uM indomethacin in order to
prevent the generation of cyclooxygenase metabolites of
arachidonic acid. Indomethacin was included in the KH
solution at the begining of the equilibration period.

Cumulative C-R curves to tachykinins and
tachykinn-related peptides were constructed in guinea-pig
tracheal and bronchial preparations, and in human
bronchial preparations. For agonist studies, adjacent
preparations were pretreated for 30 min with and without
10 uM phosphoramidon. For antagonist studies, all
preparations were pretreated for 30 min with 10 uM
phosphoramidon, and adjacent preparations were pretreated
for 15 min with the appropriate antagonist or solvent (0.1
% DMSO). Only one tachykinin C-R curve was constructed in
each preparation and responses to tachykinins were
compared to the response to 10 uM carbachol determined at
the end of each experiment.

The effect of tachykinin-receptor antagonists on
contractile responses induced by the stimulation of e-NANC
nerves was examined in guinea-pig bronchial preparations.
E-NANC responses were induced by EFS (0.5 ms; 40 V; 8 Hz
for 30 s). Tissues were field stimulated three times to
obtain control responses, incubated with antagonist or
solvent (0.1 % DMSO) for 15 min and EFS repeated. In order

to allow a comparison with the effect of antagonists on
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NKA-induced contractions, experiments were also carried
out in the presence of 10 uM phosphoramidon. However, we
have previously shown that in +the presence of
phosphoramidon, tension did not always return to baseline
level, therefore repeated electrical stimulations could
not be made. Instead, control e-NANC responses to EFS were
obtained, and adjacent preparations were incubated with 10
uM phosphoramidon for 30 min and with antagonist or
solvent (0.1 % DMSO) for 15 min before repeating EFS once.
Contractile responses to EFS were compared to a maximal
carbachol-induced contraction obtained at the end of each
experiment.

The effect of tachykinin-receptor antagonists on
carbachol-induced contractions of guinea-pig and human
airways was examined by constructing a control carbachol
C-R curve, incubating with antagonist or solvent (0.1 %

DMSO) for 15 min and reconstructing a second C-R curve.
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6.3. Results

6.3.1. Guinea-pig airways

6.3.1.1. Rank order of potency of tachykinins

The contractile effects of NKA, NKB and SP on
guinea-pig airways have already been described in sections
4 and 5, and are summarised in table 9. In
indomethacin-treated tracheal preparations, the rank order
of potency of tachykinins was NKA > NKB > SP, with NKA
being 21 times more potent than SP (as determined from

EC comparisons). In the presence of 10 uM

30
phosphoramidon, +the order of potency was maintained
although the potency ratio was reduced to 6. The potency
of tachykinins decreased from the trachea to hilar bronchi
although the rank order of potencies was similar at all
airway levels studied (trachea, main bronchus and hilar
bronchus). In the absence of phosphoramidon, NKA, NKB and
SP were 45, 63 and 67 times more potent in the trachea
than hilar bronchi (as determined from EC,, comparisons).
Potentiation of tachykinin-induced contractions by
phosphoramidon was greater in bronchi than in the trachea.
For example, phosphoramidon induced a 9-, 115- and
100-fold potentiation of NKA-induced contraction in the

trachea, main bronchus and hilar bronchus respectively (as

determined from Eq30 comparisons).
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Table 9. Responses of guinea-pig airways to tachykinins

-log EC,,

NKA NKB Sp
Indomethacin:
trachea 8.10 + 0.20 7.78 + 0.13 6.78 + 0.11
main bronchus 7.01 + 0.05 6.37 + 0.10 5.92 + 0.09
hilar bronchus 6.45 + 0.21 5.98 + 0.18 4.95
Indomethacin +
phosphoramidon:
trachea 9.08 + 0.16 8.61 + 0.19 8.27 + 0.14
main bronchus 9.07 + 0.06 8.43 + 0.05 8.31 + 0.08
hilar bronchus 8.42 + 0.30 8.15 + 0.22 7.10 + 0.16

pD,

NKA NKB SP
Indomethacin:
trachea 7.60 + 0.16 7.48 + 0.15 6.16 + 0.17
main bronchus - - -
hilar bronchus - - -
Indomethacin +
phosphoramidon:
trachea 8.68 + 0.08 8.14 + 0.13 7.83 + 0.12
main bronchus 8.55 + 0.03 8.06 + 0.03 7.79 + 0.05
hilar bronchus 8.06 + 0.22 7.81 + 0.12 6.80 + 0.08

EC;,=

maximal carbachol-induced contraction.

pD,= -log EG;,.

-log of tachykinin concentration inducing 30 % of

Figures represent means + SE of 6-8 preparation.
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6.3.1.2. Selective tachykinin~receptor agonists

The effects of selective NK1-, NK2- and NK3-receptor
agonists on guinea-pig airways is shown in figures 24, 25
and 26.

The NKl-receptor agonist [Sar’,Met(0,)'*]1SP induced
concentration-dependent contractions of guinea-pig
airways, with mean pD,s of 7.39 + 0.24 (trachea, n=6),
7.29 + 0.08 (main bronchus, n=6) and 6.55 + 0.06 (hilar
bronchus, n=6). Maximal responses were not achieved at the
highest concentrations of agonist used. Mean pD,s obtained
in the trachea and hilar bronchus were significantly
different (p<0.01) indicating a decrease in potency with
decreasing airway diameter. Phosphoramidon (10 uM)
potentiated contraction induced by [Sar’,Met(0,)'']SP in
the trachea (pD2 7.99 + 0.23, p<0.05, 4.0-fold
potentiation), main bronchus (pD2 7.79 + 0.06, p<0.05,
3.2-fold potentiation) and hilar bronchus (pD, 7.73 + 0.05
hilar bronchi, p<0.05, 15-fold potentiation 15). In the
presence of phosphoramidon, mean pD,s obtained in the
trachea and hilar bronchus were not significantly
different.

The NK2-receptor agonist [N1e!°]NKA(4-10) induced
concentration-dependent contractions of guinea-pig trachea
(pD2 7.77 + 0.13, n=6), main bronchus (pD2 7.43 + 0.09,
n=6) and hilar bronchus (pD, 7.18 + 0.04, n=6). Mean pD,s
obtained in the trachea and hilar bronchus were

significantly different (p<0.01) indicating a decrease in
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Figure 24. Responses of guinea-pig trachea to selective
tachykinin-receptor agonists. Contraction was induced in
the absence ( O [Sar’,Met(0,)''sP; A [N1e'’]NKA
(4-10); V senktide) or presence ( ‘@ [Sar’,Met(0,)"SP;

A [N1e'YINKA(4-10); w senktide) of 10 uM phosphoramidon.
Indomethacin (5 uM) was present throughout. Points
represent means + SE of n=6.
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Figure 25. Responses of guinea-pig main bronchi to
selective tachykinin-receptor agonists. Contraction was
induced in  the absence ( O [sar’,Met(0,)'sp;
A [N1e'©JNKA(4-10); V senktide) or presence ( @ [Sar’®,
Met(O0,)''sP;" A [N1e'®]NKA(4-10); w senktide) of 10 uM
phosp?moramidon. Indomethacin (5 uM) was present
throughout. Points represent means + SE of n=6.
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Figure 26. Responses of guinea-pig hilar bronchi to
selective tachykinin-receptor agonists. Contraction was
induced in  the absence ( O [sar’,Met(0,)"sP;
A [N1e'°]NKA(4-10); V senktide) or presence ( @ [Sar’,
Met(O0,)''sSP;" [N1e'°IJNKA(4-10); V¥ senktide) of 10 uM
phosp%oramidon. Indomethacin (5 uM) was present
throughout. Points represent means + SE of n=6.
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potency with decreasing airway diameter. Phosphoramidon
(10 uM) potentiated contraction induced by
[N1e'°]NKA(4-10) in the trachea (pD, 8.26 + 0.22, p<0.05,
3.1-fold potentiation), main bronchus (pD, 8.14 + 0.09,
p<0.05, b5.1-fold potentiation) and hilar bronchus (pD,
7.78 + 0.07, p<0.05, 4.0-fold potentiation).

The NK3-receptor agonist senktide induced only small
contractions of guinea-pigfSM(<5% of carb__ ) at
concentrations greater than 0.1 uM (n=4). Contractions
were not potentiated by 10 uM phosphoramidon. Senktide had

no effect on main and hilar bronchi, even in the presence

of 10 uM phosphoramidon (n=4).
6.3.1.3. L663109

L663109, the putative NK4-receptor agonist, induced
concentration-dependent contractions of guinea-pig trachea
(figure 27). Contractions were not .influenced by
epithelium removal (pD, 6.59 + 0.19 intact, 6.88 + 0.29
epithelium-denuded preparations, n=8), nor by 10 uM
phosphoramidon (6.50 + 0.25 intact, 6.48 + 0.30
epithelium-denuded preparations, n=8).

L663109 also induced contractions of guinea-pig
bronchi (figure 28). Phosphoramidon (10 uM) had no effect
on L663109-induced contractions of main bronchi (pD, 6.89
+ 0.26 control, 6.87 + 0.33 phosphoramidon-treated,
n=7) or hilar bronchi (6.48 + 0.22 control, 6.60 + 0.22

phosphoramidon-treated, n=5).
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Figure 27. Responses of guinea-pig trachea to L663109.
Contraction was induced in the absence ( QO intact,

@® epithelium-denuded preparations) or presence of 10
uM phosphoramidon ( ¢ intact, ¢ epithelium-denuded
preparations). Indomethacin (5 uM) was present throughout.
Points represent means + SE of n=8.
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Figure 28. Responses of guinea-pig main bronchi (a) or
hilar bronchi (b) to L663109. Contraction was induced in
the absence ( O ) or presence ( @® ) 10 uM phosphoramidon.
Points represent means + SE of n=5-7.
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6.3.1.4. Selective NK2-receptor antagonists

L659837 (10 uM), L659874 (10 uM) and L659877 (1 uM)
had no effect on resting tension or on NKA-induced con-
tractions of guinea-pig trachea, main bronchi or hilar
bronchi (table 10). L659877 (10 uM) induced small contrac-
tions in 1 out of 11 tracheal preparations (350 mg), 2 out
of 6 main bronchi (éB_i 12 mg) and 3 out of 7 hilar
bronchi (103 + 32 mg). Contractions were transient and
resting tension was restored to baseline levels within 15
min. L659877 (10 uM) 4inhibited NKA-contractions of
guinea-pig airways, with 2.6-fold, 3.5-fold and 3.6-fold
shifts in pD,s for trachea, main bronchus and hilar
bronchus respectively (figure 29; +table 10). L659877 (10
uM) had no effect on contractile responses of guinea-pig
trachea to carbachol (pD, 7.16 + 0.08, maximum contraction
2039 + 398 mg untreated; pD, 7.23 + 0.05, maximum contrac-
tion 2229 + 413 mg L659877-treated, n=4).

The effects of L659877 on e-NANC responses of
guinea-pig bronchi induced by EFS (0.5 ms, 40 Vv, 8 Hz) is
shown in figures 30 and 31. E-NANC responses of main
bronchi were unaffected by 0.1 uM L659877, but were
inhibited by 1 and 10 uM L659877 (40.4 + 8.0 % and 83.3 +
3.7 % inhibition, respectively, n=6). E-NANC responses of

hilar bronchi were unaffected by 0.1 and 1 uM L659877, but
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Figure 29. Effect of L659877 on NKA-induced contraction of
(A) guinea-pig trachea, (B) main bronchi and (C) hilar
bronchi. Responses were obtained in the presence of 1 uM

(A) or 10 uM (V) L659877, or 0.1 % DMSO (@®). Indomethacin
(5 uM) and phosphoramidon (10 uM) were present throughout.
Points represent means + SE of n=6.
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Table 10. Effects of selective NK2-receptor antagonists on

contractile responses of guinea-pig airways to NKA.

pD,

trachea main bronchi hilar bronchi

L659877

DMSO 8.76 + 0.12 8.42 + 0.18 8.54 + 0.08
1 uM 8.68 + 0.13 8.16 + 0.15 8.39 + 0.07
10 uM 8.35 + 0.06" 7.87 + 0.10" 7.98 * 0.06
L659874

DMSO 8.59 + 0.09 8.29 + 0.08 8.19 + 0.11
10 uM 8.61 + 0.07 8.09 + 0.09 8.30 + 0.09
L659837

DMSO 8.45 + 0.11 8.40 + 0.07 8.08 + 0.07
10 uM 8.20 + 0.10 8.31 + 0.06 8.11 + 0.05

pD,= -log EC,,.
All experiments carried out in the presence of 5 uM
indomethacin and 10 uM phosphoramidon.

Figures represent means + SE of n=4-7.

* p<0.05 Student's T-test,
antagonist.

absence vs. presence of
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Figure 30. Effect of L659877 on e-NANC contraction of
guinea-pig bronchi. E-NANC responses were. induced by EFS
(0.5 ms, 40 Vv, 8 Hz) of (A) main bronchi and (B) hilar
bronchi. Indomethacin (5 uM) was present throughout.
Responses in the presence of antagonist or solvent are
expressed as % of control responses obtained in each
preparation prior to the addition of antagonist or
solvent. Responses are expressed as means + SE of n=5-6. *
p<0.05, ** p<0.01 compared to control responses.

147



240 1

200 T { T ,[ I

* I J l
160 - I
1 T |
°
b *
§ 120 - *
(o]
o\ ;x; I
80 I '
4o ~
0_.
DMSO 0.1 1 10 uM DMSO 0.1 1 10 uM
L659877 L659877
+ 10 uM phosphoramidon + 10 uM phosphoramidon

Figure 31. Effect of L659877 on potentiation of e-NANC
contraction of guinea-pig bronchi by 10 uM phosphoramidon.
E-NANC responses were induced by EFS (0.5 ms, 40 Vv, 8 Hz)
of (A) main bronchi and (B) hilar bronchi. Indomethacin (5
uM) was present throughout. Responses are expressed as a %
of control responses obtained prior to the addition of
phosphoramidon and antagonist/solvent. Responses are
expressed as means + SE of n=5-6. * p<0.05, ** p<0.01
compared to responses obtained in the presence of DMSO.
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were inhibited by 10 uM L659877 (47.7 + 8.7 %, n=5). In
the presence of 10 uM phosphoramidon, e-NANC responses of
main bronchi were inhibited by 11 % and 56 % by 1 an 10 uM
L659877 respectively, but not by lower concentrations
(n=6). Similarly, e-NANC responses of hilar bronchi were
inhibited by 42 % by 10 uM L659877, but not by lower
concentrations (n=5).

Inhibition of e-NANC responses of guinea-pig bronchi
by L659877 was similar to that of comparable NKA-induced
contractions. EFS (0.5 ms, 40 V, 8 Hz) induced e-NANC
contractions of hilar bronchi in the presence of 10 uM
phosphoramidon which were 46.0 + 5.6 ¥ of carb . The
concentration of NKA inducing 46 % of carb ,, in the
presence of phosphoramidon was estimated to be 2 nM from a
linear interpolation of the sigmoid curve fitted to mean
NKA-induced contractions. In the presence of 10 uM
L659877, 2 nM NKA induced a contraction of 26 % of carb

max ’

suggesting an inhibition of 43 % by L659877.

6.3.2. Human bronchi

6.3.2.1. Rank order of potency of tachykinins

The effect of tachykinins on human bronchial smooth
muscle is shown in figure 32.

NKA and SP induced concentration-dependent
contractions of human bronchi. Maximal contraction was not

achieved in response to either tachykinin, therefore pD,
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Figure 32. Responses of human bronchi to tachykinins.
Tissues were (A) untreated ( O NKA, A sp, { NKB) or (B)
pretreated with 10 uM phosphoramidon ( @ NKA, A SP, 4 NKB).
Points represent means + SE of n=4-8.
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values could not be determined. A comparison of EC,,s
revealed NKA to be 87 times more potent than SP (-log EC;,
6.91 + 0.23 NKA, n=8; 4.97 + 0.08 SP, n=6). NKB (up to 1
uM) had no effect on human bronchi (n=4). The rank order
of tachykinin potency was therefore NKA > SP > NKB.
Phosphoramidon (10 uM) caused a 13- and 7-fold
potentiation of contractile responses to NKA (-log EC,,
8.05 + 0.11, n=8, p<0.05) and SP (-log EC,, 5.84 + 0.19,
n=6, p<0.05). In the presence of 10 uM phosphoramidon NKB
also induced concentration-dependent contractions of human
bronchi (-log EC,, 6.87 + 0.22, n=4). In the presence of
phosphoramidon the rank order of potency of tachykinins

was NKA > NKB > SP.

6.3.2.2. Selective tachykinin-receptor agonists.

The effects of selective tachykinin-receptor agonists
on human bronchial smooth muscle is shown in figure 33.

The NKl-receptor agonist [Sar’,Met(0,)']SP induced
contractions of human bronchi (<5% of carb ) at
concentrations greater than 1 uM (n=4). Phosphoramidon (10
uM) potentiated contractions, although they remained 1less
than 10 % of carb .

The NK2-receptor agonist [Nlew]NKA(4—10) induced
concentration-dependent contractions of human bronchi

which were potentiated by 10 uM phosphoramidon (-log EC,,

7.22 + 0.23 untreated, 7.86 + 0.18 phosphoramidon-treated
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Figure 33. Responses of human bronchi to selective
tachykinin-receptor agonists. Tissues were (A) untreated
( A [sar’,Met(0,)']SP; O [N1e'°]NKA(4-10); Vv senktide;
¢ L663109) or (ZB) pretreated with 10 uM phosphoramidon
( A [Sar’,Met(0,)"]sP; @ [N1e'Y]NKA(4-10); WV senktide;
¢ 1.663109). Points represent means + SE of n=4-7.
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preparations, p<0.05, concentration-ratio 4.4, n=5) In the
presence of phosphoramidon, [N1e'°]NKA(4-10)-induced
contractions yielded a pD, of 7.63 + 0.14.

The NK3-receptor agonist senktide induced small
contractions of human bronchi (<5% of carb ) at
concentrations greater than 0.3 uM (n=7). Phosphoramidon
(10 uM) potentiated contractions, although they remained
less than 10 % of carb,.

The putative NK4-receptor agonist L663109 had no

effect on human bronchi, even in the presence of 10 uM

phosphoramidon (n=4).

6.3.2.3. Selective NK2-receptor antagonists

The NK2-receptor antagonists L659877, L659837 and
L659874 had no effect on resting tension but all caused a
concentration-dependent inhibition of NKA-induced
contractions of human bronchi (figure 34). pPA, values
obtained from Schild plots were 6.98 for L659877
(correlation coefficient 0.999, slope 0.81), 6.00 for
L659837 (correlation coefficient 1.0, slope 0.93) and 5.69

for L659874 (correlation coefficient 0.99, slope 0.84).
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Figure 34. Effect of (A) L659877, (B) L659837 and (C)
L659837 on NKA-induced contraction of human bronchi.

(A) Tissues were pretreated with (Q) 0.1 uM, (A) 1 uM or
(®) 10 uM L659877, or with (@) 0.1 $ DMSO (n=8-10).

(B) Tissues were pretreated with (Q) 1 uM, (4) 3 uM or ()
10 uM LL659837, or with (@) 0.1 % DMSO (n=6-7).

(C) Tissues were pretreated with (Q) 1 uM, (A) 3 uM or ()
10 uM L659874, or with (@®) 0.1 DMSO (n=4-6).

Phosphoramidon (10 uM) was present throughout. Points
represent means + SE.
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6.4. Discussion

Due to the unavailability of selective antagonists,
the classification of tachykinin receptors is currently
based on the rank order of agonist potencies in various
mammalian tissues. Three distinct receptors can be
differentiated according to the relative activity and
binding affinity of +tachykinins and tachykinin-related
peptides (Lee et al., 1982; Buck et al., 1984; Burcher et
al., 1986; Regoli et al., 1987). However several problems
arise from this method of receptor classification. The
mammalian tachykinins, NKA, NKB and SP, are not selective
agonists but are active on all three receptor types.
Preparations which contain more than one type of receptor
may therefore yield orders of potency which are
intermediate between those obtained on monoreceptor
systems. Tachykinins may be metabolised by a wvariety of
peptidases. The relative potency of tachykinins in
different tissues may therefore be influenced by the
distribution of peptidases and their affinity for
tachykinins. As has previously been discussed, NEP may be
a major inactivator of tachykinins in the airways and
determination of orders of potency in the absence of
peptidase inhibitors may yield misleading results. In the
ferret trachea, the NEP inhibitor 1leucine-thiorphan
changed the rank order of tachykinin potency from NKA > SP

> NKB to NKA = NKB > SP (Sekizawa et al., 1987b). The
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development of‘stable selective agonists and antagonists
is therefore of primary importance to the classification
of tachykinin receptors.

The rank order of potency of tachykinins in
guinea-pig airways was NKA > NKB > SP with NKA being 1 to
2 orders of magnitude more potent than SP. The order of
potency was similar at all airway levels studied (trachea,
main bronchus, hilar bronchus) and was maintained in the
presence of the NEP inhibitor phosphoramidon. This order
of potency is similar to that reported by others for the
guinea-pig trachea (Advenier et al., 1987) and corresponds
to the NK2-receptor classification. Studies wusing
selective agonists, however, have suggested that
tachykinin-induced contractions of the guinea-pig trachea
may be mediated by NK1 and NK2 receptors (Drapeau et al.,
1987; Regoli et al., 1987; Ireland et al., 1988). In our
study, the NKl-receptor agonist [Sar’,Met(0,)]SP (Drapeau
et al., 1987) and the NK2-receptor agonist
[N1e!'®° INKA(4-10) (Drapeau et al., 1987) both induced
potent contractions of guinea-pig trachea and bronchi,
whereas the NK3-receptor agonist senktide (Wormser et al.,
1986) was wvirtually inactive. In the presence of
phosphoramidon the potency of [Sar’, Met(0,)']SP and
[N1e'®]NKA(4-10) was increased, but senktide remained
relatively inactive. These results are therefore
consistent with the presence of NKl- and NK2- receptors on

guinea-pig airway smooth muscle.
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Recently, the development of synthetic peptides
which are potent agonists on the guinea-pig trachea but
which are only weakly active on NKl1-, NK2- and
NK3-monoreceptor systems, has led to the suggestion that
tachykinin-induced contraction of guinea-pig trachea may
be mediated by a fourth type of tachykinin-receptor, the
NK4-receptor (McKnight et al., 1987 & 1988). One of these
peptides, L663109, induced contractions of guinea-pig
trachea and bronchi, although the potency in the trachea
was about 100-fold lower than that reported by McKnight et
al., 1988. Contractions were not potentiated by
phosphoramidon, sugesting that this peptide is not
susceptible to degradation by NEP. Interestingly,
L663109-induced contractions of the guinea-pig trachea
were not potentiated by epithelium remowval, and this
supports the view that NEP in the epithelial layer is at
least in part responsible for the modulatory influence of
the epithelium on smooth muscle responses to tachykinins.

Tachykinin-receptor antagonists that are selective
for the NK2-receptor (Williams et al., 1988) have been
shown to be ineffective on the guinea-pig trachea
suggesting that NK2-receptors do not mediate
tachykinin-induced contraction in this tissue (McKnight et
al., 1988). Our results support this contention since the
selective NK2-receptor antagonists L659877, L659837 and
L659874 (which have pA,s of 8.0, 6.7 and 6.8 respectively
on the rat vas deferens), had little effect on NKA-induced

contraction of guinea-pig trachea and bronchus. Recent
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autoradiographic and radioligand binding studies have
shown a greater density of binding sites for SP than for
NKA over airway smooth muscle and reveal that both NKA and
SP bind NK1- rather than NK2-receptors (Burcher et al.,
1989). These findings are difficult to reconcile with the
lack of effect of L663109 on an NKl-monoreceptor system
such as the guinea-pig ileum treated with atropine
(McKnight et al., 1988).

Contractile responses of guinea-pig bronchi induced
by the stimulation of e-NANC nerves are inhibited by
nonselective tachykinin-receptor antagonists (Lundberg et
al., 1983c; Karlsson et al., 1984; Leander et al., 1984).
In our experiments, e-NANC responses of guinea-pig bronchi
were only inhibited by high concentrations of the
NK2-receptor antagonist L659877. Inhibition was similar to
that of comparable contractions induced by NKA suggesting
that NK2-receptors may not mediate contractile responses
of guinea-pig bronchi evoked by the stimulation of e-NANC
nerves.

In human bronchi +the rank order of potency of
tachykinins is NKA > SP > NKB (Advenier et al., 1987).
This is confirmed by our experiments, with NKA being 2
orders of magnitude more potent than SP, and NKB being
inactive. In the presence of phosphoramidon, NKA- and
SP-induced contractions were potentiated and NKB became
active. NKA retained the highest potency but the rank
order of potency was changed to NKA > NKB > SP. The

NK2-receptor agonist [N1e'°]NKA(4-10) was a potent agonist
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on human bronchi and contractions were potentiated by
phosphoramidon. The NKl-receptor agonist [Sar?®,
Met(0,)'*]1SP, the NK3-receptor agonist senktide and the
putative NK4-receptor agonist L663109 were virtually
inactive on human bronchi, even in the presence of
phosphoramidon. Contractile responses of human bronchi to
tachykinins therefore appear to be mediated exclusively by
NK2-receptors (Naline et al., 1988). Furthermore,
NKA-induced contractions of human bronchi were antagonised
by the NK2-receptor antagonists L659877, L659837 and
L659874. The contrasting findings on guinea-pig and human
airways may reflect species differences or may be due to
the different airway 1levels being studied. In the
guinea-pig, although the potency of tachykinins decreased
from the trachea to hilar bronchi, the receptor type(s)
mediating contraction appeared to be the same. It is
possible, however, that in more distal airways the
distribution of receptor types may be altered.

In conclusion, the classification of
tachykinin-receptor on guinea-pig ASM remains uncertain.
Tachykinin-induced contraction of guinea-pig airways may
not be mediated by NK2-receptors, and the existence of
NK4-receptors on this tissue remains a possibility.
Definitive receptor classification awaits the development
of antagonists which selectively antagonise
tachykinin-induced contractions of guinea-pig airways.
Tachykinin-induced contraction of human ASM, on the other

hand, appears to be mediated solely by NK2-receptors.
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7. Modulation of VIP- and i-NANC nerve-induced relaxation

of guinea-pig trachea by airway epithelium and NEP

7.1. Aim

VIP-induced relaxation of guinea-pig trachea is
potentiated by NEP inhibition (Liu et al., 1987). In the
airways, NEP is localised to the interstitium, epithelium
and smooth muscle (Sekizawa et al., 1987), and we and
others have suggested that epithelial modulation of
tachykinin-induced contraction of ASM is at least in part
due to the degradation of peptides by NEP in the
epithelial layer. The present study was therefore designed
to investigate the effect of epithelium removal and NEP
inhibition on relaxation of guinea-pig trachea induced by
exogenous VIP and by the stimulation of i-NANC nerves, for

which VIP is a putative neurotransmitter.

160



7.2. Protocol

7.2.1. EFS parameters

Relaxant responses induced by the stimulation of
i-NANC nerves by EFS were studied in guinea-pig trachea.
Preparations were obtained from the central-cervical
region of the trachea in order to avoid the induction of
e-NANC responses to EFS. Tissues were incubated for 30 min
with 1 uM atropine and 1 uM propranolol in order to block
cholinergic and adrenergic responses to EFS. EFS was
applied for 30 s at 4intervals of 15 min. Optimum
parameters for the stimulation of i-NANC nerves were
determined by constructing stimulus-response curves over a
pulse duration range of 0.01-1 ms, voltage range of 5-60 V
and frequency range 0.5-50 Hz. Tissues were incubated for
30 min with 3 uM TTX, and stimulus-response curves
repeated. Spontaneous tone tended to decrease with time,
therefore only one parameter was studied on one
preparation. Relaxant responses were compared to
relaxation induced by a maximally effective concentration
of papaverine (100 uM) added at the end of each
experiment.

For all subsequent studies a pulse duration of 0.1
ms, voltage of 40 V and frequency range of 0.5-50 Hz were

used.
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7.2.2. Epithelium removal and NEP inhibition.

Relaxation of intact and epithelium-denuded
preparations obtained from the central-cervical region of
the guinea-pig trachea, was induced by exogenous VIP or by
EFS (0.1 ms, 40 Vv, 0.5-50 Hz) in the presence of 1 uM
atropine and 1 uM propranolol. Parallel preparations were
incubated for 30 min with or without 10 uM phosphoramidon,
and cumulative C-R curves were constructed to VIP. In
separate experiments, EFS frequency-response curves were
constructed, tissues were incubated for 30 min with 10 uM
phosphoramidon and frequency-response curves repeated.
Relaxation was compared to relaxation induced by a

maximally effective concentration of papaverine (100 uM).
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7.3. Results

7.3.1. I-NANC nerve-induced relaxation

In the presence of 1 uM atropine and 1 uM
propranolol, EFS of guinea-pig trachea induced an
inhibitory response that was dependent on the pulse
duration, voltage and frequency of stimulation, and was
inhibited by 3 uM TTX (figure 35). Maximal responses were
elicited by a pulse duration of 0.1 ms, voltage of 40 V
and frequency of 25 Ha,

Epithelium removal had no effect on stimulus-response
curves for pulse duration and voltage. However, epithelium
removal significantly attenuated (p<0.05) relaxation
induced by low frequencies of stimulation (0.5-2.5 Hz, 0.1
ms, 40 V), whilst having no effect on relaxation induced
by higher frequencies. TTX (3uM) was more effective in
blocking i-NANC responses in epithelium-denuded
preparations than in intact preparations. Thus, TTX
abolished relaxation of epithelium-denuded preparations
induced by EFS of frequencies less than 25 Hz. In intact
preparations, TTX-resistant relaxations were induced at
all frequencies of stimulation, and in fact, relaxation
induced by 0.5 Hz EFS was not significantly inhibited by
TTX.

Epithelium removal also decreased the duration of
relaxation induced by EFS. At a stimulation frequency_of

10 Hz, which produces relaxations in intact and
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Figure 35. EFS parameters for the stimulation of i-NANC
nerves in the guinea-pig trachea. (A) Effect of pulse
duration on relaxation induced by EFS (40 Vv, 50 Hz). (B)
Effect of voltage on relaxation induced by EFS (0.1 ms, 50
Hz). (C) Effect of frequency on relaxation induced by EFS
(0.1 ms, 40 V). Responses were induced in the absence
( O intact, 0O epithelium-denuded preparations) and
presence ( @ intact, B epithelium-denuded preparations)
of 3 uM TTX. Atropine (1 uM) and propranolol (1 uM) were
present throughout. Points represent means + of n=5-8.
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epithelium-denuded preparations of equal magnitude, the
t,,, Was 381 + 34 s in intact preparations and 178 + 20 s
in epithelium-denuded preparations (p<0.01, n=8).
Incubation of intact and epithelium-denuded tracheal
preparations with 10 uM phosphoramidon for 30 min had no
effect on the magnitude of i-NANC responses induced by EFS
(figure 36A). Phosphoramidon had no effect on the duration
of relaxation induced by 10 Hz EFS in intact (tm% 423 + 42

s, n=8) or epithelium-denuded (t 182 + 17 s, n=8)

50%

preparations.

7.3.2. VIP-induced relaxation

Epithelium-removal caused a potentiation of
relaxation of guinea-pig trachea induced by exogenous VIP
(figure 36B). Mean pD,s in intact (7.14 + 0.09) and
epithelium-denuded preparations (7.77 + 0.17) were
significantly different (p<0.01, n=6) and yielded a
concentration-ratio of 4.0. Epithelium removal had no
effect on maximal relaxation induced by VIP (1544 + 193 mg
intact, 1296 + 153 mg epithelium-denuded preparations).
Phosphoramidon caused a potentiation of relaxation induced
by VIP in intact, but not epithelium-denuded, preparations
(figure 36B). In intact preparations, mean pD,s in
untreated (7.14 + 0.09) and phosphoramidon-treated (7.73 +
0.11) preparations were significantly different (p<0.01,
n=6) and yielded a concentration-ratio of 3.9. In

epithelium-denuded preparations, mean pD,s in untreated

s/
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Figure 36. Effect of epithelium removal and NEP inhibition
on responses of guinea-pig trachea to (A) i-NANC nerve
stimulation and (B) VIP. I-NANC relaxation was induced by
EFS (0.1 ms, 40 Vv, 0.5-50 Hz) in the presence of 1 uM
atropine and 1 uM propranolol. Responses were obtained in
the absence ( Ointact, @ epithelium-denuded preparations)
and presence.( Aintact, A epithelium-denuded preparations)
of 10 uM phosphoramidon. Points represent means + SE of
n=8.
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(7.77 + 0.17) and phosphoramidon-treated (7.76 + 0.26)
preparations were not significantly different (n=6).
Phosphoramidon had no effect on the maximal relaxation
induced by VIP (1563 + 184 mg intact, 1328 + 321 mg

epithelium-denuded preparations).
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7.4. Discussion

Relaxant responses of airway smooth muscle are known
to be modulated by the epithelium although the qualitative
and quantitative nature of modulation appears to vary
according to agonist, preparation and animal species
(Fedan et al, 1988). Epithelium removal has been reported
to attenuate relaxation of guinea-pig trachea to VIP with
a decrease in potency and maximal relaxation (Chou &
Said, 1987). In our experiments, however, the sensitivity
of guinea-pig trachea to VIP was potentiated by epithelium
removal, with no change in the maximum response induced by
VIP. Widely varying effects of epithelium removal have
also been described for other agonists. Epithelium removal
has been reported to increase (Farmer et al., 1986) or
decrease (Chou & Said, 1987) the sensitivity of guinea-pig
tracheal smooth muscle to sodium nitroprusside.
Furthermore, the sensitivity of guinea-pig trachea to
isoprenaline may be increased or unchanged by epithelium
removal, with no effect or decreases in maximal responses
(Farmer et al., 1986; Goldie et al., 1986; Holroyd et al.,
1986). Such contrasting findings are difficult +to
reconcile and we cannot explain the discrepancy in the
observed effects of epithelium removal on relaxation
induced by VIP.

Potentiation of relaxation by epithelium removal may
arise from a variety of mechanisms. The epithelium may

represent a diffusional barrier and removal of this
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barrier could increase the accessibility of agonist
molecules to the underlying smooth muscle. This, however,
is wunlikely since responses to VIP were measured under
equilibrium conditions. Contractile responses of airway
smooth muscle may be modulated by an inhibitory factor
released by the epithelium (Flavahan et al., 1985). In a
similar fashion, relaxant responses may be modulated by an
excitatory factor released by the epithelium, +the loss of
which would result in an apparent potentiation of
relaxation. In the rat trachea, responses to antigenic
stimulation may be modulated by an epithelial-dependent
excitatory factor (Frossard & Muller, 1986). The
inhibitory influence of epithelium removal on relaxation
of guinea-pig trachea to isoprenaline is abolished by the
extraneuronal uptake inhibitor corticosterone, suggesting
that the epithelium may be a site of uptake of
catecholamines (Farmer et al., 1986). It is not known
whether VIP and other neuropeptides are subject to
neuronal or extraneuronal uptake, therefore uptake of VIP
molecules by the epithelium remains a possibility.
Epithelial modulation of contractile responses of
guinea-pig tracheal smooth muscle to tachykinins may be
due at 1least in part to metabolism by NEP in the
epithelial 1layer (see section 4.). Relaxation of
guinea-pig trachea in response to VIP is potentiated by an
NEP inhibitor (Liu et al., 1987) and ferret airway
epithelium contains NEP (Sekizawa et al., 1987b). In our

experiments, phosphoramidon potentiated responses of
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intact but not epithelium-denuded preparations to VIP,
suggesting that VIP may be degraded by NEP located in the
epithelial layer. Phosphoramidon in fact mimicked the
effect of epithelium removal suggesting that epithelial
modulation of VIP-induced relaxation may be entirely due
to NEP activity in the epithelium.

Guinea-pig tracheal smooth muscle possesses an i-NANC
innervation. EFS of guinea-pig trachea in the presence of
atropine and propranolol induced a relaxation which was
inhibited by TTX, confirming its neurogenic nature.
Epithelium removal has been reported not to influence
i-NANC responses evoked by EFS in the guinea-pig trachea
(Thompson et al., 1988). In our experiments, however,
epithelium removal attenuated i-NANC responses evoked by
low frequencies of EFS, with a reduction in both the
magnitude and duration of relaxation. Differences in
methodology (eg. spontaneous versus drug-induced tone,
pretreatment with indomethacin, differences in stimulation
parameters) may explain the discrepancy with our study.
TTX was able to abolish relaxation to EFS in
epithelium-denuded preparations, except at high
frequencies where small TTX-resistant relaxations were
seen. In intact preparations, however, TTX-resistant
relaxations were seen at all frequencies of stimulation.
The nature of TTX-resistant relaxations to EFS is unclear
although several mechanisms have been suggested including
a direct effect of EFS on smooth muscle membranes (Coburn

& Tomita, 1973), release of relaxing mediators from
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non-neuronal tissue (Middendorf & Russel, 1980) and a
reduced sensitivity of i-NANC nerves to TTX (Fukuda &
Kameyama, 1980; Katz & Miledi, 1969; Taylor et al., 1984).
The differential effect of TTX on relaxation of intact and
epithelium-denuded preparations seen in our study has been
reported in human airways and was suggested to be due to
impaired diffusion of TTX to its site of action
(Richardson & Beland, 1976). A more likely explanation is
that it may be due to the release of a relaxant factor
from the epithelium in response to EFS by a mechanism not
susceptible to TTX. This could also explain the lower
degree of relaxation to low frequencies of EFS observed in
epithelium-denuded preparations compared to intact
preparations since removal of the epithelium would
eliminate the TTX-resistant component. Thus, the response
of epithelium-denuded preparations to EFS in the presence
of atropine and propranolol reflects the stimulation of
i-NANC nerves, whereas the response of intact preparations
may be due to the stimulation of i-NANC nerves and the
release of a relaxant factor from the epithelium. It must
be pointed out, however, that other investigators have
shown that TTX abolishes 1i-NANC responses of intact
guinea-pig tracheal preparations evoked by EFS voltage
lower than 70 V, pulse duration lower than 0.5 ms and
frequency lower than 25 Hz (Coburn & Tomita, 1973; Coleman

& Levy, 1974; Richardson & Bouchard, 1975).
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The demonstration that phosphoramidon potentiates
relaxation induced by VIP raises the possibility that NEP
may also modulate responses induced by the stimulation of
i-NANC nerves. However, phosphoramidon had no effect on
relaxant responses to EFS in terms of the magnitude of
relaxation or duration of the response. One explanation
for this discrepancy is +that VIP is not the
neurotransmitter released by i-NANC nerves. However, in
view of the increasing evidence in favour of a role for
VIP as an i-NANC neurotransmitter (Ellis & Farmer, 1989a &
1989b), other explanations must be sought. Phosphoramidon
may not reach the site of release of the i-NANC
neurotransmitter. This is unlikely since contractile
responses of guinea-pig bronchi evoked by the stimulation
of e-NANC nerves were potentiated by phosphoramidon (see
section 4.3). Neurogenic responses to EFS are mediated by
neurotransmitters released locally by nerve terminals in
the smooth muscle layer and modulation of such responses
by enzymatic degradation must occur in the vicinity of the
neuroeffector junction. Thus, if NEP is not localised to
this area it may not be involved in the degradation of the
i-NANC neurotransmitter. This would be consistent with our
suggestion that responses of guinea-pig trachea to
exogenous VIP are primarily modulated by NEP localised to
airway epithelium rather than smooth muscle. Furthermore,
a differential distribution of NEP in smooth muscle may
explain why e-NANC but not i-NANC responses of airway

smooth muscle are potentiated by phosphoramidon.
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Although e-NANC responses of guinea-pig airways to
EFS are predominantly observed in the bronchi, they may
sometimes be elicited in the trachea, particularly if
preparations are obtained from ovalbumin-sensitised
animals (Andersson & Grundstrom, 1983). Furthermore,
SP-immunoreactive nerves are found in the tracheal smooth
muscle layer (Wharton et al., 19879; Lundberg et al.,
1984). Tracheal preparations in the present experiments
were selected from the upper trachea, although it is
possible that EFS may induce the release of endogenous
tachykinins in these preparations, but responses may be
masked by the inhibitory response to EFS. If the i-NANC
neurotransmitter is degraded by NEP in the smooth muscle
layer, potentiation of EFS-induced i-NANC responses by
phosphoramidon may be masked by a parallel potentiation of
e-NANC responses. It may therefore be interesting to
examine the effect of phosphoramidon on i-NANC responses
to EFS in the presence of a tachykinin-receptor
antagonist.

In conclusion, airway epithelium exerts an inhibitory
influence on responsesdguinea-pig tracheal smooth muscle
to VIP which may be due to the degradation of VIP by NEP
localised to the epithelium. I-NANC responses do not
appear to be modulated by endogenous NEP. Furthermore, EFS
may induce the release of a relaxant factor from the

epithelium.
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8. Effect of phosphodiesterase inhibitors and

guanylate/adenylate cyclase inhibitors on VIP- and i-~NANC

nerve-induced relaxation of guinea-pig trachea

8.1. Aim

Selective antagonists to VIP-receptors in the airways
are unavailable, therefore the definitive identification
of VIP as the neurotransmitter of i-NANC nerves is at
present impossible. I-NANC responses to EFS can be induced
in other isolated tissues, including the mouse anococcygeus
and bovine retractor penis muscle. In these preparations
the identity of the neurotransmitter released by i-NANC
nerves is unknown, and may not be VIP. However the
post-receptor mechanism mediating neurogenic relaxation is
being compared to the mechanism of action of known
agonists in an attempt to identify +the i-NANC
neurotransmitter.

Smooth muscle relaxation is thought to be mediated by
changes in intracellular levels of cyclic nucleotides.
Receptor occupancy by the appropriate agonist is linked to
the activation of adenylate cyclase or guanylate cyclase,
leading to the accumulation of adenosine cyclic 3', 5'-
monophosphate (cAMP) or guanosine cyclic 3°', 5'-
monophosphate (cGMP) respectively. Cyclic nucleotides are
known to activate specific cAMP- or cGMP-dependent protein
kinases which mediate relaxation through activation of a

variety of cellular proteins. Relaxation of airway smooth
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muscle induced by beta-agonists (Murad & Kimura, 1974),
prostaglandin E, (Torphy et al., 1985), forskolin (Torphy
et al., 1985) and VIP (Frandsen et al., 1978) is
associated with cAMP accumulation, whereas nitrocompounds,
such as sodium nitroprusside (SNP) and nitric oxide, are
thought to relax airway smooth muscle by a cGMP-mediated
process (Katsuki and Murad, 1977). Thus, if VIP is the
i-NANC neurotransmitter, relaxation of isolated smooth
muscle preparations induced by i-NANC stimulation should
also be mediated by cAMP. Neurogenic relaxation of the
bovine retractor penis muscle is blocked by inhibitors of
guanylate cyclase and is associated with an increase in
the tissue content of cGMP but not cAMP suggesting that
in this tissue 1i-NANC responses are not mediated by VIP
but may involve a cGMP-dependent process (Bowman et al.,
1982; Bowman & Drummond, 1984).

Cyclic nucleotides are metabolised by specific
intracellular phosphodiesterases (PDEs) and one of the
criteria used in implicating cyclic nucleotides in the
functional response to a particular agonist is that this
response should be potentiated by appropriate PDE
inhibitors. Thus, relaxation of airway smooth muscle to,
for example, isoproterenol and SNP, should be facilitated
by specific cAMP and cGMP PDE inhibitors respectively. We
have therefore compared the effects of two selective PDE
inhibitors, SK&F 94120 (a cAMP-PDE inhibitor) and
zaprinast (a c¢GMP-PDE inhibitor) on relaxation of

guinea-pig tracheal smooth muscle to isoproterenol, SNP,
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VIP and EFS in vitro. We have also examined the effects of
N-ethylmalimide (NEM), a putative adenylate cyclase
inhibitor (Sigafoos and Abramowitz, 1986), and methylene
blue, a putative guanylate cyclase inhibitor (Gruetter et
al., 1981), on relaxation to isoproterenol, SNP, VIP and

EFS.
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8.2. Protocol

8.2.1. PDE inhibitors, NEM and methylene blue

Experiments were carried out in the presence of 5 uM
indomethacin in order to prevent the generation of
cyclooxygenase metabolites of arachidonic acid.
Indomethacin was included in the KH solution at the
beginning ‘of the equilibration period and was present
throughout.

Tissues were precontracted with 30mM KCl1 and
relaxation was induced by exogenous agonists or by EFS.
Cumulative C-R curves were constructed to isoproterenol,
SNP and VIP. When relaxation was induced by isoproterenol
tissues were incubated with 50 uM corticosterone for 30
min prior to KCl1 precontraction in order to block
extraneuronal uptake of isoproterenol. When relaxation was
induced by VIP tissues were incubated with 10 uM
phosphoramidon for 30 min prior to KCl precontraction in
order to prevent the breakdown of VIP by neutral
endopeptidase (Liu et al., 1987). EFS was applied‘for 30 s
over a range of frequencies (0.1 ms, 40 Vv, 0.5-50 Hz). The
order of frequencies was randomised in order to avoid any
time-dependent variation in i-NANC responses. Atropine (1
uM) and propranolol (1 uM) were present throughout all
procedures involving EFS in order to block cholinergic and
adrenergic responses to EFS respectively. Phosphoramidon

(10 uM) was also present in procedures involving EFS.
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The effect of PDE inhibitors on responses to
isoprenaline, SNP VIP and EFS was investigated by
incubating pafallel tissues for 30 min with SK&F 94120
(1-10 uM), zaprinast (3-30 uM) or vehicle (NaOH; final
bath concentration 30 uM). For each trachesa, one
preparation served as control and the other three were
treated with different concentrations of one PDE
inhibitor. The effect of inhibitors of adenylate cyclase
and guanylate cyclase on responses to isoprenaline, SNP,
VIP and EFS was investigated by incubating parallel
tissues with and without 3-100 uM NEM or 30-100 uM

methylene blue.
8.2.2. Precontraction level

Since PDE inhibitors may themselves induce smooth
muscle relaxation through the accumulation of cAMP and
/or cGMP, they may also affect the level of precontraction
produced by 30 mM KCl. Hence, any potentiation of
relaxation observed in the presencedPDE inhibitors may be
due to a decreased level of functional antagonism. In
order to investigate this possibility we initially
examined the effects of SK&F 94120 and =zaprinast on
contraction induced by KC1. Adjacent tissues were
incubated with SK&F 94120 (1-10 uM), zaprinast (3-30 uM)
or 30uM NaOH and cumulative C-R responsé curves

constructed to KC1. Parallel tissue segments were
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precontracted with 25 or 30 mM KCl in the absence of PDE
inhibitors (see results) and relaxation was induced by

isoproterenol, VIP or EFS as previously described.

8.2.3. TTX-resistant relaxation

To investigate the effect of TTX on relaxation to EFS
parallel tissue segments were incubated with and without 3
uM TTX. Tissues were precontracted with 30 mM KCl and
frequency-response curves were constructed to EFS. To
investigate the effect of PDE inhibitors on TTX-resistant
relaxation to EFS, tissues were incubated for 30 min with
3 uM TTX and with 10 uM SK&F 94120, 30 uM zaprinast or 30
uM NaOH. Frequency-response curves to EF wre then
constructed. Atropine (1 uM) and propranolol (1 uM) were

present throughout.
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8.3. Results

8.3.1. Effect of PDE inhibitors on relaxation.

The effect of SK&F 94120 and zaprinast on relaxation
induced by isoprenaline and SNP is shown in figures 37 and
38, and table 11. SK&F 94120 caused a potentiation of
relaxation induced by isoprenaline (demonstrated as a
leftward shift of C-R curves), but had no effect on
relaxation induced by SNP. Significant increases in mean
pD, values for relaxation to isoprenaline were obtained at
1, 3 and 10 uM SK&F 94120. Zaprinast had no effect on
relaxation induced by isopfenaline but caused a
potentiation of relaxation induced by SNP (demonstrated as
a leftward shift of C-R curves). Significant increases in
mean pD, values for relaxation to SNP were obtained at 10
and 30 uM zaprinast.

The effect of SK&F 94120 and zaprinast on relaxation
of guinea-pig trachea induced by VIP and i-NANC nerve
stimulation are shown in figures 39 and 40, and table 12.
SK&F 94120 caused a potentiation of relaxation induced by
VIP (demonstrated as a leftward shift of C-R curves), with
significant increases in mean pD, values being attained at
3 and 10 uM SK&F 94120. Zaprinast had no significant
effect on relaxation induced by VIP at any concentration.

SK&F 94120 caused a potentiation of relaxation
induced by EFS. In the presence of SK&F 94120, EFS

frequency-response curves did not always reach a plateau
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Figure 37. Effect of PDE inhibitors on relaxation of
guinea-pig trachea to isoprenaline. In (A) tissues were
incubated with 1 uM (®), 3 uM ( @) or 10 uM ( ¢ ) SK&F
94120, or with 30 uM NaOH (Q ). In (B) tissues were
incubated with 3 uM (@ ), 10 uM (M ) or 30 uM ( &)
zaprinast, or with 30 uM NaOH (O ). Indomethacin (5 uM)
and corticosterone (50 uM) were present throughout.
Relaxation is expressed as % reversal of precontraction.
Points represent means + SE of n=6.
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Figure 38. Effect of PDE inhibitors on relaxation of
guinea-pig trachea to SNP. In (A) tissues were incubated
with 1 uM (®), 3 uM (W) or 10 uM ( ¢ ) SK&F 94120, or
with 30 uM NaOH (O ). In (B) tissues were incubated with 3
uM (@), 10 uM (m) or 30 uM (4 ) zaprinast, or with 30 uM
NaOH ( O ). Indomethacin (5 uM) was present throughout.
Relaxation is expressed as % reversal of precontraction.
Points represent means + SE of n=6.
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Table 11.
guinea-pig trachea

Effect of PDE inhibitors on relaxation of

induced by isoprenaline and SNP.

isoprenaline SNP

PDE inhibitor pD,’ ratic? pD, ratio?
30 uM NaOH 8.53 + 0.11 6.06 + 0.06

1 uM SK&F 94120 8.89 + 0.15** 2.29 6.08 + 0.03 1.05
3 uM SK&F 94120 8.93 + 0.11** 2,51 6.04 + 0.05 0.95
10 uM SK&F 94120 9.19 + 0.08** 3.72 6.08 + 0.06 1.05
30 uM NaOH 8.71 + 0.07 6.17 + 0.05

3 uM zaprinast 8.60 + 0.11 0.78 6.28 + 0.12 1.29
10 uM zaprinast 8.65 + 0.11 0.87 6.44 + 0.12* 1.86
30 uM zaprinast 8.70 + 0.10 0.98 6.72 + 0.06** 3.55
l. pD,= -log EC,,.
2. Concentration-ratio, calculated as the EC,, in the

presence of PDE inhibitor divided by the
absence of PDE inhibitor.

* p<0.05,
of PDE inhibitor,

pD,s represent means + SE of n=6-8.
2 —
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Figure 39. Effect of PDE inhibitors on relaxation of
guinea-pig trachea to VIP. In (A) tissues were incubated
with 1 uM (®), 3 uM (M) or 10 uM (4 ) SK&F 94120, or
with 30 uM NaOH (O ). In (B) tissues were incubated with 3
uM (@), 10 uM (m ) or 30 uM (¢ ) zaprinast, or with 30 uM
NaOH ( O ). Indomethacin (5 uM) and phosphoramidon (10 uM)
was present throughout. Relaxation is expressed as %
reversal of precontraction. Points represent means + SE of
n=7-8.
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Figure 40. Effect of PDE inhibitors on relaxation of
guinea-pig trachea to EFS (0.1 ms, 40 VvV, 0.5-50 Hz). In
(A) tissues were incubated with 1 uM (@), 3 uM ( B) or 10
uM (@ ) SK&F 94120, or with 30 uM NaOH (O ). In (B)
tissues were incubated with 3 uM (® ), 10 uM (B) or 30 uM
( 4) zaprinast, or with 30 uM NaOH ( O ). Atropine (1 uM),
propranolol (1 uM), indomethacin (5 uM) and phosphoramidon
(10 uM) were present throughout. Relaxation is expressed
as 3 reversal of precontraction. Points represent means +
SE of n=7-9.
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Table 12. Effect of PDE inhibitors on relaxation of
guinea-pig trachea to trachea to VIP and i-NANC nerve
stimulation.

VIP 1 =NANC
PDE inhibitor pD,* ratio® 1log EF,> ratic®
30 uM NaOH 7.59 + 0.15 0.88 + 0.09

1 uM SK&F 94120 7.74 + 0.15 1.41 0.60 + 0.11 1.91
3 uM SK&F 94120 7.83 + 0.11* 1.74 0.13 + 0.10* 5.62

10 uM SK&F 94120 8.06 + 0.11** 2,95 -0.17 + 0.08* 11.22

30 uM NaOH 7.67 + 0.06 1.06 + 0.13
3 uM zaprinast 7.73 + 0.08 1.15 0.95 + 0.09 1.29
10 uM zaprinast 7.76 + 0.09 1.23 0.85 + 0.11 1.62

30 uM zaprinast 7.86 + 0.11 1.55 0.80 + 0.12 1.82

1. pD,= -log EC,,.

2. Concentration-ratio, calculated as the EC,, in the
presence of PDE inhibitor divided by the EC,, in the
absence of PDE inhibitor.

3. EF,,= EFS frequency inducing 35 % reversal of KCl
precontraction.

* p<0.05, ** p<0.01 compared to responses in the absence
of PDE inhibitor, unpaired Student's T-test.

Figures represent means + SE of n=7-9.
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level within the frequency range used, therefore
frequencies inducing 50 % of maximal relaxation to EFS
could not be determined. Instead, comparisons were made of
frequencies inducing 35 % reversal of KCl precontraction
(EF;;). Mean EF,;s were significantly increased by 3 and 10
uM SK&F 94120, but were unaffected by zaprinast at any
concentration. Zaprinast (30 uM) did, however, induce a
small potentiation of relaxation induced by 1 and 5 Hz EFS

(p<0.05).

8.3.2. Effect of PDE inhibitors on KCl contraction

SK&F 94120 caused a rightward shift of the C-R curves
to KCl1l (figure 41) which was significant at 10 uM SK&F
94120 (mean pD, 1.65 +0.01 NaOH-treated, 1.55 + 0.01 SK&F
94120-treated, p<0.01, n=9) but not at 1lower
concentrations. SK&F94120 (10 uM) had no significant
effect on maximal contraction induced by KCl (2675 + 220
mg NaOH-treated, 3104 + 279 mg SK&F 94120-treated, n=9).
Zaprinast (30 uM) had no effect on contraction induced by
KCl1 (pD, 1.64 + 0.02, maximal contraction 2889 + 243 mg
NaOH-treated preparations; pD, 1.65 + 0.01, maximal
contraction 2765 + 155 mg zaprinast-treated preparations,
n=6), (figure 41).

In the absence of SK&F 94120, 30 mM KCl produced a
contraction which was 81.0 + 2.3 % of its maximum
contraction. In the presence of 10 uM SK&F 94120, 30 mM

KCl induced 60.6 + 4.9 % of its maximum contraction. In
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Figure 41. Effect of PDE inhibitors on contraction of
guinea-pig trachea to KCl. In (A) tissues were incubated
with 1 uM (@), 3 uM (R ) or 10 uM ( ¢ ) SK&F 94120, or
with 30 uM NaOH (O ). In (B) tissues were incubated with 3
uM (@), 10 uM (B ) or 30 uM ( @) zaprinast, or with 30 uM
NaOH ( O ). Indomethacin (5 uM), atropine (1 uM) and
propranolol (1 uM) were present throughout. Contraction is
expressed as % of maximum contraction in each preparation.
Points represent means + SE of n=9. -
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order to determine whether the potentiation of relaxation
induced by SK&F 94120 could be due to a reduction in the
level of precontraction, a concentration of KCl1l was
selected which induced a contraction (in the absence of
SK&F 94120) similar to that produced by 30 mM KCl in the
presence of 10 uM SK&F 94120. Thus, 25 mM KC1 induces 61 %

of maximal KC1l contraction.

8.3.3. Effect of precontraction level on relaxation

There was no significant difference in relaxation
induced by isoproterenol, VIP or EFS between tissues
precontracted by 25 mM KCl1 (61 % of maximal KC1l
contraction) and 30 mM KC1l (81 % of maximal KC1

contraction) (table 13).

8.3.4. TTX-resistant relaxation

TTX attenuated relaxations induced by EFS (figure
42). Attenuation was significant for stimulation
frequencies greater than 1 Hz. TTX-resistant relaxations
were not significantly potentiated by either 10 uM SK&F

94120 or 30 uM zaprinast (figure 42).
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Table 13. Effect of KCl1 precontraction on responses of
guinea-pig trachea to isoprenaline, VIP and EFS.

Precontraction
25 mM KC1 30 mM KC1
isoprenaline (pD,') 8.67 + 0.14 8.43 + 0.07
VIP (pD,) 7.91 + 0.16 7.69 + 0.06
EFS (log EF,?) 0.59 + 0.06 0.49 + 0.05
EFS (log EF,.*) 0.91 + 0.06 0.79 + 0.09

l. pb,= -log EC,,

2. EF,,= frequency inducing 50 % of maximal relaxation to
EFS.

3. EF,,= frequency inducing 35 % reversal of KC1

precontraction.

Figures represent means + SE of n=7-10
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Figure 42. TTX-resistant responses of guinea-pig trachea
to EFS (0.1 ms, 40 VvV, 0.5-50 Hz). In (A) relaxation was
induced in the absence (@ ) and presence (O) of 3 uM TTX.
In (B) relaxation was induced in the presence of 3 uM TTX
plus 10 uM SK&F 94120 (A ), 30 uM zaprinast (O ) or 30 uM
NaOH (Q ).  Atropine (1 uM), propranolol (1 uM) were
present throughout. Relaxation is expressed as % reversal
of KC1l precontraction. Points represent means + SE of
n=6-8, * p0.05, ** p<0.0l1 absence vs. presence of TTX.
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8.3.5. Effect of NEM on relaxation

NEM (30 uM) had no effect on resting tension or on
contractile responses to 30 mM KCl1 (1889 + 267 mg
untreated, 1823 + 336 mg NEM-treated preparations, n=8).
NEM (30 uM) had no effect on relaxation induced by
isoprenaline (pD, 8.38 + 0.06, maximal response 126 + 8 %
untreated preparations; pD, 8.46 + 0.05, maximal response
119 + 10 ¥ NEM-treated preparations, n=4) or SNP (pD, 6.36
+ 0.03, maximal response 102+ 8 % untreated preparations:;
6.46 + 0.07, maximal response 111 + 6 % NEM-treated
preparations, n=4).

NEM (100 uM) induced a contractile response in 1 out
of 6 preparations (468 mg), and reduced contractile
responses to 30 mM KC1l (1970 + 432 mg untreated, 389 + 107
mg NEM-treated, n=6). NEM (100 uM) abolished responses to

isoprenaline (n=3) and SNP (n=3).

8.3.6. Effect of methylene blue on relaxation

Methylene blue (30 uM) induced a contractile response
(312 + 21, n=22) but had no significant effect on
contractile response to KCl1 (2030 + 226 mg untreated, 1736
+ 162 mg methylene blue-treated, n=22). Methylene blue (30
uM) had no effect on relaxation induced by isoprenaline
(pD, 8.72 + 0.16 untreated, 8.57 + 0.13 methylene
blue-treated, n=5) but inhibited relaxation induced by SNP

(pp, 6.08 + 0.11 untreated, 5.61 + 0.02 methylene

192



blue-treated, p<0.05, concentration-ratio 2.95, n¥6),
(figure 43). Mdbkwb&zbodﬂ had no effect on relaxation
induced by VIP (pD2 7.72 + 0.09 untreated, 7.68 + 0.08
methylene blue-treated, n=5) or on relaxation induced by
EFS (log EF,, 0.54 + 0.05 untreated, 0.48 + 0.07 methylene
blue-treated, n=6), (figure 43).

Methylene blue (100 uM) induced a contractile
response (2432 + 653 mg, n=3) and was not used in further

experiments.
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Figure 43. Effect of methylene blue on responses of
guinea-pig trachea to (A) isoprenaline, (B) VIP, (C) SNP
and (D) EFS (0.1 ms, 40 VvV, 0.5-50 Hz). Relaxation was
induced in the absence ( Q) or presence (@® ) of 30 uM
methylene blue. Indomethacin (5 uM) was present
throughout. Corticosterone (50 uM) was present in (A).
Phosphoramidon (10 uM) was present in (B) and (D).
Atropine (1 uM) and propranolol (1 uM) were present in
(D). Relaxation is expressed as % reversal of KCl
precontraction. Points represent means + SE of n=5-6, *
p<0.05 absence vs. presence of methylene blue.
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8.4. Discussion

Cyclic nucleotide PDEs can be differentiated into
several isoenzymes according to their kinetic
characteristics, substrate specificity and sensitivity to
activators and inhibitors (Weishaar et al., 1985). In
various tissues; zaprinast selectively inhibits the low Km
PDE I which hydrolyses cGMP and sometimes cAMP, whereas
SK&F 94120 selectively inhibits the low Km PDE III which

hydrolyses cAMP (Bergstrand et al, 1977;
Gristwood et al., 1985; Weishaar et al., 1986). PDE
inhibitors induce smooth muscle relaxation,
although a good correlation between relaxation and
elevation of tissue cyclic nucleotide levels is not always
observed. SK&F 94120, for example, induces relaxation of
guinea-pig trachea at concentrations (1 uM) that have
no effect on cAMP levels (Bryson & Rodgers, 1987). PDE
inhibitors may therefore induce effects by mechanisms
unrelated to inhibition of cyclic nucleotide metabolism,
and this possibility cannot be excluded in our
experiments.

In canine airways, SK&F 94120 caused a potentiation
of isoprenaline-induced relaxation and cAMP accumulation
but had no effect on SNP-induced relaxation or cGMP
accumulation, whereas zaprinast potentiated the functional
and biochemical responses to SNP but not isoprenaline
(Torphy et al., 1987). Although cyclic nucleotide 1levels

were not measured in our experiments, similar functional
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effects of SK&F 94120 and zaprinast were observed. SK&F
94120 also potentiated relaxation induced by the
stimulation of i-NANC nerves and it is tempting to
speculate that this effect is mediated by a potentiation
of CcAMP accumulation. Zaprinast induced a small
potentiation of relaxation induced by EFS although overall
there was no significant shift in the frequency-response
curve. This, however does not preclude cGMP as a mediator
of such relaxation since c¢GMP may be metabolised by a PDE
isoenzyme which is not inhibited by zaprinast. In canine
tracheal smooth muscle c¢cGMP 1levels are regulated by
calmodulin-sensitive (PDE Ic) and calmodulin-insensitive
(PDE Ia) isoenzymes, and zaprinast is about 30-fold
selective for PDE Ia over PDE Ic (Cieslinski et al.,
1988). If similar isoenzymes exist in guinea-pig tracheal
smooth muscle, significant inhibition of PDE Ia should be
achieved by all concentrations of zaprinast used in our
experiments, but only high concentrations would inhibit
PDE Ic. In human tracheal smooth muscle, a further
calmodulin-sensitive PDE (PDE 1lb) hydrolyses cGMP but is
not inhibited by zaprinast (Cieslinski et al., 1988). If
such a calmodulin-sensitive enzyme is the major regulator
of cGMP breakdown following stimulation of i-NANC nerves,
then =zaprinast would not be expected to potentiate
relaxation induced by EFS. EFS-induced relaxation of the

lower esophageal sphincter is associated with an increase
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in c¢cGMP content (Torphy et al., 1986), but neither the
relaxation nor the cGMP accumulation is potentiated by
zaprinast (Rattan & Moummi, 1989; Barnette et al., 1989).
NEM has been purported to be an inhibitor of
adenylate cyclase (Sigafoos & Abramowitz, 1986) and in the
lower esophageal sphincter inhibits relaxation induced by
forskolin, VIP and EFS. In our experiments, however, a
selective inhibition of isoprenaline-induced relaxation
could nét.be demonstrated and NEM was therefore not a
useful adenylate cyclase inhibitor in our system.
Methylene blue has been purported to be an inhibitor of
particulate and soluble guanylate cyclase (Gruetter et
al., 1981) and in our experiments induced a small but
significant inhibition of SNP-induced relaxation but not
of isoprenaline- or VIP-induced relaxation. SNP is an
activator of the soluble guanylate cyclase, therefore
any elevation of cGMP levels by EFS may not necessarily
occur in the same subcellular compartment. Methylene blue,
however, had no effect on relaxation induced by the
activation of i-NANC nerves suggesting that guanylate
cyclase does not mediate this response. In contrast,
oxyhaemoglobin, another inhibitor of guanylate cfclase,
has been shown attenuate i-NANC relaxation of guinea pig
tracheal smooth muscle (Ko & Lai, 1988), and methylene
blue inhibits EFS-induced relaxation of lower esophageal

sphincter (Rattan & Moummi, 1989).
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Potentiation of responses to exogenous agonists by
PDE inhibitors results from the modulation of cyclic
nucleotide levels (or other mechanisms) in the smooth
muscle. Potentiation of responses to nerve stimulation,
however may result not only from postjunctional events but
also from modulation of neurotransmitter release. The
effects of PDE inhibitors on neurotransmitter release from
mammalian peripheral nerves is not known, although there
is evidence to suggest that cAMP may mediate modulation of
neurotransmitter release from invertebrate nerve endings
(Kupfermann, 1980). Furthermore, EFS of isolated tissue
will excite all neural elements present. Guinea-pig
airways possess an excitatory non-adrenergic
non-cholinergic (e-NANC) innervation, which is predominant
in bronchial smooth muscle, but may occasionally be
observed in the +trachea (Grundstrom et al., 1981).
Responses to EFS therefore represent a balance between
excitatory and inhibitory components. Potentiation of
EFS-induced relaxation by SK&F 94120 could therefore be
due to (i) postjunctional potentiation of i-NANC
responses, (ii) postjunctional attenuation of e-NANC
responses, (iii) prejunctional potentiation of i-NANC
neurotransmitter release, or (iv) prejunctional inhibition
of e-NANC neurotransmitter release. Our experiments were
conducted on cervical trachea where e-NANC responses are
least 1likely to be observed. However, we cannot exclude
modulation of e-NANC responses as the mechanism by which

SK&F 94120 potentiates EFS-induced relaxation,
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particularly in the presence of phosphoramidon which is
known to potentiate e-NANC responses to EFS (Sekizawa et
al., 1987b). SK&F 94120 was able to potentiate responses
to ViP, therefore if EFS-induced relaxation is mediated by
the release of VIP from i-NANC nerves, then a parallel
potentiation of EFS-induced relaxation would be expected.
SK&F 94120 reduced the level of precontraction
induced by KCl. It is well established that when airway
smooth muscle is precontracted with a muscarinic agonist,
the degree of relaxation induced by a beta-agonist is
inversely proportional to the degree of muscarinic tone
(van den Brink, 1973). This functional antagonism may in
part be due to an inhibitory effect of muscarinic agonists
on drug-induced c¢AMP accumulation and cAMP-dependent
protein kinase activation (Torphy et al., 1983). If
relaxation following precontraction by KCl is also subject
to functional antagonism, +then the potentiation by SK&F
94120 of relaxation to at least isoprenaline may simply
be due to a reduction in the level of KC1 precontraction
and consequently a reduction in the degree of functional
antagonism. A comparison of relaxation following
precontraction by 30 versus 25 mM KCl (in the absence of
PDE inhibitors) indicated that relaxation responses to
isoproterenol, VIP and EFS were not significantly
potentiated by decreasing the level of precontraction £ m

81 to 61 % of maximal KC1l contraction. Thus, changes in
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precontraction levels are unlikey to account for the
effects of SK&F 94120 on relaxation to isoproterenol, VIP
and EFS.

Relaxation to EFS in the presence of atropine and
propranolol was attenuated by TTX suggesting that it is at
least in part neurogenic in origin. KC1l itself is able to
induce the release of i-NANC neurotransmitter by
depolarising nerve membranes (Gibson & James, 1977),
although in our experiments EFS was still able to induce
neural responses in the presence of KCl. Stimulation
parameters used in the present study are similar to those
used by others to elicit TTX-sensitive i-NANC relaxations,
but TTX-resistant relaxations appeared to be larger than
those generally reported for the guinea-pig trachea
(Coburn & Tomita, 1973; Coleman & Levy, 1974; Richardson &
Bouchard, 1975). Indeed a great variability is seen
between studies in the proportion of TTX-sensitive and
resistant relaxations obtained. Several factors may
contribute to this including the type of precontraction
(spontaneous or drug induced), the degree of
precontraction or the physical characteristics of the
stimulation apparatus (Altiere et al., 1984). The 1large
TTX-resistant component of relaxation to EFS seen in our
study may be due to the use of KCl as a precontracting
agent, however further experiments would be required to
investigate +this possibility. The presence of a
TTX-resistant component to EFS-induced relaxation raises

the possibility that PDE inhibitors may modulate this
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componeﬁt rather than neurally-mediated relaxation. This
is unlikely since SK&F 94120 and zaprinast had no effect
on TTX-resistant relaxations induced by EFS.

In conclusion, we have shown that relaxation of
guinea-pig trachea induced by the stimulation of i-NANC
nerves 1is potentiated by inhibition of cAMP breakdown.
Although we cannot determine the mechanism underlying this
effect our results are consistent with the view that VIP

may be the neurotransmitter released by i-NANC nerves.
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9. Conclusion

In vitro experiments on isolated smooth muscle
preparations allow the characterisation of the neural and
humoral control of smooth muscle function, and of the
modulation of control mechanisms by endogenous and
exogenous factors. Modulation of the neural input to
smooth muscle can occur at several sites: 1)
prejunctionally, through the modulation of
neurotransmitter release, 2) at the neuroeffector
junction, through an interaction with the neurotransmitter
(eg. metabolism of the neurotransmitter) or 3)
postjunctionally, through alterations in the number,
affinity or efficacy of neurotransmitter receptors.
Experiments described in +this +thesis suggest that
cholinergic neurotransmission in human airway smooth
muscle may be modulated by catecholamines. We have used an
indirect method of comparing responses induced by
endogenous and exogenous acetylcholine to suggest that
catecholamines may inhibit acetylcholine release from
cholinergic nerve terminals, although verification would
require actual measurement of neurotransmitter release.
This 1is important since modulation of cholinergic
neurotransmission in canine airways by noradrenaline has
been suggested by a similar approach to ours (Vermeire &
Vanhoutte, 1979) but cannot be demonstrated by
acetylcholine release measurements (Martin & Collier,

1986).
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Characterisation of the neural control of airway
smooth muscle requires the identification of
neurotransmitters and their receptors. A wvariety of
peptides have been localised to nerves supplying the
airways and NANC responses induced in isolated
preparations may be mediated by neuropeptides. NKA and SP
are putative transmitters for the e-NANC innervation of
guinea-pig airways, although tachykinins may be
co-localised with other peptides such as
calcitonin-related peptide (Lundberg et al., 1985) and
galanin (Cheung et al., 1985). We have attempted to
characterise the receptors mediating tachykinin-induced
and e-NANC nerve-induced contraction of ASM, although
selective antagonists to tachykinin-induced contractions
of guinea-pig airways are still unavailable.

VIP and PHI are the putative neurotransmitters of the
i-NANC innervation of ASM, and in the absence of
VIP-receptor antagonists we have attempted to find a
common role for cyclic nucleotides in mediating VIP- and
i-NANC nerve-induced relaxation of guinea-pig trachea.
Neurogenic and VIP-induced relaxation was potentiated by
an CcAMP-PDE inhibitor although the mechanism could not be
elucidated. Measurements of tissue cyclic nucleotide
levels may provide more conclusive evidence for a role for
cAMP in mediating both forms of relaxation. Furthermore,
we could not differentiate between potentiation of
responses induced by i-NANC nerves and attenuation of

e-NANC nerves by PDE inhibitors, therefore experiments
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should have been conducted in the presence of a
tachykinin-receptor antagonist in order to eliminate
e-NANC responses to EFS.

The biological actions of neurotransmitters may be
terminated in a variety of ways, including neuronal and
extraneuronal uptake, diffusion away from the receptor,
internalization of neurotransmitter-receptor complexes and
enzymatic degradation of neurotransmitter molecules. Much
research has recently been focused on the metabolism of
neuropeptides by a variety of membrane-bound and soluble
peptidases. In the airways tachykinins and VIP may be
degraded by NEP, and we have demonstrated that responses
induced by these peptides applied exogenously may be
potentiated by NEP inhibition. Observations based on the
modulation of responses to exogenous agonists cannot
always be extrapolated to modulation of neurogenic
responses. We have suggested that degradation of exogenous
VIP occurs primarily at epithelial sites, and indeed
relaxation induced by the stimulation of i-NANC nerves was
not potentiated by NEP inhibition. It is difficult to
understand the relevance, however, of peptide degradation
at epithelial sites to the response of smooth muscle to
peptides 1in vivo. The differential effect of NEP
inhibition on responses induced by the stimulation of
e-NANC and i-NANC nerves may be of physiological
importance since any changes in peptidase activity may
alter the balance of excitatory and inhibitory influences

on airway tone.
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