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Abstract

In asthma the development of airway hyperresponsiveness (AHR) has been linked to the
presence of airway inflammation, however, the mechanism by which inflammation
leads to AHR remains elusive. There is a school of thought that AHR, in vivo, is not
due to an increased sensitivity of airway smooth muscle (ASM) to various contractile
agonists, but rather, is a property of intact airways which have been structurally changed
by chronic inflammation which then allows them to narrow excessively. The primary
structural change which is considered to be important in this scenario, is an increase in
airway wall thickness. Thickening of the airway wall may result from several

mechanisms, one being mucosal oedema.

This thesis is principally an examination of the effects of the pro-inflammatory
cytokines, tumour necrosis factor-o (TNFo) and interleukin-1§3 (IL-1B), on two
mechanisms considered to be important in the development of AHR. These being i) an
increased contractility of ASM and ii) the development of microvascular leakage
(MVL). The former was examined using an ovine model of in vitro contractility and

the latter examined in vivo using an isolated tracheal segment (ITS) in the guinea pig.

Following the detailed characterization of contractile responses of ovine ASM to
various agonists, it was determined that TNFo enhances acetylcholine (ACh)
contractility in ovine tracheal smooth muscle and that this effect is synergistic in the
presence of IL-1B. These studies were then extended to examine mechanisms by which
TNFa and IL-1p enhance ASM contractility in vitro. In this series of experiments

contractile responses to neurokinin A (NKA) and histamine were also examined.
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Pre-incubation of ASM with TNFo and IL-1( caused a significant leftward shift in, and
an increased in the magnitude of, the concentration-response curves to both ACh and
NKA. Whereas, histamine contractility remained unchanged following cytokine
incubation. There was no functional alteration to specific M3 and NK, receptors, as
reflected by antagonist affinity studies, following cytokine exposure. Neurokinin A
contractility in the presence of phosphoramidon indicated that the enhanced
contractility following cytokine exposure was not due to a reduction in endogenous
neutral endopeptidase activity. Removal of extracellular calcium ions attenuated the
contractile response to low concentrations of ACh in control and cytokine pretreated
tissue. However, enhanced contractility following TNFo and IL-1B pretreatment was
still present. These results demonstrate that ovine tracheal smooth muscle becomes
hyperresponsive to ACh and NKA following TNFa and IL-1B exposure, via 2
mechanism involving intracellular calcium mobilization. In calcium-free
Krebs-Henseleit solution the contractile response to. histamine in tracheal muscle strips
was virtually abolished. This suggests that histamine contractions in ovine ASM are
predominantly mediated by extracellular calcium influx. And furthermore, the lack of
an enhancement to histamine contractility following cytokine pretreatment appears to
reflect agonist-specific mechanistic differences in- post-receptor signalling pathways

that mediate ovine ASM contraction.

Finally, the effect of a combination of TNFo. and IL-1pB on airway MVL was examined.
Airway MVL was quantitated by determining Evans blue (EB) extravasation in an
isolated segment of trachea, in anesthetised mechanically ventilated guinea pigs. The
data demonstrate that TNFa and IL-1p aerosol challenge significantly increased EB

extravasation compared to saline control challenge.
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In summary, IL-1§ and TNFa are capable of enhancing ASM contractility to a variety
of agonists and inducing MVL. The former mediated by a mechanism involving
intracellular calcium mobilization. The results of these studies have important
implications in acute exacerbations of asthma, where peﬁb}onchial oedema in
conjunction with potentiated bronchocpnstrictor responses, may induce rapid airway
instability by unlinking the airways from the parenchyma, leading to life threatening

bronchoconstriction.
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Chapter 1 Introduction

1.1 Introduction

Within the last two decades there has been a great deal of interest in the role of sensory
nerves in the pathogenesis of asthma. A number of neurotransmitters are co-localized to
these nerves including the tachykinins. Barnes in 1986 (Barnes, 1986a) proposed that
axonal reflexes are central to the pathogenesis of asthma. He suggested that epithelial
damage leads to stimulation of sensory nerves and that antidromic conduction of

afferent impulses results in the release of neuropeptides in the airways.

Tachykinins have a number of actions that are relevant to asthma; they are able to
constrict bronchial smooth muscle (Martling et al., 1987b), stimulate mucus secretion
(Rogers et al., 1989), are potent vasodilators (Piedimonte et al., 1993) and are the
putative mediators of neurogenic inflammation (plasma extravasation) (McDonald et
al., 1996). Much evidence has accumulated for the involvement of sensory nerves in
the pathogenesis of asthma and airway hyperresponsiveness (AHR) (Joos et al., 1994),
albeit predominantly from rodent models of allergic asthma (Solway & Leff, 1991).
Airway hyperresponsiveness is considered a hallmark of asthma and is defined as an
abnormality of the airways that allows them to narrow too easily and to a greater extent

than normal airways to a variety of stimuli.

From this background our laboratory felt it was essential to extend this work to an

animal model of allergic asthma which we felt is more representative of human asthma.
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To this end we established the ovine model of allergic asthma described by Abraham

and colleagues (Abraham et al., 1983), which has been well characterized and validated

as an expetimental model of asthma.

Using this model we have obtained prima facie evidence for the involvement of
endogenously released tachykinins in the early response to inhaled Ascaris. We have
shown that phosphoramidon enhances and CP-96,345, a specific NK,; antagonist,
inhibits immediate bronchoconstriction following Ascaris inhalation in sensitized
sheep.  Pretreatment with capsaicin, which ablates sensory nerves, attenuates

antigen-induced bronchoconstriction (Reynolds et al., 1997).

Historically, this thesis arose as a result of these findings, since we postulated that
released tachykinins may induce AHR in allergic sheep by potentiating cholinergic
mediated contraction by the facilitation of pre-junctional transmitter release. Or
possibly, that released tachykinins, by acting directly on bronchial smooth muscle, may
demonstrate enhanced bronchoconstrictor responses due to decreased neutral
endopeptidase (NEP) activity within the airways, or to a decreased production of
epithelial-derived relaxant factors, as a consequence of epithelial disruption, or both.
Thus began the examination, both in vivo and in vitro, of the effect of exogenously
applied tachykinins substance P (SP) and neurokinin A (NKA) on ovine airway function
in non-allergic sheep with a view to extending the studies in allergic animals. However,

due to time constraints the effects in the latter group were not examined.

As early as 1987 it was recognized that the clinical manifestations of asthma including
AHR may result from a specific type of airway inflammation (Borish, 1987), however,

the mechanism by which inflammation leads to AHR remains elusive. There is a school
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of thought that AHR, in vivo, is not due to an increase sensitivity of airway smooth
muscle (ASM) to various contractile agonists, but rather, is a property of intact airways
which have been structurally changed by chronic inflammation which then allows them
to narrow excessively. Purported mechanisms include: 1) liquid filling of the airway
lumen, ii) an increase in mucosal thickness and iii) a decrease in the interdependence
between the airway wall and parenchyma (as reviewed in Sterk, 1993a). The latter two
may in part result from microvascular fluid extravasation into the airway mucosa. A
number of early in vitro studies have failed to detect abnormalities in smooth muscle
contractility, or to demonstrated a relationship between in vivo and in vitro AHR (de
Jongste et al., 1987b; Cerrina et al., 1986; Goldie et al., 1986; Armour ef al., 1984;
Armour et al., 1984a; Roberts et al., 1984; Vincenc et al., 1983). Recent evidence
however, has demonstrated the presence of in vitro AHR in asthmatic airways compared
to normal tissue (Bjorck et al., 1992; Cerrina et al., 1989). Thus, there is an apparent
intrinsic difference between normal and allergic ASM. Potentially this difference may
result from the presence of specific cytokines (as a consequence of inflammation)
directly influencing ASM contractility, by affecting signal transduction pathways that
mediate ASM contraction. This may be in addition to their inflammatory effects on

airway wall structure.

It is now considered that airway inflammation in asthma is a cytokine controlled
response rather than simply an antibody mediated one, and with this there has been a
rapid exploration of the involvement of cytokines in the development of AHR. It is
against this latter background that the ensuing studies undertaken in this thesis were
directed. The latter chapters of the thesis are devoted to the detailed examination of the
effects of the pro-inflammatory cytokines, tumour necrosis factor-oo (TNFo) and

interleukin 1-p (IL-1B), in the induction of in vitro AHR, and as inducers of
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microvascular leakage (MVL), two mechanisms considered to be important in AHR.
Although a multitude of cytokines are involved in asthma and airway inflammation,
with different cytokines assuming greater importaﬁce in different subsets of asthma,
TNFa and IL-1P can be considered as an archetypal model in examining these effects.
Moreover, the results obtained may provide a unifying mechanism for acquired AHR
following industrial irritant exposure and the _enhanced AHR observed during
exacerbation of asthma e.g. post viral infection and airway instability in sudden fatal

asthma.

1.2 Hypothesis and aims

Although the aims of the present thesis appear varied, they are best categorized as
general and specific. The general aims document the historic starting point and the
development of my technical expertise required to test my hypothesis, while the specific
aims outline the studies designed to examine the stated hypothesis. The first general
aim arose from my initial interest in AHR and was a collaborative extension of the
laboratory’s development of the ovine bronchoconstrictor model of allergic asthma.

The work described in general aims 2 and 3 was vital in developing the necessary
research tools required for characterizing in vitro bronchoconstrictor responses in ovine

airways.

The general aims of the present study are:

1. To determine the mechanisms involved in the in vivo airway response to exogenous
SP in non-allergic sheep.

2. To characterize the in vitro contractile responses of normal (non-sensitized) sheep

ASM to receptor specific tachykinin agonists, ACh, and histamine.
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3. To determine the mechanism of action of tachykinins on ASM. That is, whether
tachykinins (SP and NKA) act directly on ASM or through endogenous ACh release

or indirectly through other mediators e.g. histamine.

Hypothesis
The hypothesis of this study is that cytokines involved in the inflammatory process,
namely IL-1p and TNFa specifically alter ASM contractility and MVL. And that, in

the former effect, the mechanism involves changes in signal transduction in ASM.

The specific aims of the present study are:

1. To determine whether IL-1p and TNFo, either alone or in combination, can
induce in vitro AHR to selected agonists (tachykinins (NKA), ACh and
histamine) in non-sensitized sheep airways.

3 To elucidate the mechanisms by which TNFo and IL-1B enhance ovine in vitro
smooth muscle contractility.

3. To determine the in vivo effect of IL-1B and TNFa, on tracheal microvascular

permeability in the guinea pig.

1.3 Literature review

This review begins with an outline of airway inflammation and the structural
remodeling observed in chronic asthma. Following is a summary of the postulated in
vivo mechanisms by which airways become hyperresponsive in asthma, both
mechanical and neural. The latter, due to initial interest, is extended to include a more
in-depth review of the mechanisms by which tachykinins may induce AHR. From this

the involvement of cytokines in airway inflammation is introduced and includes a brief
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discussion of unifying mechanisms that may link the development of AHR in particular
subsets of asthma to the presence of specific cytokines. The next section describes
similarities and possible convergence of the signal transduction pathways for smooth
muscle contraction and pro-inflammatory (TNFa and IL-1B) cytokine cell signaling,
together with an up-to-date review of the known in vitro effects of TNFo and IL-1f3 on
smooth muscle tone. Finally, is a stand-alone surhmary discussion of the ovine and

guinea pig models of allergic asthma and MVL, respectively.

1.4 Asthma

«“Asthma is now defined as a chronic inflammatory disorder of the airways in which
many cells and cellular elements play a role, in particular, mast cells, eosinophils, T
lymphocytes, neutrophils, and epithelial cells... The inflammation also causes an
associated increase in the existing bronchial hyperresponsiveness to a variety of stimuli”

(Global Initiative for Asthma, 1997).

Asthma is a common disease which is associated with significant morbidity and
mortality. It appears that asthma prevalence is increasing worldwide. Epidemiological
studies of asthma prevalence, as determined by questionnaires documenting asthmatics
symptoms, have demonstrated a prevalence rate in adults between 25-30% in English
speaking countries e.g. Australia, New Zealand, United Kingdom and United States
(Beasley et al., 2000). In Europe, depending on country of residence, asthma affects

10-20% of the adult population.

1.4.1 Asthma aetiology
Asthma appears to result from a complex interplay of genetic and environmental

factors. Various risk factors have been assigned to the development of asthma; in
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particular the presence of allergy or atopy, as documented by the presence of elevated
levels of circulating immunoglobulin E (IgE), and AHR. There exists a strong genetic
predisposition for the development of atopy (Rona et al., 1997; Sears et al., 1996;
Postma et al., 1995), and AHR (van Herwerden ef al., 1995). Furthermore, there is a
close association between circulating levels of IgE and the development of AHR and
asthma in children (Sears ef al., 1993; Sears et al., 1991) and asthma in adults (Bodner
et al., 1998; Burrows et al., 1989). As well as genetic factors, various childhood
environmental factors are associated with an increased risk of developing asthma.
These include such things as childhood exposure to cigarette smoke (Weiss et al.,
1980), the number of childhood viral infections (Martinez et al., 1995), family size
(Rona et al., 1997; Sunyer et al., 1997) and diet (Hodge ef al., 1996). Environmental
risk factors associated with the development of adult asthma appear to be exposure to
airborne contaminants (Anto et al., 1989), cigarette smoking (Bodner et al., 1998) and
occupational exposure to various sensitizing agents (Chan-Yeung & Malo, 1995), such

as cereal dust, latex and isocyanates.

1.5 Airway hyperresponsiveness

Airway hyperresponsiveness (also termed: bronchial hyperresponsiveness) is considered
a hallmark of asthma in which exaggerated airway narrowing occurs in response to a
wide variety of non-specific stimuli. The development of AHR has been linked to the
presence of airway inflammation (Rogers & O'Connor, 1993; Hogg et al, 1991)
however, the mechanism by which inflammation leads to AHR remains elusive.
Moreover, it has been suggested that AHR and airway inflammation may be parallel
pathophysiological processes rather than causal (Brusasco et al., 1998; Haley & Drazen,

1998; Chapman ef al., 1993).



1.6 Inflammation

1.6.1 Overview

An inflammatory response is a normal homeostatic mechanism to body tissue injury. It
is a well-orchestrated series of cellular events intended to halt tissue destruction, remove
invading matter (particulate or organism) and helps to return normal tissue function
(Gauldie, 1991). Inflammation is a localized immune response induced by a variety of
causes (e.g. injury, bacteria, trauma, chemical, and heat). The inflammatory response is
characterized by dilatation of local blood vessels, increased blood flow and exudation of
fluid and plasma proteins into the surrounding tissue and the migration of blood borne
leucocytes into the affected tissue (Guyton & Hall, 1996a). This natural process can
and does become disturbed resulting in chronic inﬂMation and permanent changes to

tissue.

1.7 Airway inflammation

Early histological evidence of airway inflammation in asthmatics was obtained at
autopsy following fatal attacks. The predominant features found were mucus plugging,
intraluminal plasma-protein exudate containing eosinophils, epithelial cells and
neutrophils, a marked thickening of the airway wall (Carroll ef al., 1996; Carroll et al.,
1993; Huber & Koessler, 1922), with submucosal oedema and capillary dilatation
(Dunnill, 1960), and an increase in smooth muscle fibre number (hyperplasia) and an
increase in smooth muscle fibre size (hypertrophy) (Heard & Hossain, 1973). In
addition, epithelial shedding, eosinophil infiltration beneath a grossly thickened
basement membrane and goblet cell hyperplasia were observed (Dunnill et al., 1969;

Dunnill, 1960; Messer et al., 1960).
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With advances in microscopy, immunohistochemical staining and the standardization of
morphometric counting techniques (Bai et al., 1994; James et al., 1988), it has become
apparent that airway inflammation is a principal feature associated with asthma even in
patients with mild disease (Beasley et al., 1989; Jeffery et al, 1989). Further
characterization of inflammation in the large and small airways has been made possible
using flexible fibre-optic bronchoscopy in conjunction with endobronchial biopsy and
bronchoalveolar lavage, and more recently sputum induction. Inflammatory cells are
found in the lamina propria, bronchial smooth muscle and submucosa of asthmatic
airways (refer Figure 1.1 for normal airway wall structure). These cells include
eosinophils, T-lymphocytes, mast cells, macrophages, basophils and neutrophils
(Ammit et al., 1997; Hamid et al., 1997; Faul et al., 1997; Carroll et al., 1997a; Sur et
al., 1993). Numerous studies have documented an association between inflammatory
cellular infiltrate and airway function (Duddridge ef al., 1993; Laitinen et al., 1992;
Gibson et al., 1990; Corrigan et al., 1988). However, very few have demonstrated a
strong relationship between inflammatory intensity and asthma disease severity, perhaps
the exception being a study by Bousquet and coworkers, which demonstrated a
significant relationship between eosinophil numbers in the airway mucosa and asthma
severity (Bousquet ef al., 1990). This lack of association between cellular infiltrate and
disease severity may reflect the quiescent state of the inflammatory cells at the time of
sampling, i.e. there may be a stronger association observed if the active state of the
inflammatory cells is determined. This is perhaps best exemplified by the finding of
Hamid and associates, where they found a larger iumber of eosinophils in the outer
airway wall area than the inner, however, a greater number of activated eosinophils

were found in the inner wall area (Hamid et al., 1997).
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Figure 1.1 Basic structure of a normal bronchial wall (H&E stain). E, epithelium; GC,
goblet cell; LP, lamina propria; BV, blood vessel; M, smooth muscle layer; G, mucous

glands; C, cartilage. Adapted and reproduced with permission from Young &

Heath (2000).
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Possibly the most striking common morphometri¢c feature of the airway in chronic
severe asthma is the pronounced airway wall thickening (Carroll et al., 1996; Carroll et
al., 1993; Kuwano et al., 1993; Takizawa & Thurlbeck, 1971; Dunnill et al., 1969).
The increased thickness has been linked to chronic inflammation which results in
various structural changes within the airways, termed “airway remodeling”. An
alteration in both muscular and non-muscular structures is seen, with airways smaller

than 2 mm also being affected.

1.7.1 Structural changes in asthmatic airways

1.7.11 Airway epithelium

A pseudo-stratified columnar epithelium lines the airway consisting of ciliated and
non-ciliated cells with a few mucus-secreting goblet cells, tightly attached to a basement
membrane (Figure 1.2). The epithelium forms an interface between the environment
and the remainder of the respiratory tract (Montefort et al., 1992). Biopsy specimens of
asthmatic airways demonstrate epithelial disruption, such that the columnar cells are
shed leaving the basal cells intact (Jeffery et al., 1989; Laitinen et al., 1985). The extent
of epithelial shedding is both variable and patchy, and can be seen in mild asthma
(Beasley et al., 1989; Laitinen et al., 1985). Epithelial shedding is thought to result
from a disruption of interepithelial adhesion molecules between the suprabasal and
basal cell layers (Montefort et al., 1993). This may be related to inflammatory cell
migration from microvessels beneath the bronchial epithelium with accompanying
oedema (plasma extravasation) (Pilewski & Albelda, 1993) and/or the release of

cytotoxic substances, such as cationic proteins, proteases and oxygen radicals from



Figure 1.2a Diagram of pseudo-stratified columnar ciliated
epithleium, which gives the impression that there is more than
one layer of cells. However, all cells rest on the basement
membrane, with their nuclei disposed at different levels, giving

the illusion of stratification.

Figure 1.2b Haematoxylin and eosin (H&E) micrograph of
respiratory epithelium. Reproduced with permission from
Young & Heath (2000).

12



13

inflammatory cells within the airway mucosa (Bousquet et al., 1994; Coyle et al., 1994;
Ohashi ef al., 1992; Montefort et al., 1992). Another alteration to the epithelium

associated with inflammation in asthma is goblet cell hyperplasia (Laitinen et al., 1985).

1.7.1.2 Subepithelial structures

In asthmatic airways there is thickening of the reticular layer (lamina reticularis) of the
epithelial basement membrane, often termed sub-epithelial fibrosis. This being due to
deposits of collagen, types I, III and V, and fibronectin (Jeffery et al., 1989; Roche et
al., 1989), which is in contrast to the type IV collagen component found in normal
airways. The deposition of these compounds has been attributed to the increased
presence of myofibroblasts, associated with inflammation, within the subepithelial area

(Brewster et al., 1990).

There exists throughout the submucosa of the bronchial tree a network of discrete
longitudinal bundles being quite distinct from the epithelial basement membrane and
subepithelial collagen layer. These bundles contain elastic fibres, collagen and
myofibroblast matrix. In asthma (fatal and non-fatal) the longitudinal bundles become
hypertrophied, with a decrease in elastin and an increased presence of collagen and

myofibroblasts (Carroll ef al., 2000).

1.7.1.3 Mucous glands

Submucosal mucous glands are distributed throughout the cartilaginous airways and are
responsible for producing most of the mucus found in large airways. In normal adults
these glands occupy approximately 12% of the airway wall (Matsuba & Thurlbeck,
1972) and are known to double in cases of fatal asthma (Carroll et al, 1993).

Submucosal gland hyperplasia is thought to contribute to the excessive mucus
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production observed in fatal asthma. Considerable mucus impaction is seen in the
airways at autopsy in fatal asthma (Dunnill, 1960), which may result from a decrease in
mucociliary clearance during exacerbative episodes of asthma (O'Riordan et al., 1992),
possibly by ciliary dysfunction induced by inflammatory mediators (Wanner ef al.,
1996), increased mucus viscosity (Pavia ef al., 1985) and ciliated epithelium disruption

(Laitinen et al., 1985).

1.7.1.4  Airway smooth muscle

In normal adults, approximately 3% of the bronchial wall is occupied by smooth
muscle, this increases to 20% in bronchioles (Matsuba & Thurlbeck, 1972). In
asthmatic patients a three fold increase in ASM bulk is observed in both proximal and
distal airways, (Carroll et al., 1993; Saetta et al., 1991; Ebina ef al., 1990; Dunnill et al.,
1969). Notwithstanding others have reported no increase in ASM content of the larger
airways in asthmatics (Thomson et al., 1996). Where increased muscle mass has been
demonstrated morphometric studies demonstrate no clear mechanism at play. It appears
that the increase in smooth muscle results from both hyperplasia and hypertrophy with
striking differences between individuals. Ebina and colleagues have demonstrated two
patterns of ASM thickening. One group of patients demonstrate muscle hyperplasia in
the larger more proximal airways, while in the second group hypertrophy prevails
throughout the airways, being more marked in the distal airways (Ebina ef al., 1993).
Despite these structural differences, it is evident that in fatal asthma muscle mass is
increased in all airways greater than 2-4 mm in diameter compared with non-fatal
asthma (Carroll et al., 1993; Kuwano et al., 1993). Of note however, is that these
changes in smooth muscle are quite variable and may prove unpredictable as to a fatal

outcome in individual patients (Roche, 1998).
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1.7.1.5  Bronchial circulation

The bronchial circulation arises from bronchial and intercostal arteries from the aorta.
These vessel branches anastomose freely with each other forming a dense vascular
plexus in the peribronchial space. They give rise to .small arterioles which penetrate the
mucosal layer where they form a second submucosal plexus. This occurs throughout
the airways from the trachea to terminal airways (Deffebach et al., 1987). The presence
of a thickened oedematous airway mucosa containing dilated and congested blood
vessels in fatal asthma has long been documente(i (Dunnill, 1960). However, only
recently has the importance of such a finding to the pathophysiology of asthma and

bronchial hyperresponsiveness been recognized (Mitzner et al., 1995).

Angiogenesis is the process by which new blood vessels emerge from existing
endothelial lined vessels. This is a normal process required for growth, development,
wound healing and inflammation. An increase in airway vasculature can occur by two
processes, sprouting angiogenesis (the proliferation of endothelial cells to form new
blood vessels) or microvascular enlargement (where endothelial cells proliferate
resulting in an enlargement of the vessel circumference). This latter mechanism results
in larger vessels than original, which appear dilated or congested, without being more
numerous (Busse ef al., 1999). It is not known which mechanism of angiogenesis are
involved for increasing airway wall thickness in asthma. However, it is clearly evident
from a number of recent morphometric studies that there is both an increase in bronchial
submucosal vessel number (Orsida et al., 1999; Li & Wilson, 1997) and vascular

volume (Carroll et al., 1997b; Kuwano et al., 1993).
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1.7.1.6  Extracellular matrix

The extracellular matrix (ECM) provides structural support within various tissues, and
until recently was thought to be a relatively inert structure within the airways (Spurzem,
1996). The ECM is a complex network of macromolecules produced and secreted by
tissue mesenchymal cells (e.g. epithelial and endothelial cells, fibroblasts and smooth
muscle). The ECM consists of fibrous proteins such as collagen and elastin, and
adhesive proteins (fibronectin, tenascin and laminin) in a polysaccharide gel containing
several proteoglycans and glycosaminoglycans, such as decorin, biglycan, versican and
hyaluronan (Bianco et al., 1990; Zimmermann & Ruoslahti, 1989). Hyaluronan has
received particular attention in recent times, its presence, confers specific viscoelastic
properties (e.g. lubrication, hydration and filtering effects) (Fraser ez al., 1997) to the
ECM, and facilitates cell migration and proliferation during injury and repair (Knudson
& Knudson, 1993; Laurent & Fraser, 1992). Increased levels of hyaluronan are found
in the BAL fluid from asthmatics, with the magnitude strongly correlating with disease

severity (Bousquet ef al., 1991).

It is becoming apparent that the changes in ECM are intricately involved in airway wall
remodeling in asthma. Moreover, the cell types present, including inflammatory
infiltrate (cosinophils, macrophages, lymphocytes, mast cells and neutrophils), their
activation state, and the mediators released or secreted acutely affect its composition.
The ECM is now known to be a dynamic structure, establishing an equilibrium balance
between synthesis and degradation of its components. Matrix metalloproteinases
(MMP) and their tissue inhibitors (tissue inhibitors of metalloproteinase (TIMP)) aid in
this homeostasis (Birkedal-Hansen et al., 1993j. Matrix metalloproteinases are
members of a family of preolytic enzymes that degrade ECM. It is postulated that there

may be an imbalance between MMP and their inhibitors in asthma resulting in abnormal
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tissue repair (Mautino ef al., 1999a). Alterations in MMP and TIMP balance have been

documented in asthmatic patients. In particular increased levels of MMP-9 and TIMP-1
have been observed in lavage fluid and bronchial biopsy specimens (Lemjabbar et al.,
1999; Mautino et al., 1999b; Hoshino et al., 1998; Mautino ef al., 1997). Furthermore,
matrix metalloproteinases have been implicated in- epithelial fibrosis (Hoshino et al.,
1998), angiogenesis (Stetler-Stevenson, 1999; Sang, 1998) and ASM proliferation

(Rajah et al., 1999, Johnson & Knox, 1999; Foda et al., 1999).

1.8 Airway inflammation and airway hyperresponsiveness

Airway hyperresponsiveness is defined as an abnormality of the airways that allows
them to narrow too easily and to a greater extent than normal airways to a variety of
inhaled non-specific stimuli. The stimuli may be either chemical or physical, and are
classed as direct or indirect. Direct stimuli (e.g. cholinergic agonists, histamine,
leukotriene Dy) act directly on ASM via specific receptors. Physical and chemical
agents such as exercise, hypertonic saline, adenosine and sulphur dioxide are indirect
stimuli as they induce airway narrowing by stimulating inflammatory cells and/or

sensory nerves to release bronchoconstrictor mediators (Joos et al., 1993).

The underlying abnormality in asthma is a specific type of airway inflammation, and the
development of AHR is thought to be due to the inflammation. However, the
mechanism by which airway inflammation leads to AHR remains unclear. One body of
evidence suggests that AHR is an in vivo phenomenon and results from airway wall
remodeling including the presence of airway wall oedema. In this model the
contractility of the ASM does not need to be enhanced per se, that is, the ASM is

normal. The other theory is that ASM contractility is enhanced for a variety of reasons
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including the effects of inflammatory cell-derived mediators. There is evidence to

support both postulates.

Airway hyperresponsiveness is not unique to asthma, and is seen in patients with other
chronic inflammatory diseases such as chronic obstructive pulmonary disease (Klein &
Salvaggio, 1966), cystic fibrosis (van Haren ef al., 1992), sarcoidosis (Laitinen ef al.,
1983), chronic bronchitis (Enarson ef al., 1987) and bronchiectasis (Varpela et al.,
1978). Furthermore, asthmatic symptoms can occur without AHR (Stanescu & Frans,
1982) and AHR has been observed in subjects without any demonstrable inflammatory

changes (Power et al., 1993).

It has been universally concluded that, in moderate to severe asthmatics, the failure to
demonstrate a plateau or maximal effect in in vivo bronchoprovocation dose-response
studies (Woolcock et al., 1984), equates to excessive airway narrowing. This is thought
to be related to an increase in ASM shortening (i.e. the ASM is allowed to contract to a
greater extent) for a given stimulus (Moreno ef al., 1986). Mechanisms which
determine excessive degrees of airway narrowing include: 1) an increase in mucosal
thickness, 2) a decrease in the interdependence between the airway wall and
parenchyma, 3) liquid filling of the airway lumen and 4) an enhanced contractility of

ASM itself (Moreno et al., 1986).

1.8.1 Mucosal thickening

Elaborate mathematical modeling based on morphorhetric data of asthmatic airways and
a geometric model of the human tracheobronchial tree has suggested that changes in
airway wall thickness will dramatically accentuate airway narrowing (Wiggs ef al.,

1992; Moreno ef al., 1986). Anatomically the airway wall can be divided into three
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areas: 1) an inner wall i.e. tissue between the luminal surface and the innermost layer of
smooth muscle. This area consists of epithelium, basement membrane, lamina
reticularis and loose connective tissue containing mucous glands and the submucosal
microvasculature; 2) the smooth muscle layer; and 3) the outer wall area consisting of
tissue between the outermost layer of smooth muscle and the surrounding lung

parenchyma i.e. the adventia (Pare & Bai, 1996).

Wiggs and colleagues demonstrated that the enhanced airway narrowing seen in asthma
and chronic obstructive pulmonary disease can be explained mathematically by loss of
clastic recoil and an increase in inner airway wall thickness (Wiggs et al., 1992). Both
of which have been clearly demonstrated in asthmatic subjects (Carroll et al., 1993;
Kuwano et al, 1993; Woolcock & Read, 1968). Furthermore, Wiggs et al
demonstrated that the dynamics of airway narrowing is further exaggerated if the inner
airway wall thickening is allowed to encroach into the lumen, while only inducing

minimal changes to baseline airways resistance (Wiggs ef al., 1992).

Schematically the airway lumen is often depicted as a smooth surface however,
histological sections demonstrate small folds in the mucosa (Figure 1.3). Following
ASM contraction these folds become more prominent as muscular contraction forces all
the structures within the muscle layer to buckle. Mucosal folding prevents the airway
from collapsing by providing a load against which the muscle must contract, however,
this load is decreased if fewer folds are present allowing greater ASM shortening. The
observation that there are fewer folds in asthmatic airways (Wiggs et al., 1994) has lead
several groups to examine what physical aspects of airway wall structure might
influence the mucosal buckling or folding pattern (Wiggs et al., 1997; Lambert, 1991).

Modeling by Lambert ef al demonstrated that the pressure required to buckle an
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Figure 1.3 Micrograph of a normal bronchiole (H&E stain) illustrating the pattern
mucosal folding. M, smooth muscle layer; V, vein accompanying the bronchiole.

Adapted and reproduced with permission from Young & Heath, (2000).
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artificial airway (elastic tube) was dependent on the number of folds created which in
turn determined the propensity for luminal narroWing. That is a mucosal buckling
pattern with fewer folds requires less pressure and has a greater tendency towards
airway narrowing (Lambert, 1991). Wiggs and colleagues using a more sophisticated
bilayer cylindrical model further developed this concept. This group demonstrated that
the most critical factor which influenced the buckling pattern (number of folds) of their
two layer model was the thickness or stiffness of the inner layer. A thickened or stiff
inner layer resulted in a folding pattern with fewer circumferential folds allowing the
tube to narrow to a greater extent before the folds push against one another and
determine the degree of luminal narrowing (Wiggs et al., 1997). A thickening or
stiffening or the tube’s inner layer was likened to the subepithelial collagen layer
observed in asthmatic airways due to inflammatory remodeling processes, which
consequently would lead to a reduced number of mucosal folds and enhanced airway

narrowing, i.e. a mechanism for AHR.

1.8.2 Airway-parenchymal interdependence

In normal airways, the calibre of the airway is determined by the balance between the
inward force of the contracting ASM and the tethering action of the lung parenchymal
elements, which exert an outward force on the airway, opposing airway narrowing.
During in vivo bronchoconstriction, ASM contracts against an intrinsic load applied by
the elastic elements of the lung parenchyma. Normally this intrinsic load impedes ASM
shortening and prevents excessive airway narrowing (Robinson ef al., 1992). That is,
there is interdependence between the airway wall and lung parenchyma in maintaining
airway calibre. Macklem hypothesized that an increase in adventitial wall area external
to the smooth muscle, as a consequence of inflammation, would result in a decrease or

“uncoupling” of the airway-parenchymal interdependence (Macklem, 1990). That is,
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the intrinsic load (the outward force) applied by the surrounding parenchyma is
diminished allowing the ASM to contract to a greater extent, in response to a stimulus,
until the inward and outward forces equalize. He further speculated that oedema
accompanying airway inflammation might uncouple the airway from the parenchyma to
such an extent that the ASM may contract sufficiently as to completely occlude the

airway.

Morphometric analysis of asthmatic airways have demonstrated thickened outer wall
areas (Carroll et al., 1993; Kuwano et al., 1993) with increased inflammatory cell
infiltrate (Saetta et al., 1991), increased adventitial vascular area (Kuwano et al., 1993)
and increased ECM depsoition (Roberts, 1995). Moreover, in cases of fatal asthma
there is a significant increase in outer wall area compared to non-fatal asthma (Carroll et

al., 1993).

Pare and colleagues have summarized the physiological consequences of
mathematically changing airway wall dimensions on airway function. Simply by
increasing the inner airway wall area form 20% to 40% (which by itself produces a
small increase in airway resistance) and imposing a physiologically acceptable amount
of ASM shortening (30%) then airway resistancel of the thickened airway increases
tenfold above that of the “normal airway” (Moreno ef dal., 1986), Figure 1.4. Similarly
if one assigns an increase to the outer adventitial wall area then for a given degree of
ASM shortening, the change or uncoupling of airway-parenchymal interdependence
leads to an increase in airway resistance six times gréater than that of the “normal model
airway” (Pare & Bai, 1995), Figure 1.5. Finally, and possibly most importantly, their
mathematical model demonstrated that an increase in ASM mass was the most

significant abnormality responsible for the increased resistance in response to a
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Figure 1.4 Diagrammatic representation of the effect of inner wall thickening on airway
resistance. ASM, airway smooth muscle. When 30% ASM shortening occurs, the
airway resistance (R) increases from an arbitary value of 1 to 7.6. An increase in wall
area of 40% produces a small increase in baseline R to 1.8, but in the presence of a
thickened wall, 30% ASM shortening increases | R to 80 times that of baseline.

Reproduced from Pare & Bai (1996).
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Figure 1.5 Effect of adventitial wall thickening ‘on airway resistance. The normal
airway is given a resistance (R) value of 1. When the airway smooth muscle (ASM) is
stimulated to contract, shortening occurs until the stress in the surrounding lung
parenchyma (springs) prevents further shortening, resulting in an R of 8. With
adventital thickening (outer wall area) the stress in the surrounding parenchyma is
decreased and greater ASM shortening is possible before parenchymal recoil prevents
further airway narrowing. Ultimately leading to enhanced airway narrowing with an R

of 50. Adapted and reproduced from Pare & Bai (1995).
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bronchoconstricting stimulus seen in asthma (Lambert et al., 1993). This group further

demonstrated that a greater ASM mass per se, would generate a greater total force for a
given (normal) degree of muscle stimulation resulting in greater luminal narrowing.
This airway narrowing would be greatly enhanced by mucosal and adventitial wall
thickening known to accompany ASM hyperplasia (Carroll ef al., 1993; Kuwano ef al.,
1993; Saetta et al., 1991; Ebina et al., 1990; Dunnill ef al., 1969). A prominent feature
of asthmatic airways compared to control data is the increase in ASM cross-sectional
area which is doubled in fatal asthma compared to non-fatal asthma (Carroll ef al.,

1993; Kuwano ef al., 1993; Heard & Hossain, 1973).

1.8.3 Microvascular leakage

Aside from the vascular remodeling within the airway wall, i.e. the increased number
and size of blood vessels (see above) as a mechanism for AHR, MVL of plasma from
these abundant vessels and cell migration induced by various inflammatory mediators
will cause airway wall oedema. A detailed discussion of mechanisms which control
‘basal’ permeability, and associated permeability. coefficients, of water and small
solutes is beyond the scope of this introduction, however, these topics have been

extensively reviewed by Michel and Curry (Michel & Curry, 1999).

Vascular leakage of plasma is a principal sign of acute inflammation. The importance
of airway vascular leakage in asthma has only been appreciated over the last fifteen
years (Persson, 1991; Persson, 1986), despite the earlier findings of plasma proteins in
sputum, mucus plugs and bronchoalveolar lavage fluid from asthmatics (Lam et al.,
1985; Heilpern & Rebuck, 1972; Dunnill, 1960). Vascular leakage of macromolecules
is an active process under physiological and pharmacological control (Majno et al.,

1969), and is generally referred to as increased vascular permeability (Michel & Curry,
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1999). Experimental evidence for inflammation induced increases in microvascular
permeability in the airway was described using dyes which bound to plasma proteins
(Saria & Lundberg, 1983). At any one time, airway plasma extravasation will be
determined by the permeability of the airway microvasculature and by microvascular
pressure, the latter will vary with changes in airway blood flow and vascular resistance
(Persson, 1987). While the degree of airway wall oedema will be governed by the rate
of net fluid extravasation, lymphatic drainage and transepithelial liquid transport into
the airway lumen (Wanner, 1989). Movement of the exudate within the interstitium is
affected by hydrostatic pressure gradients, ultimately leading to the bulk movement of
plasma into the airway lumen (Persson ef al., 1996; Persson et al., 1990). This appears
to be a unidirectional flux of macromolecules as airway luminal absorption (inward
permeability) of small and large solutes into the mucosa is unaffected (Erjefalt &

Persson, 1991; Greiff ef al., 1991).

Ultrastructural studies of microvascular beds have demonstrated that inflammatory
mediator induced plasma extravasation occurs in post capillary venules through large
gaps between endothelial cells (McDonald, 1994; Majno et al., 1969). These
intercellular gaps are produced by endothelial cell contraction (McDonald, 1994; Joris
et al., 1987). While delayed inflammatory responses to mild thermal burns or injury
involves vascular leakage from both capillaries and venules (Cotran & Majno, 1964).
Recent investigations using electron microscopy and serial section reconstructioning
techniques have suggested that increased vascular permeability also occurs via a
transcellular route involving vesiculo-vacuolar organelles (VVO — interconnecting
grapelike clusters of vesicles and vacuoles) (Baluk et al., 1997; Feng et al., 1996).
These VVO occur more frequently and take up macromolecules upon stimulation of

endothelial cells by various mediators such as vascular endothelial growth factor
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(VEGF, earlier know as vascular permeability factor), histamine and serotonin (Feng et
al., 1996). The induction of increased vascular permeability by various inflammatory
mediators appears to be a transient phenomenon with maximal effects being obtained
with 1-10 minutes with a return to basal levels usually within 30 minutes (Baluk et al.,

1997; Michel & Kendall, 1997; Evans et al., 1989).

In addition to the more permanent structural chariges in the airway wall, increased
microvascular permeability will induce further immediate and significant oedematous
changes to the airway wall. This in turn will amplify bronchoconstrictor responses. For
example, oedema in the submucosa by interacting with the abnormal proteoglycan
deposits (versican and biglycan) beneath the epithélium (Huang et al., 1999; Roberts,
1995), could lead to increased stiffness or turgor of the subepithelial layer causing a
further decrease in the number of mucosal folds following smooth muscle activation
(Wiggs et al., 1997). Liquid accumulation within an already thickened vascular
submucosa would subsequently increase inner wall ﬁrea, while advential oedema would
result in further decoupling of the airway wall from parenchymal attachments. All of
which, together or separately, would result in a far greater degree of luminal narrowing
during ASM contraction (Pare & Bai, 1996; Wiggs et al., 1992; Hogg et al., 1987), than

would otherwise occur in the absence of increased microvascular permeability.

1.8.4 Airway luminal liquid

Mucus hypersecretion is a common finding in the inflamed asthmatic airway. James
and Carroll have examined the extent to which mucus may contribute to airway
narrowing and resistance during bronchoconstriction. They demonstrated that airway

resistance can increase dramatically, up to 700-fold, if mucus discharge, inner airway
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wall thickening and a modest degree of ASM shortening occurs simultaneously (James

& Carroll, 1995).

The passage of plasma exudate resulting from increased microvascular permeability of
the submucosal capillaries into the airway lumen has been documented for some time
(Dunnill, 1960). As ASM contracts the mucosa folds forming ridges that protrude into
the airway lumen. Luminal oedema will rapidly fill the small pockets or interstices that
form between the epithelial projection reducing luminal cross-sectional area and
increasing airway resistance (Yager ef al., 1989). Airway oedema containing plasma
proteins will lead to the disruption of mucociliary clearance, and possibly enhancing
mucus plugging, by decreasing ciliary beat frequency (Sanderson & Sleigh, 1981) and
increasing mucus viscosity (List et al., 1978). Furthermore, luminal plasma exudate
will also react with pulmonary surfactant causing it to become dysfunctional (Seeger et
al., 1985). Besides the well recognized role of surfactant in maintaining open alveoli,
another major physiological role is in maintaining narrow conducting airway patency
(Enhorning et al., 1995). Plasma proteins are known to inhibit surfactant function
(Seeger et al., 1985) leading to increased surface tension thereby making small airways

unstable and prone to collapse (Yap et al., 1994).

In addition to these physiological effects of enhanced MVL, the exuded plasma is
capable of initiating other biological effects. Extravasated plasma is rich in proteins
capable of activating protein cleavage cascades, cytokine production, inflammatory cell

recruitment, cellular proliferation, and sensory neural pathways (Persson et al., 1996).
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1.8.5 Airway smooth muscle contractility

The early failure to demonstrate a relationship between in vivo and in vitro AHR (de
Jongste et al., 1987b; Cerrina ef al., 1986; Armour et al., 1984; Armour ef al., 1984a;
Roberts ef al., 1984; Vincenc et al., 1983), has lead to the suggestion that AHR is an in
vivo phenomenon due to airway wall remodeling, rather than an abnormality of the
intrinsic properties of the ASM itself. These studies-used tissue obtained from “normal”
areas of lungs following carcinoma resection, usually from smokers with or without
bronchial hyperresponsiveness. These studies concentrated on trying to detect increased
ASM contractility to direct stimuli e.g. histamine and methacholine, invariably
demonstrating no difference, although relaxation characteristics appeared abnormal
(Cerrina et al., 1986; Goldie et al., 1986). Recently, it has been established that
carcinoma resected ASM is hyporesponsive to cholinergic agonists (Armour et al.,
1996). However, isolated reports of increased ASM contractility from asthmatic
subjects to various spasmogens have been reported (Bjorck et al., 1992; Cerrina et al.,

1989; de Jongste et al., 1987a; Schellenberg & Foster, 1984).

1.8.6 Passive sensitization

There is now accumulating evidence suggesting that sensitization alters ASM
biochemistry and contractility. Passive sensitization involves the incubation of ASM
with sensitizing serum containing high concentrations of IgE, which then confers
airway responsiveness to specific allergens and hyperresponsiveness to non-specific
agonists, such as histamine (Black e al., 1989) and NKA (Ben-Jebria et al., 1993), the
Jatter caused by a serum factor other than elevated IgE (Watson et al., 1997). Passive
sensitization of human ASM induces non-specific in vitro hyperresponsiveness possibly
via alterations in calcium ion (Ca™) mobilization (Marthan et al., 1992; Black et al,

1989) and/or enhanced protein kinase C (PKC) activation (Rossetti ef al., 1995).
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Furthermore, demonstrable changes in the contractile apparatus have been detected in
sensitized ASM. Airway smooth muscle from sensitized dogs, mice and passively
sensitized human bronchial smooth muscle exhibit increased maximal shortening
velocity and capacity to shorten (Mitchell et al., 1997; Fan et al., 1997, Antonissen et
al., 1979), despite no change in isometric force generation. The mechanism appears to
involve an increase in smooth muscle cell myosin light chain kinase (MLCK) content

(Ammit et al., 2000; Jiang et al., 1992).

In vitro hyperresponsiveness, as measured by isometric contractions, can be induced by
antigen exposure, bacterial endotoxin or viral infection (Molimard et al., 1998;
Colasurdo et al., 1995; Folkerts & Nijkamp, 1990; Saban ef al., 1987), by the addition
of activated inflammatory cell supernatants and inflammatory products to organ baths
(Anticevich et al., 1996; Folkerts et al., 1992), and in vitro exposure to various
oxidizing agents (Marthan et al., 1996). Others have shown that passive sensitization of
human bronchi in vitro, enhanced smooth muscle contractility and decreased relaxation

responses (Villanove et al., 1993; Ben-Jebria et al., 1993; Black et al., 1989).

The link between the inflammatory process and the induction of AHR, as demonstrated
by an increased contractility in vitro has been further strengthened by these recent
findings. Ammit et al. detected a significantly greater number of mast cells within the
smooth muscle of sensitized bronchi compared to non-sensitized bronchi (Ammit ef al.,
1997). Furthermore, Johnson and colleagues demonstrated that mast cell tryptase
potentiated histamine contractility, in vitro, in sensitized but not in non-sensitized
bronchi (Johnson et al., 1997), while another research group has shown human mast cell

tryptase can induce in vitro hyperresponsiveness to histamine in non-sensitized human
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bronchi, by tryptase-induced mast cell migration from the epithelium to the submucosa

and smooth muscle layer (Berger et al., 1999).

1.9 Airway hyperresponsiveness and neural innervation

Another factor besides airway inflammation and airway wall remodeling that may be
responsible for the individual variability in AHR seen in asthmatics is autonomic

dysfunction, i.e. an alteration in neuronal function.

For many years it was thought that the autonomic control of mammalian ASM was
provided by contractile and relaxant innervation by cholinergic and adrenergic nerves,
respectively. However, with the advent of electrical field stimulation techniques
another type of innervation that was neither adrenergic nor cholinergic was
demonstrated in a variety of species, including man (Davis et al., 1982; Richardson &
Beland, 1976). An extensive historic review of these findings is provided by Ellis and
Undem (Ellis & Undem, 1994). Earlier coined as the ‘third’ nervous system (Laitinen
& Laitinen, 1987; Barnes, 1984), but has since been defined as non-adrenergic,

non-cholinergic or NANC innervation.

Autonomic nerves, in addition to their regulatory role of ASM tone, regulate other
aspects of airway function such as mucus secretion, blood flow, microvascular
permeability and inflammatory cell activation and migration (Basbaum et al., 1990;

Maclagan, 1987; Richardson & Webber, 1987; Barnes, 1987a; Barnes, 1986b).

1.9.1 Adrenergic innervation
The adrenergic system involves sympathetic nerves, circulating catecholamines, and a-

and B-adrenoceptors. Sympathetic pathways from the spinal cord to specific effector
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organs comprise a preganglionic and postganglionic neuron (Refer Figure 1.6). The
preganglionic fibres leave the spinal cord and synapse with postganglionic fibres in one
of the many ganglia of the paravertebral sympathetic ganglion chains. The
postganglionic fibres then travel to the various organs they control. Some preganglionic
sympathetic nerve fibres pass, without synapsing, to the adrenal medullae. There the
nerves end and upon stimulation cause the secretion of adrenaline and noradrenaline
into the blood stream. Within the sympathetic nervous system postganglionic fibres
arising from the cervical ganglia enter the lung at the hilus, accompanying the vagus

nerves (Guyton & Hall, 1996b).

The adrenergic system is generally considered ‘inhibitory’ as its predominant function
is to relax ASM, an effect mediated by B-adrenoceptor stimulation (Barnes, 1986b),
while ASM a-adrenoceptor function per se, is considered to have only a minor role in
bronchomotor tone (Goldie, 1990; Zaagsma et al., 1987). Due to the sparse sympathetic
innervation in human ASM (Laitinen et al., 1985b; Richardson & Beland, 1976), it has
generally been concluded that adrenergic inhibitory‘ nerves do not have a major role in
controlling ASM tone (Barnes, 1995). Adrenergic nerves, however, are often associated
with airway ganglia, bronchial vessels and submucosal glands (Widdicombe, 1993;
Goldie, 1990; Laitinen, 1985a). Therefore, the effect of a-adrenoceptor activation on
other airway structures such as, blood vessels, mucous glands, nerve transmission and
mast cells are possibly more likely to influence airway calibre (Barnes, 1992; Goldie,
1990). Physiological studies have suggested sympathetic neurotransmitter release

(noradrenaline) at airway ganglia inhibits parasympathetic neurotransmission through

the ganglia (Baker ef al., 1983) (Figure 1.6).
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Figure 1.6 Schematic diagram illustrating the adrenergic, cholinergic and non-
adrenergic, non-cholinergic (NANC, dashed lines) nervous systems innervating ASM.
Release of neurotransmitters adrenaline (Ad) and acetylcholine (ACh) stimulate specific
o, B and M; receptors on ASM. In the NANC system the preganglionic relaxant fibres
arise from nuclei within the medulla oblongata, travelling in the vagus nerves synapsing
with postganglionic fibres in the airway ganglia. Upon activation these efferent nerves
release vasoactive intestinal peptide (VIP), peptide histidine methionine (PHM) and
nitric oxide (NO), that activate specific relaxant receptors (V/P) on ASM. The vagus
nerves also carry capsaicin-sensitive, tachykinin-containing afferent fibres which
synapse in brain stem nuclei and whose cell bodies are found in the nodose and jugular
ganglia. Similar afferents also arise from the spinal cord and their cell bodies are located
in the dorsal root ganglia. Stimulation of the collateral branches of these sensory
afferents causes the antidromic release of neurokinins such as SP and NKA. Adapted
from Casale (1991), Ellis & Undem (1994), Young & Heath (2000)(Young & Heath,
2000; Ellis & Undem, 1994).
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B-adrenoceptor dysfunction has been implicated as a mechanism for AHR in asthma.
Several studies in man and animals have demonstrated a decreased relaxation response
in allergic ASM compared to control tissue (Song ef al., 1997; Villanove et al., 1993;
Ben-Jebria et al., 1993; Wills-Karp & Gilmour, 1993a). Moreover, polymorphisms of
the B-adrenoreceptor have been documented and appears to acts as disease modifiers of
asthma rather than having a causative role. Different polymorphisms have been
associated with elevated IgE levels (Dewar et al., 1997), nocturnal asthma and bronchial
hyperreactivity (Liggett, 2000). The latter two effects being related to the expression of

specific polymorphisms that subsequently alter B-receptor regulation (Liggett, 2000).

1.9.2 Cholinergic innervation

Cholinergic innervation is considered ‘excitatory’ playing an important role in
maintaining airway tone and in mediating acute bronchoconstriction.  Cholinergic
nerves are most often associated with the parasympathetic nervous system.
Approximately 75% of all parasympathetic nerve fibres are in the vagus nerves (passing
to the entire thoracic and abdominal region of the body). In the parasympathetic system
preganglionic fibres pass uninterrupted to their effector organ, and within the organ
walls synapse with postganglionic nerves. Within the respiratory system, cholinergic
nerves originating centrally from the respiratory centre of the medulla oblongata, travel
down the vagus nerve synapsing in parasympathetic ganglia located in airway walls
(Refer Figure 1.6). Short post-ganglionic fibres travel from the ganglia to ASM and
glands (Laitinen & Laitinen, 1987). Cholinergic innervation is greater in larger airways
than in peripheral airways (Barnes ef al, 1983). Vagal stimulation leads to
acetylcholine (ACh) release from nerve terminals, activation of muscarinic receptors on

ASM and glands with resultant bronchoconstriction and mucus secretion.
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Thus far, five subtypes of muscarinic receptoré (M;-M;5) have been genetically
determined (Jones, 1993), however, only three are considered to be important in
regulating airway tone (Eglen et al., 1994; Barnes, 1989). M, receptors which are
Jocated on parasympathetic ganglia facilitate vagal transmission (Kilbinger et al., 1993;
Barnes, 1992), Figure 1.7, while M, receptors are located on post-ganglionic cholinergic
nerve endings where they function as "autoreceptors” (ten Berge et al., 1996; Minette &
Barnes, 1990). Stimulation of these M, receptors results in a decrease in ACh release.
M, autoreceptors have been demonstrated in man (ten Berge et al., 1996; Patel et al.,
1995; Minette ef al., 1989), dog (Brichant et al., 1950), guinea pig (Fryer & Wills-Karp,
1991) and rat (Aas & Maclagan, 1990). Dysfunctional M, receptors have been
demonstrated in various animal models of AHR. For instance enhancement of vagally-
mediated bronchoconstrictor responses, due to a loss of M, receptor function, has been
demonstrated following virus infection (Fryer et al., 1994), ozone exposure (Schultheis
et al., 1994), and antigen challenge (ten Berge ef al., 1995; Fryer & Wills-Karp, 1991).
Furthermore, asthmatic subjects demonstrate M, receptor dysfunction in vivo (Minette
et al., 1989) and in vitro (Song et al., 1997). These observations may explain, in part,
the increased AHR seen after ozone exposure (Golden et al., 1978), and in exacerbative
episodes of asthma following viral infection (Folkerts et al., 1998; Sterk, 1993b) and

antigen exposure (Boulet et al., 1983; Cockcroft et al., 1977b).

The receptors responsible for ASM contraction are of the Mj subtype, although M>
receptors are found on smooth muscle (Eglen et al., 1994). Stimulation of M3 receptors

results in phosphoinositide hydrolysis with the formation of inositol triphosphate and
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Figure 1.7 Muscarinic subtypes in airways. Ganglionic neurotransmission 1s

mediated by nicotinic (N) receptors, but muscarinic M; receptors may have a

facilitatory role. In postganglionic nerves M, receptors inhibit acetylcholine

(ACh) release, which acts on Mj receptors on airway smooth muscle. Thereby

reducing the effect of ACh on airway M; receptors. Adapted from

Barnes (1992).
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resultant Ca'™" release from intracellular stores, thereby initiating contraction (Chilvers
et al, 1994). The exact function of ASM M, receptors remains unclear (Fryer &
Jacoby, 1998; Eglen et al., 1994). Smooth muscle M, receptor stimulation leads to
inhibition of the adenylyl cyclase (AC) intracellular messenger system which is
involved in smooth muscle relaxation (Schramm. & Grunstein, 1992). Therefore,
although M, receptors are not involved in ASM contraction per se, they appear to
inhibit relaxation responses mediated by AC, such as PB-adrenoceptor mediated
relaxation (Fryer & Jacoby, 1998; Eglen et al., 1994; Barnes, 1987b). M3, and a smaller
proportion of M, receptors are also localized to submucosal glands (Mak & Barnes,

1990).

1.9.3 Afferent innervation

The parasympathetic nervous system also consists of vagal afferent or sensory fibres
within the airway mucosa, that mediate a number of protective sensory mechanisms.
Vagal afferent nerves arise from large airways and travel to the medulla, and include
myelinated fibres from slowly adapting stretch receptors and rapidly adapting irritant
receptors. Stimulation of the latter irritant fibres causes reflex mediated tachypnoea,
cough, bronchoconstriction, laryngeal constriction and mucus secretion (Solway & Leff,
1991). The majority of sensory nerves are unmyelinated C-afferent fibres which travel
in the vagus to the medulla and whose neurons are located in the upper thoracic dorsal
ganglion and the nodose and jugular ganglia (Lundberg et al., 1984a) (Refer Figure
1.6). Two populations of C-fibre endings have been described (pulmonary and
bronchial) based on their circulatory accessibility following intravenous injection of
stimulating agents (Coleridge & Coleridge, 1984). Sensory nerves innervate the airway
epithelium, smooth muscle, glandular structures and vasculature (Solway & Left, 1991;

Laitinen, 1985a; Lundberg et al., 1984a).
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1.9.4 Non-adrenergic, non-cholinergic innervation

With respect to ASM tone, NANC neural responses may induce either relaxation
(inhibitory, i-NANC) or contraction (excitatory, e-NANC). Initially it was thought that
this was a discrete neural system, but it now appears that NANC effects are mediated by
the release of neurotransmitters (e.g. neuropeptides and nitric oxide) from the classical

autonomic nerves (Barnes, 1992; Ellis & Undem, 1992; Lundberg et al., 1987).

1.94.1 Inhibitory NANC system

Presently the general consensus is that i-NANC innervation of ASM is a component of
the parasympathetic system (Barnes, 1995; Ellis & Undem, 1994; Stretton, 1991). That
is, i-NANC bronchodilator responses result from the release of co-localized
bronchodilator peptides, vasoactive intestinal peptide (VIP) and peptide histidine
methionine or peptide histidine isoleucine (in humans and animals, respectively) from
cholinergic nerves (Palmer & Barnes, 1987; Uddman & Sundler, 1987; Laitinen et al.,
1985c¢), and the synthesis and release of nitric oxide, upon cholinergic nerve stimulation
(Ellis & Undem, 1992) (Figure 1.6). Nitric oxide (NO) is synthesized via nitric oxide
synthatase, which has been shown to be co-localized with VIP in airway cholinergic
nerves (Fischer & Hoffmann, 1996). Activation of the i-NANC system (i.e. co-
release/synthesis of VIP and NO) is thought to act as a “braking mechanism” in
maintaining bronchomotor tone. In human and animal in vitro studies both VIP and NO
have demonstrated bronchodilator actions (Ellis & Undem, 1992; Li & Rand, 1991;
Palmer et al., 1986), and both are able to influence cholinergic neural transmission by
decreasing ACh release from cholinergic nerve endings (Ward ef al., 1993; Belvisi et
al., 1993). Since a defect in the i-NANC system has been demonstrated in allergic cats

(Miura et al., 1992), it was postulated that this defect might occur in asthma. Although
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no such defect has been observed in mild asthma (Lammers ef al., 1989), an absence of
VIP-immunoreactive nerves has been described in asthmatic lungs (Ollerenshaw ef al.,
1989). Furthermore, VIP exhibits potent anti-inflammatory properties in the lung.
These include inhibition of lymphocyte proliferétion, monocyte and macrophage
activation, mast cell mediator release, and reduces acute oedematous lung injury (Said,

1991).

1.9.4.2  Excitatory NANC system

In addition to the inhibitory i-NANC efferent system in the airways, there is also a
NANC afferent nervous system that protects the airways against inhaled irritants,
particles and over-inflation (stretch) (Solway & Left, 1991; Lundberg et al., 1983). As
previously mentioned activation of these e-NANC nerves provides an important
homeostatic role in airway function. This is achieved by activating respiratory

protective reflexes such as cough and bronchoconstriction (Solway & Leff, 1991).

Excitatory-NANC responses are mediated by the release of tachykinins as a result of
antidromic stimulation of C-fibres in the afferent nervous system (Figure 1.6). These
fibres are classified as capsaicin-sensitive, tachykinin-containing sensory nerves.
Capsaicin (8—methyl—N—vanillyl—6-nonenamide) is the irritant compound of chilli
peppers and has been used extensively in the study of these nerves (Holzer, 1988;

Martling, 1987a; Lundberg et al., 1984; Papka et al., 1984; Lundberg et al., 1983a).

1.9.4.2.1 Tachykinins

Tachykinins are a group of small peptides (approximately 10 amino acids); they derive

their name from their ability to cause rapid contraction of a variety of smooth muscle
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types. Structurally tachykinins are characterized by a common C-terminal amino acid
sequence of Phe-X-Gly-Leu-Met, where X is an aliphatic or aromatic amino acid and
the C-terminal methionine is amidated (Figure 1.8). To date, most of the attention
relating to the role of neural mechanisms in asthma has been directed to SP. Substance
P is an eleven amino acid peptide, originally isolated from equine brain and intestine by
Von Euler and Gaddum in 1931 (Von Euler & Gaddum, 1931), and shown to have

vasoactive and smooth muscle contracting properties.

Five tachykinin peptides have been identified in mammalian neural tissue, SP, NKA,
neurokinin B (NKB), and the amino terminal extended forms of NKA; neuropeptide K
(NPK) and neuropeptide gamma (NPy) (Solway & Leff, 1991; Helke et al., 1990). Two
genes encode the mammalian tachykinins, one gene encodes only NKB
(preprotachykinin (PPT-IT)). The other gene, the PPT-I is responsible, for encoding SP,
and NKA, and its extended forms. Substance P, NKA and its derivatives arise by
alternative splicing of mRNA derived from the PPT-I gene and post-translational
modification of the PPT-A (Helke et al., 1990). Usually a number of tachykinins co-
localize to the same nerve often with calcitonin-gene related peptide, although the latter
is not a tachykinin, and may be released concomitantly by the same stimulus (Lundberg
et al., 1987; Martling, 1987a; Hua et al., 1985; Lundberg et al., 1985). A large number
of agents and stimuli are able to cause the release of endogenous neuropeptides due to
their ability to stimulate sensory nerves (Solway & Leff, 1991). These include
(electrical) vagal nerve stimulation (Lundberg et al., 1983), hyperventilation (Ray ef al.,
1988), airway hypocapnia (Reynolds & McEvoy, 1989), leukotrienes (Solway & Leff,
1991), inhalation of hypertonic saline (Pedersen et al., 1998), sulphur dioxide (Hajj et
al., 1996), bradykinin, histamine, ether, capsaicin and cigarette smoke (Lundberg ef al.,

1991; Lundberg & Saria, 1983b).
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Peptide Sequence of the Mammalian Tachykinins

Substance P

Neurokinin A

Neuropeptide K

Neuropeptide Y

Neurokinin B

Arg-Pro-Lys-Pro-GIn-GIn{Phe; Phe-lGly-Leu-Met—NHl

His-Lys-Thr-Asp-Ser-[Phe}Val-rGly-Len-Met—NHZ

Asp-Ala-Asp-Ser-Ser-Ile—Glu-Lys-Gln-Val—Ala-Leu-Leu-
Lys-Ala-Leu-Tyr-Gly-His-Gl -GlIn-Ile-Ser-His-Lys-
Arg—His-Lys-Thr-Asp-Serthal{Gly-Leu-Met-ij

Asp-Ala-—Gly—His-Gly-Gln-[le-Scr~His-Lys-
Arg—His-Lys—Thr-Asp-Serﬁ’h_el-VaﬂGly-Leu-Met-NHZ[

Asp-Met-His-Asp-PheﬁE;‘-Val-|Gly-Leu-Met—NH42|

Figure 1.8  Peptide sequence of the mammalian tachykinins, showing homologous
sequences at the caboxy termini, the regions responsible for interaction with

tachykinin receptors.
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1.9.4.2.2 Tachykinin Receptors

In mammalian tissues, the tachykinins exert their effects principally by interaction of
their C-terminal ends with specific receptors (Mussap ef al., 1993; Frossard &
Advenier, 1991). A classification system was proposed in 1986, which is based on the
relative affinities of the individual tachykinin for the receptors. Tachykinin receptors
are designated NK;, NK; or NK; with SP, NKA and NKB as the preferred endogenous
ligands respectively. However because of the common C-terminal structure, there is
some cross-reactivity of each of the ligands for each of the receptors. Structurally, the
receptors consist of an extracellular amino terminus, seven hydrophobic transmembrane
helices with alternating extracellular and cytoplasmic loops and a cytoplasmic carboxy
terminus (Nakanishi ef al., 1993; Gerard ef al., 1993; Burbach & Meijer, 1992) (Figure
1.9). This basic structure of the tachykinin receptors places them in the super-family of
guanine nucleotide binding proteins (G-protein) linked receptors, which also includes
the adrenergic, rhodopsin and muscarinic receptors (Venter & Fraser, 1990). Second
messenger responses described include activation of a Gs-protein leading to activation
of AC, with subsequent conversion of adenosine triphosphate (ATP) to cyclic adenosine
monophosphate (cAMP) (Dessauer ef al., 1996; Birnbaumer & Brown, 1990), and the
activation of a Gg-protein leading to activation of phospholipase C (PLC), with the
conversion of phosphatidylinositol 4.5-biphosphate (PIP,) to inositol 1,4,5-triphosphate
(IP;) and diacylglycerol (DAG) (and an increase in intracellular Ca™ from internal
reticular stores via the inositol triphosphate receptor (IPsR) (Hughes et al, 1990;
Harden, 1990). There are some non-receptor mediated effects (particularly with SP)
which involve the interaction of the N-terminal end with inflammatory cells, e.g.
polymorphonuclear leukocytes, lymphocytes, mast cells and neutrophils (Maggi, 1997,

Frossard & Advenier, 1991).



Human NK; Tachykinin Receptor

Extracellular

Intracellular

&
e
OG @9 d
PR QGORC O COLCR0CCCCRol BE®
(%)

0P eePegeP@P R ReEO®

Hooe- ©COREEOOEETHIRFHO®

43

Figure 1.9 Schematic representation of the human NK, tachykinin receptor. Red circles

indicate homology between NK;, NK; and NK; receptors. Filled circles indicate amino

acids involved in peptide binding. Filled squares indicate amino acids involved in non-

peptide antagonist binding. Diamonds indicate both peptide and antagonist binding.

Residues 78 and 205 are important for receptor activation. Adapted from Fong et al.

(1995).
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1.9.4.2.3 Axon reflex

In 1986 Barnes put forward a hypothesis that suggested a physiological role for sensory
nerves in the pathogenesis of asthma and AHR, Figure 1.10. He proposed that epithelial
desquamation, a prominent feature of asthmatic airways (Laitinen ef al., 1985), allows
stimulation of sensory nerves, (by mediators and other products of inflammation),
followed by antidromic conduction of afferent impulses resulting in the local release of
tachykinins in the airways (Barnes, 1986a). Thus resulting in bronchoconstriction,

neurogenic inflammation and inflammatory cell infiltrates.

1.9.4.2.4 Biological actions

Tachykinins have a variety of biological effects in the lung that mimic many features of
asthma, (Joos et al., 1994; Solway & Leff, 1991) (Table 1.1). Historically it has been
thought that this involvement has related to the physiological effects of tachykinins in
the airways. Many experiments have demonstrated that tachykinin-containing nerves
have an effector function in the airways in addition to their sensory role. Tachykinins
or antidromic stimulation of these nerves ex vivo and in vivo causes vasodilatation,
plasma extravasation, leukocyte infiltration, and mucus hyper-secretion (features which
characterize the inflammatory response at any mucosal surface) as well as broncho-
constriction. Most of this evidence has been obtained from animal studies (in particular,
rodents). Tachykinins are able to constrict bronchial smooth muscle (Joos & Pauwels,
1990; Maggi et al., 1989; Fine et al., 1989; Uchida et al., 1987; Gerard, 1987; Sekizawa
et al., 1987a), stimulate mucus secretion (Borson ef al., 1987), are potent vasodilators

(Constantine et al., 1991; Laitinen et al., 1987; Hua ef al., 1984), are mediators of
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Axon Reflex Hypothesis

Inflammatory cell influx @
Loss of NEP a) Stimulation of epithelial

S .
sensory nerve endings

b) Orthodromic
Hypersecretion RPTIC 2 conduction

Sensory Nerve
c) Antidromic
conduction

d) Release of
tachykinins from

axonal branches Cholinergic Nerve

Cholinergic Facilitation

Figure 1.10 The above schematic, adapted from Barnes (1986a), illustrates a proposed
mechanism for the interaction of sensory fibres with airway structures in the
pathogenesis of asthma. Stimulation of airway sensory nerves (a) leads not only to the
orthodromic conduction of impulses centrally for the mediation of sensory responses
(blue arrow, b) but also to antidromic conduction of impulses down axonal branches
(red arrows, c¢) with the resultant release of tachykinins into the surrounding tissue (d).
Thus tachykinins may exert a number of local responses including smooth muscle
contraction, increased vascular permeability and vasodilatation, mucus secretion and
stimulation of inflammatory cells. Epithelial loss, as seen in asthma, may further
potentiate tachykinin effects due to a loss of NEP and reduced tachykinin degradation.
All of these responses are of potential importance in the pathogenesis of airways

inflammation.



Table 1.1 Major biological effects of tachykinins relevant to asthma *

Tachykinin response Receptor type

Bronchoconstriction NK,; (NK)

Vasodilatation NK;

Plasma extravasation NK;

Mucus secretion NK;

Facilitate cholinergic ~ NK; (NK>»)
neurotransmission

Inflammatory cells

T Lymphocyte proliferation NK;
Alveolar macrophage stimulation NK,
Fibroblast proliferation NK;, NK»>
Neutrophil activation NK;

* Compiled from Solway & Leff (1991), Frossard & Advenier (1991),
Lundberg (1995)(Lundberg, 1995; Frossard & Advenier, 1991). Parentheses

indicate receptors of less importance.
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plasma extravasation (Belvisi et al., 1989; Rogers et al., 1988; McDonald, 1988) and

enhance cholinergic neurotransmission (Belvisi et al., 1994; Watson et al., 1993; Hall et

al., 1989).

In man, in vitro studies demonstrate that NKA mediates bronchial smooth muscle
contraction via NK, receptors (Joos & Pauwels, 1990; Naline et al., 1989). In vivo
inhalation studies, employing very large concentrations of SP and NKA, demonstrate
dose-dependent bronchoconstriction, with NKA being more potent than SP and
asthmatics being more responsive than normals (Cheung et al., 1993; Cheung et al.,
1992; Crimi et al., 1988; Joos et al., 1987) suggesting NK, receptor activation.
However, the contractile effects of SP and NKA are reduced by nedocromil sodium,
suggesting that indirect mechanisms such as stimulation of inflammatory cells and/or
nerves are involved (Crimi et al., 1992; Joos et al., 1989a; Crimi et al, 1988).
Furthermore, SP inhalation in asthmatics pretreated with anticholinergic or
antihistamine agents demonstrates that the bronchoconstrictor effect partially involves a
cholinergic mechanism but not histamine release (Crimi ef al., 1990). Substance P and
NKA appear not to have an effect on cholinergic neurotransmission in human bronchi in
vitro, unless in the presence of a potassium ion (K") channel blocker (Black ef al.,
1990b). Substance P stimulates mucus secretion, an effect which has been studied on

human bronchi in vitro (Rogers et al., 1989).

1.9.4.2.5 Neurogenic inflammation

In recent years, there has been a great deal of interest in the concept of neurogenic
inflammation within the airway. Neurogenic inflammation is a term used to describe a

group of local responses that increase vascular permeability, plasma extravasation and
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oedema formation, that occur following sensory nerve stimulation and tachykinin
release (Jancso et al., 1967). Historically, the concept arose from studies in the skin,
where evidence suggested the skin’s wheal and flare response involved sensory nerve
activation and axonal reflexes (Holzer, 1988; Foreman & Jordan, 1983). Airway
neurogenic inflammation has been extensively demonstrated in various animals species
(McDonald et al., 1996; Piedimonte et al., 1993; Lotvall ef al., 1991; Belvisi et al.,
1989; Borson et al., 1989; Lundberg et al., 1984), but its relevance to human asthma
remains uncertain (Barnes, 1995; Karlsson, 1993). This may be a reflection of the
sparse distribution of SP-immunoreactive nerves and tachykinin receptors in human
airways compared with rodent airways (Walsh et al., 1994; Bowden & Gibbins, 1992;

Martling, 1987a).

1.9.4.2.6 Pro-inflammatory effects of tachykinins

Researchers have provided extensive evidence that SP, and in some instances NKA,
modulate inflammation and immunity. Pro-inflammatory effects include neutrophil and
eosinophil chemotaxis (Wiedermann ef al., 1993), neutrophil activation (Wozniak et al.,
1989), pulmonary mast cell degranulation (Cross et al., 1997; Heaney ef al., 1995), and
increased immunoglobulin production by lymphocytes (Scicchitano er al., 1988).
Substance P leads to the release of chemotactic activity for neutrophils from airway
epithelial cells (Von Essen ef al., 1992) and triggers the adhesion of neutrophils to
venules (Baluk et al., 1995) and epithelium (DeRose et al., 1994). In vitro, SP is known
to upregulate pro-inflammatory cytokine expression, such as IL-18 and TNFo in
allergic tissue (Okamoto et al., 1993). Moreover, tachykinins demonstrate important
proliferative effects, including the proliferation (and migration) of lung fibroblasts

(Harrison et al., 1995) and airway epithelial cells (Kim et al., 1995); the proliferation of
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B lymphocytes (Laurenzi et al., 1989), smooth muscle cells (Noveral & Grunstein,

1995), endothelial cells and angiogenesis (Wiedermann ef al., 1996; Fan ef al., 1993).
Whether the endogenous release of tachykinins contributes to AHR as a consequence of
inflammatory cell activation and migration is uncertain. However, a study by Cheung et
al. in asthmatic subjects demonstrated enhanced airway narrowing 24 hours post SP
inhalation (Cheung et al., 1994), which they attributed to changes in airway geometry
i.e. airway wall thickening secondary to inflammatory cellular infiltration (Pare & Bai,

1995; Moreno et al., 1986).

Numerous studies support the view that sensory nerve function might be altered in
asthma. Evidence from histochemical studies at autopsy, suggest that SP-containing
nerves are more common in asthmatic than in control subjects (Ollerenshaw et al.,
1991).  Although this observation has not been confirmed in biopsy specimens
(Howarth et al., 1991), the later findings of increased SP levels detected in
bronchoalveolar lavage fluid (Nieber et al., 1992) and sputum (Tomaki et al., 1995)
from asthmatics, suggests an increased release of sensory neuropeptides in asthma.
Furthermore, the observation of decreased SP content in asthmatic lungs compared to
normals has been suggested to reflect both an augmented release and degradation of SP
(Lilly et al., 1995). Recently, studies have also documented possible changes in
neurokinin receptor expression in asthma. Increased mRNA transcripts for both NK;
(Adcock et al., 1993) and NK, (Bai ef al., 1995) receptors have been detected in lung
tissue from asthmatics compared with controls. = This may be in response to the
enhanced local release of tachykinins and/or a cytokine-induced increase in gene

transcription (Adcock et al., 1994).
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1.9.4.2.7 Tachykinin degradation

Once released, tachykinins are subject to rapid degfadation by endopeptidase, the most
important being NEP (EC 3.4.24.11) (Martling, 1987a).  This membrane-bound
protease has been identified immunohistochemically in several sites within the lung,
including epithelium, submucosal glands, nerves, blood vessels and ASM (Nadel &
Borson, 1991). Other peptidases, such as angiotensin-converting enzyme, kininase II,
aminopeptidases and acetylcholinesterase, exhibit activity against tachykinins but play a
less important role (Solway & Leff, 1991; Skidgel et al., 1984). It has been proposed
that a loss of NEP may promote airway inflammation and AHR (Nadel, 1990).
Conditions that are known to decrease NEP activit& in animals include chronic antigen
exposure (Lilly et al, 1994), ozone (Murlas et al., 1992), toluene diisocyanate
(Sheppard et al., 1988), cigarette smoke (Dusser et al., 1995), viral infections (Borson et
al., 1989), and TL-1B exposure (Tsukagoshi et al., 1995a). Decreased NEP activity has
been observed in man following ozone exposure (Hazbun et al., 1993). An effect that
may be partly responsible for acute ozone-induced changes in AHR demonstrated in
vitro (Marthan et al., 1996), and in vivo (Molfino et al., 1991; Folinsbee & Horvath,

1986; Silverman, 1979).

Given the in vitro findings in animal studies that demonstrated enhanced contractile
responses to exogenous SP and NKA following epithelial removal (Fine et al., 1989;
Frossard et al., 1989; Sekizawa et al., 1987a), it has been speculated that the shedding
of the epithelium that occurs in asthma (Laitinen et al., 1985) may result in a loss of
airway NEP activity and heightened AHR. Differences in NEP activity between mild
asthmatics and control subjects were assessed using a selective NEP inhibitor, thiorphan
(Jeng et al., 1989). Neutral endopeptidase inhibition enhanced bronchoconstrictor

responses to NKA, however, this occurred to the same degree in those with asthma as
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those without, suggesting that there was no fundamental difference in NEP activity
between asthmatics and normals (Cheung et al., 1993). Moreover, the lack of an effect
of NEP inhibition on baseline lung function in asthmatics (Crimi et al., 1994; Cheung et
al., 1993), has been seen as evidence indicating that tachykinins are not involved in

maintaining basal airway tone (Joos ef al., 1994; Karlsson, 1993).

1.9.4.2.8 Sensory nerve hyperresponsiveness

Since the introduction of bronchoprovocation tests using specific receptor agonists (i.e.
direct acting agents) such as histamine and methacholine (Juniper et al., 1978;
Cockcroft et al., 1977a), it is now apparent that asthmatics also bronchoconstrict to a
variety of indirect stimuli that have little or no effeqt in healthy subjects. For example,
bradykinin (Fuller et al, 1987), sulphur dioxide (Sheppard et al, 1980), water
(Anderson ef al., 1983) and adenosine (Cushley ef al., 1983) cause bronchoconstriction
in asthmatic patients. Following on from evidence obtained in animal experiments
demonstrating that these very same stimuli activate sensory nerves resulting in
neuropeptide release (Spina, 1998b), it has been hypothesized that in asthmatics there is
heightened irritability of sensory afferent nerve endings compared to healthy
individuals, thereby contributing to AHR. That is, chronic airway inflammation results
in hyperalgesia of sensory afferents, akin to that demonstrated in the skin (Spina, 1998b;
Barnes, 1996b; Karlsson, 1993). Hyperalgesia is the sensitization of sensory nerves,
resulting in a lowering of the threshold for activation to thermal, chemical and

mechanical stimuli.

Various inflammatory mediators known to induce hyperalgesia in the skin, include

bradykinin (Manning et al., 1991), 15-hydroperoxyeicosatetraenoic acid (Levine ef al.,
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1986), prostaglandins (Ferreira & Nakamura, 1979), leukotrienes (Levine et al., 1984),

neuropeptides (Nakamura-Craig & Gill, 1991), platelet activating factor (Bonnet et al.,
1981), IL-1B (Ferreira et al., 1988) and nerve growth factor (Woolf ef al., 1994), many
of which are mediators of asthma (Barnes et al., 1998). While activation of these
hyperalgesic afferents in skin results in pain, it has been suggested that within the lower
airways, pain may manifest as cough and chest tightness (Barnes, 1996a). Interestingly,
perceived chest tightness and discomfort is increased in asthmatics following broncho-
constriction induced by indirect agonists such as adenosine and metabisulphite
compared with methacholine challenge (Marks et al., 1996). And furthermore,
hyperalgesia has been demonstrated in cases of allergic rhinitis as the pollen season

progresses (Greiff et al., 1995).

In chronic stable asthma the ineffectiveness of anticholinergic agents suggests
cholinergic mechanisms do not play a major role in controlling airway function,
however, their benefit in exacerbations of asthma suggests that cholinergic mechanisms
become more important. This may be due to dysfunction of muscarinic autoreceptors, a
reduction in the braking mechanism of NO or via enhanced sensory reflex activation
(Barnes, 1996a). Although there is evidence of an increase in afferent function of
sensory nerves in asthma, the evidence for augmented efferent responses such as
neurogenic inflammation (Barnes, 1996b) and tachykinin-induced bronchoconstriction
(Ichinose et al., 1996; Fahy et al., 1995b) is lacking. Inhaled capsaicin in healthy and
asthmatic subjects only causes transient bronchoconstriction (Hansson et al., 1992;
Collier & Fuller, 1984) via a cholinergic pathway (Fuller et al., 1985), while the
bronchoconstrictor effects of capsaicin on isolated human bronchi are equivocal
(Hulsmann & De, 1996; Honda et al., 1991; Lundberg et al., 1983a). However, the role

of neuropeptide efferent functions on inflammatory and immune cells may assume a
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greater importance in chronic disease. That is, the chronic release of neuropeptides in
the airways from sensory nerves by antidromic stimulation may enhance inflammatory
cell infiltrate and cellular proliferation, thereby contributing to airway wall remodeling

and hyperresponsiveness (Spina, 1996; Barnes, 1996a).

1.10 Airway inflammation and cytokines

As previously mentioned asthma manifests as a disease characterized functionally by
airflow limitation and AHR. Histologically, the changes seen are those of chronic
inflammation involving many cell types such as eosinophils, neutrophils, lymphocytes,

mast cells, fibroblasts, epithelial and endothelial cells.

1.10.1 Cytokines and T-lymphocytes

There is increasing evidence that lymphocytes, in particular T-lymphocytes may be
involved in the initiation and the persistence of airway inflammation in asthma (Kon &
Kay, 1999a; Jeffery, 1994; Corrigan et al., 1988) by virtue of their presence and
activation within the airway mucosa (Howarth et al., 1994). Lymphocytes mediate
immune responses within the body in response to foreign proteins. Basically, mature T-
lymphocytes are subdivided into 2 distinct subsets, helper T cells (Ty) and T
cytotoxic/suppressor (Tcys) cells on the basis of the surface expression of CD4 and CD8
antigen, respectively. CDS8" cells are generally activated by intracellular pathogens such
as viruses in conjunction with major histocompatibility complex class I molecules
(MHC class I), while CD4" cells recognize and are activated by foreign antigens such as
allergens and are processed in association with MHC Class II on the cell surface of
specialized antigen presenting cells e.g. dendritic cells (Hamid & Minshall, 2000).
Recently much attention has been paid to CD4" cells in the pathogenesis of asthma

because of their ability to drive antigen-specific inflammation and regulate IgE
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synthesis. Effector functions of CD4" and CD8" cells are mediated by the secretion of

cytokines. Cytokines are an extensive group of extracellular signaling proteins
(hormones) that regulate inflammatory and immune reactions. Cytokine actions may be
autocrine, influencing the cell that produced it; paracrine, influencing cells within close
proximity of its release; or in endocrine manner by exerting more distant systemic

effects.

Historically, CD4" Ty cells were further characterized into two subsets Ty; and T
based on the secreted cytokine profile of murine lymphocytes (Mosmann et al., 1986).
Murine Ty cells expressed interferon gamma (IFN-y), tumour necrosis factor-f3
(TNF-B) and IL-2; Ty cells preferentially expressed IL-4, IL-5 and IL-10, and both
classes produced IL-3 and granulocyte-macrophage colony stimulating factor
(GM-CSF) (Borish & Rosenwasser, 1996). Ty and T differentiate from a common
precursor naive Ty cell during a ‘commitment’ process, where IL-4 influences the
differentiation to Ty cells (Seder et al., 1992) and IL-12 to T cell type (Manetti et al.,
1993). However, the Ty subclasses of human lymphocytes are less well defined
(Romagnani, 1992). Human Ty cells produce IFN-y and TNF-B; Ty cells, IL-4, IL-5
and IL-9, while both types produce IL-2, IL-3, IL-10, [L-13 and GM-CSF (Borish &
Rosenwasser, 1996). In addition to the above-mentioned Ty-cell cytokines, other cells
within the airways (both mesenchymal and inflammatory) are able to produce an
extensive array of cytokines. These cell types and associated cytokine effects
considered relevant to asthma have recently been extensively reviewed (Hamid &

Minshall, 2000; Chung & Barnes, 1999) and are besf summarized in Table 1.2

It is less clear whether polarization of Ty cells to Ty; or Tip subtypes occurs in sheep.

In ruminants most research has concentrated on cytokine responses in response to
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Table 1.2 Summary of cytokines, source and effects relevant to asthma.

Cytokine Level* Major effects BHR® Cellular sources
IL-1B T Epithelial and T cell activation, mucin secretion, Tu, il Magcrophages, epithelium
growth factor, B cell growth factor, neutrophil
chemoattractant
1L-2 o/t T-cell proliferation, induces eosinophilia T cells (Two), cosinophils
1L-3 1 4 Proliferation and differentiation of myeloid progenitors T cells (T / Twa), mast
cells
IL-4 T 7 1gE, cosinophil recruitment (by VCAM-1 induction), T cells (Tro / Ti), mast
Tia-type switching, T Eosinophil growth. cells, eosinophils
IL-5 T Eosinophil differentiation, activation and survival, 0 T cells (Tx), mast cells,
4 Apoptosis, 4T eosinophils, epithelial cells
IL-6 T 1 IgE, T ASM proliferation and hypertrophy, T-cell Macrophages, eosinophils,
growth factor, B-cell growth factor Ty, epithelial and mast
cells
IL-7 i Lymphocyte proliferation, B-cell growth factor’
IL-8 1T Neutrophil chemoattractant, recruits primed eosinophils 0 Eosinophils, epithelial and
smooth muscle cells,
IL-9 T Mast cell proliferation and differentiation, T-cell growth T Ty cells
factor, T IgE
IL-10 T+ Inhibits macrophage and lymphocyte activation, N Lymphocytes (Tui / Ti),
4 eosinophil survival, ! Ty, and T cells, T mast cell macrophages
growth
IL-11 T1 Airway remodeling, activates fibroblasts, L macrophage 0 Eosinophils, epithelial,
activation, B-cell growth factor lung stromal, and ASM
cells
IL-12 d Induces Ty -type differentiation, J IgE, Macrophages, lymphocytes
1 IFN-y production by T cells
IL-13 1 1 IgE and VCAM-1, J IFN-y and IL-12, activates Basophils, CD4 and CD8
eosinophils, { apoptosis T and epithelial cells
1L-14 ? B-cell growth factor
IL-15 ? T-cell growth factor, induces eosinophilia
IL-16 i CD4 T-cell and eosinophil chemoattractant Epithelial cells
1L-17 ? Activates macrophage, fibroblasts, epithelial and
endothelial cells, T T-cell proliferation
IL-18 N Induces IFN-y production from Ty cells, activates NK Macrophages, epithelial
cells and monocytes, ¥ IgE cells
TFN-y © 1 IgE, activates epithelial cells, endothelial cells, alveolar N Lymphocytes
macrophages and monocytes, 4 Tin
GM-CSF T Eosinaphil survival, proliferation and differentiation of T Epithelial cells, T
myeloid progenitors lymphocytes (Tui / Tro)
TNFa T 4 Granulocyte recruitment, primes inflammatory cells, 0 Macrophages, epithelial
activates cpithelial, endothelial and antigen presenting cells
cells, T fibroblast proliferation,
TGF-B 0 1 Fibroblast collagen deposition, ¥ T-cell proliferation, Activated eosinophils,
1 ASM proliferation, chemoattractant for monocytes, macrophages, fibroblasts,
fibroblasts and mast cells epithelial cells
SCF T 4 Mast cell proliferation and differentiation, T VCAM-1 Macrophages, epithelial
on eosinophils cells
PDGF T 1 Fibroblast, T ASM and epithelial cell proliferation, Eosinophils, epithelial
T collagen cells
IGF-1 o Mitogen for fibroblasts and smooth muscle cells Epithetial and ASM cells

2 level of expression in asthmatics; % effect on bronchial hyperresponsiveness; 1 increased;  decreased;

< normal; BHR = bronchial hyperresponsiveness; IL = interleukin; IFN = interferon; GM-CSF =

granulocyte-macrophage colony stimulating factor; TNF = tumour necrosis factor; TGF = transforming

growth factor; SCF = stem cell factor; PDGF = platelet derived growth factor; NK = natural Killer; Ty

cells = T helper cells; VCAM = vascular adhesion molecule; ASM = airway smooth muscle; IGF =

insulin-like growth factor. *Reported to be increased in serum. 1 Increased only in nonatopic subjects. §

Increased in severe asthma.

Minshall (2000), Holgate ef al. (2000), Soussi-Gounni et al. (2001).

Compiled from references Chung & Barnes (1999), Hamid &
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infectious diseases and adjuvants in immunization therapy, rather than allergy. In these
species 8 T cells are more numerous and play a prominent role in infection than do

CD8" cells. Stimulation of yd T cells results in a Ty type response with the expression

of IL-2, INFy and TNFo. (Wood & Seow, 1996).

In extrinsic (allergic or atopic) asthma the T-cell cytokine profile is suggestive of a
Tup-like phenotype (Robinson et al., 1992) and the development of AHR (Robinson et
al., 1993), expressing IL-3, IL-4, IL-5, IL-10, IL-13 and GM-CSF (Chung & Barnes,
1999). Furthermore, in intrinsic (non-atopic) asthma and in cases of occupational
asthma due to isocyanates for example (Lemiere et al., 1996), the T-cell activation and
cytokine profile observed in bronchial biopsy and lavage specimens are similar to those
seen in extrinsic asthma (Humbert et al., 1996a; Bentley et al., 1992). The Ty pattern
of cytokine expression is associated with several pathophysiological features of asthma,

for example, over-production of IgE, mast cell proliferation and eosinophilia.

1.10.2 Cytokines and IgE expression

Human genetic linkage studies have demonstrated significant relationships between
AHR and elevated IgE (atopy) (Postma et al., 1995), and the high-affinity IgE receptor
(van Herwerden et al., 1995). IgE production is dependent on IL-4 (Del Prete et al.,
1988) and IL-13 (McKenzie ef al., 1993) which causes B-lymphocytes to switch to IgE
production via the activation of specific receptors. and signal transduction pathways
(Oettgen & Geha, 2001), and is enhanced by IL-5, IL-10 and TNFa (Hamid &
Minshall, 2000; Pene et al., 1988). A major source of IL-4 mRNA in atopic and
non-atopic individuals is CD4" T cells and to a lesser extent CD8" T cells (Ying et al.,
1997: Robinson ef al., 1992). Elevated IgE levels are observed following acute viral

infections and toluene diisocyanate exposure (Tee et al., 1998), which may result from
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the ability of IL-4 to switch activated CDS8"' T cells to a Tip-like phenotype of cytokine

expression (Anderson & Coyle, 1994). IgE exerts its biological effects via coupling to
high-affinity (FceRI) and low-affinity (FceRII or CD23) receptors. Mast cells,
basophils, macrophages and eosinophils are able to express the FceRI and/or FeeRII
cell surface receptors (Holgate, 1997). Moreover, recent studies indicate that FceRII
and FceRI are up-regulated in ASM (Hakonarson et al., 1999) and epithelial cells
(Campbell et al., 1998) in asthma, respectively. Viruses, IgE, IL-4 and IL-13 are
known to upregulate the expression of either FceRI or FceRII receptors (Grunstein et
al., 2001; MacGlashan et al., 1998; Abbas et al., 1996; Barnes, 1994). Furthermore, the
level of FceRI expression in bronchial biopsies is indistinguishable between intrinsic
and extrinsic asthma (Humbert et al., 1996b). Therefore, a unifying mechanism for
AHR in intrinsic asthma, viral infection and reactive airways dysfunction syndrome
(Brooks et al., 1998) may result from a local increase in IgE levels and FceRI and
FceRII expression, leading to enhanced localized ‘allergic responses’ via cell-cell

interaction and cytokine release within the airways, without demonstrable atopy.

1.10.3 Cytokines and mast cells

Mast cell proliferation is influenced by a combination of cytokines which include IL-3,
IL-4, IL-10, and nerve growth factor (Thompson-Snipes et al., 1991; Matsuda et al.,
1991; Kirshenbaum ef al., 1989). Two types of human mast cells have been described
based on their neutral protease content, the MCr (tryptase-positive, chymase negative)
and MCrc (tryptase positive, chymase positive) with the MCr being the most prominent
in human airway mucosa (Schwartz, 1992). Increased mast cell numbers have been
observed in the airway mucosa of patients with asthma of varying etiology (Koshino et

al., 1996; di Stefano et al., 1993). Moreover, a signiﬁcantly greater number of mast
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cells are found within ASM of allergic individuals compared to non-allergic subjects

(Ammit et al., 1997).

There has been a resurgence of interest in the mast cell in the pathogenesis of airway
inflammation and asthma (Rossi & Olivieri, 1997; Polosa, 1995). While mast cells
degranulate via IgE coupling to FceRI, mediator release can also occur by non-IgE
dependent stimuli, such as bradykinin, neuropeptides (Cross et al., 1997; Heaney et al.,
1995), and nerve stimulation (Bienenstock et al., 1991). For many years the importance
of the mast cell in asthma centered on its involvement in the acute allergic
bronchoconstrictor response mediated via the release of histamine, prostaglandins and
leukotrienes (Lazarus, 1987). More recently, attention has been paid to the effect of
tryptase on ASM function. Tryptase has been shown to enhance in vitro smooth muscle
contractility to histamine in human and canine bronchi (Berger et al., 1999; Johnson et
al., 1997; Sekizawa et al., 1989). However, it is now clearly evident that mast cells
also secrete a variety of preformed and newly synthesized cytokines (IL-3, IL-4, IL-5,
IL-6, IL-8, TL-13, GM-CSF and TNFa) (Bradding & Holgate, 1996) which in turn play
a major role in the prolonged inflammatory phase following allergen exposure
(Wasserman, 1994). For example, the release of IL-1p, TNFa and IL-4 induce
recruitment of neutrophils and eosinophils from the mucosal microvasculature via
processes involving the upregulation of E-selectin, intercellular cell adhesion molecule
(ICAM-1), vascular cell adhesion molecule (VCAM-1) and very late appearing antigen

(VLA-4) (Smith et al., 1993).

1.10.4 Cytokines and eosinophils
[L-5 is a potent and selective chemoattractant for eosinophils (Iwama et al., 1992). Itis

involved in eosinophil proliferation (Campbell et al., 1987), and their enhanced survival
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and cytotoxicity (Saito et al., 1988). In addition, IL-3 and GM-CSF enhance eosinophil

activation and survival (Rothenberg et al., 1988; Owen ef al., 1987). IL-5 has been
shown to cause airway eosinophilia and AHR (Foster ef al., 1996). Supportive
evidence for a pathogenic role of cytokines in allergy induced AHR has been provided
by models in which AHR has been specifically attenuated by neutralizing antibodies to
specific cytokines. Anti-IL-5 can prevent AHR and eosinophil accumulation following
antigen challenge in guinea pigs (van Oosterhout et al., 1993), mice (Hamelmann ef al.,
1997) and monkeys (Mauser et al., 1995), however, following viral infection anti-IL-5
prevents AHR but not the inflammatory cell infiltrate (Schwarze et al., 1997; van
Oosterhout ef al., 1995). Moreover, other studies in various animal models demonstrate
that eosinophil infiltration and the development of AHR are two distinct processes, such
that the presence of eosinophils alone is not sufficient to alter airway contractile

responses (Vargaftig, 1997; Lefort et al., 1996; Lilly et al., 1996; Eum et al., 1995).

1.11 Asthma and pro-inflammatory cytokines; IL-1B and TNFa

Although a multitude of cytokines are involved in asthma (Table 1.2) and airway
inflammation, with different cytokines assuming greater importance in different subsets
of asthma, TNFo and IL-1B will be considered as the cytokines of interest in asthma

and AHR, in this thesis.

Over the last decade it has been well recognized that asthma is characterized by
increased cytokine production (Bradding et al., 1994; Robinson et al., 1992). Bradding
and colleagues have demonstrated a sevenfold increase in the number of mast cells

staining for TNFo in the asthmatic biopsies compared to controls. Moreover,

significantly higher protein levels of TNFa and IL-1p have been found in bronchial
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biopsy and lavage fluid from symptomatic atopic and non-atopic asthmatics compared
to asymptotic subjects (Ackerman et al., 1994; Broide et al., 1992), suggesting a further
upregulation of these two cytokines, at least, in acute asthmatic exacerbations.
Furthermore, IL-1B and TNFo immunoreactivity is also increased in bronchial

specimens of subjects with toluene diisocyanate-induced asthma (Maestrelli et al.,

1995).

Tumour necrosis factor-o. is an ubiquitous cytokine in the development of inflammatory
responses, and is being postulated as having a fundamental role in airway inflammation
and acquired AHR (Shah et al., 1995; Kips et al., 1993a). Tumour necrosis factor-o is
a powerful pro-inflammatory cytokine, it can augment inflammatory cellular influx in
the bronchial mucosa. Tumour necrosis factor-o is chemoattractant for neutrophils and
monocytes (Ming et al., 1987), it upregulates the expression of adhesion molecules,
promoting transendothelial migration of inflammatory cells (Smith et al., 1993) and
transepithelial migration of neutrophils, the latter by inducing the production of IL-8
(Smart & Casale, 1994). Tumour necrosis factor-o. has profibrotic actions leading to
tissue remodeling and is a powerful proliferative agent. It is capable of inducing
angiogenesis, the proliferation of fibroblasts (Piguet ef al., 1990), ASM (Amrani ef dl.,
1996; Stewart et al., 1995) and it enhances ECM production (Schwingshackl ef al.,

1999; Sampson et al., 1992).

Of its many reported actions, IL-1B is capable of inducing fibroblast proliferation
(Schmidt et al., 1982), ASM hyperplasia (De et al., 1995), increasing fibronectin and
collagen synthesis (Dinarello & Savage, 1989), inducing airway neutrophilia

(Tsukagoshi et al., 1994) and in rat skin, eosinophil accumulation, an effect mediated
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by IL-8 production (Sanz et al., 1995). All these effects are relevant to airways

inflammation and airway remodeling.

Interleukin-1p and TNFo are co-localized in mast cells and macrophages and are
released from these cells following IgE receptor stimulation of high-affinity (FceRI) and
low-affinity (FceRII), respectively (Gosset ef al., 1999; Gordon ef al., 1990) and may be
considered as "first wave" cytokines. Following this a second wave response occurs
mediated by selectins, adhesion molecules, and chemokines (e.g. IL-8), which amplify
the inflammatory response leading to a secondary influx of cells. Tumour necrosis
factor-o and IL-1p are potent inducers of IL-8 production in epithelial, endothelial and

ASM cells (John et al., 1998; Cromwell ez al., 1992; Standiford et al., 1990).

1.12 Airway hyperresponsiveness and pro-inflammatory cytokines;
IL-1p and TNFa

The development of AHR following the inhalation of irritant stimuli and viral infections
has been well established. Recent research has shown that following ozone exposure,
toluene diisocyanate inhalation and viral infection there is an increased production of
cytokines which include IL-1B, TNFa and IL-8 (Maestrelli ef al., 1995; Basha et al.,
1994; Pendino et al., 1994). Furthermore, respiratory viruses have been shown to
increase a variety of cytokines and prominent among these is IL-8 (Johnston, 1995).
Occupational asthma results suggest exposure to occupational agents increases release

of cytokines such as TNFa (Siracusa ef al., 1992).

Tumour necrosis factor-o has been implicated as a principal mediator of AHR by the

use of neutralizing antibodies in rodent models of allergic asthma (Renzetti ef al.,
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1996). Moreover, in vivo AHR has been demonstrated in animals and normal human
subjects following administration of IL-1p (Tsukagoshi ef al., 1994), TNFa (Thomas et
al., 1995; Kips et al., 1992; Wheeler ef al., 1990) and IL-8 (Xiu et al., 1995), and is
often associated with airway neutrophilia (Thomas et al., 1995; Xiu et al., 1995; Kips et
al., 1992). Whether this is a direct effect on ASM, or due to changes in airway wall
dimensions by inflammatory remodeling, by the release of other mediators such as
arachidonic acid metabolites from inflammatory cells (Roubin et al., 1987), by

increased MVL or by a combination of these events, remains to be determined. This
thesis will specifically address whether TNFa and IL-1p, either alone or in combination

can enhance ovine ASM contractility in vifro?

1.13 TNFo and IL-1p signal transduction pathways

Two receptor types have been described for each of the pro-inflammatory cytokines,
IL-1p and TNFa. For IL-1B the type I receptor (IL-1R1) and a type II receptor
(IL-1R2). The IL-1R1 is involved in signal transduction while IL-1R2 is not. The latter
receptor being involved in homeostatic mechanisms acting as a decoy for excess IL-1p
(Colotta et al., 1994). In the case of TNFa, the t\Izvo receptors are TNFR-1(p55) and
TNFR-1I(p75). Both receptors are involved in signal transduction, with soluble forms
of both (p55 and p75) being described as acting as inhibitors of TNFo mediated
responses (Nophar ef al., 1990). The TNFRp55 mediates most of TNFa. effects such as
apoptosis, fibroblast proliferation and adhesion molecule expression (Tartaglia &
Goeddel, 1992), while effects mediated by TNFRp75 relate to T-cell development,

activation and apoptosis (Erickson et al., 1994).
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The signal transduction pathways for these pro-inflammatory cytokines have not been
fully elucidated. Tumour necrosis factor-a. and IL-1p mediate similar biological effects
by activating the same set of intracellular transcription factors, the two most prominent
being nuclear factor kB (NF-kB) and activating protein 1 (AP-1) (Eder, 1997). These
factors, are then capable of inducing the production of many proteins such as cell-
adhesion molecules, cytokines, inducible enzymes and growth factors, involved in

immune and inflammatory processes, some of which are common to asthma (Barnes &

Adcock, 1998b).

Evidence suggests that IL-1p and TNFa signal transduction is associated with the
activation of the TNF receptor associated factors (TRAF), TRAF-6 and TRAF-2,
respectively, with convergence to mitogen-activated protein (MAP) kinase cascades.
Activation of the various MAP kinase cascades, in turn, leads to the induction of
transcription factors such as, NF-kB and AP-1 (Eder, 1997). Moreover, recent studies
have revealed that other signal transduction pathways mediated by TNFp55 activation,
involve the activation of G-binding proteins (Yanaga et al., 1992) and PLC (Machleidt
et al., 1996), while in ASM cells stimulation of TNFp55 or CD 40, a member of the
TNF receptor superfamily containing TNF-p35 and p75 receptors (Banchereau ef al.,
1994), results in signaling events involving tyrosine kinases (Lazaar et al., 1998),
enhanced Ca™ mobilization (Amrani et al., 1996) and phosphoinositide accumulation
(Amrani et al., 1997). All of which are similar to the signaling pathways involved in
ASM contraction (Chilvers et al., 1994; Schramm & Grunstein, 1992). Therefore, can
one definitively establish whether TNFo and IL-1f alter ASM contractility by

mechanisms involving intracellular signaling?
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1.14 Signal transduction pathways in airway smooth muscle

Airway smooth muscle contraction and relaxation involve agonist-receptor interactions
with specific G-proteins, which are coupled to second-messenger pathways that mediate
changes in airway tone. Three main types of G-proteins have been described Gs, Gi and
Gq. Gs and G; produce stimulation and inhibition of the enzyme AC, respectively. It is
thought that a bi-directional control operates on PLC, however, the Gg, protein has yet
to be identified (Chilvers et al., 1994). G-proteins exist as heterotrimeric complexes of
a, B and y subunits, the latter two as a tightly bound complex (Hepler & Gilman, 1992).
Multiple G, subunits have been described and classified according to their homology

and sensitivity to pertussis and cholera toxins (Kaziro et al., 1991).

1.14.1 Smooth muscle contraction

Upon agonist-receptor binding, the Gg-protein dissociates where the free Ggo subunit
stimulates PLC resulting in the hydrolysis of PIP; to IP3 (Schramm & Grunstein, 1992).
Inositol 1,4.5-triphosphate then binds to specific IP3R on intracellular Ca"™ stores (such
as the sarcoplasmic reticulum (SR)) leading to incfeased levels of cytosolic free Ca™.
The level of accumulation of IP; is regulated by metabolizing enzymes. In particular,
inositol 3’-kinase, which phosphorylates IP; to inositol (1,3,4,5)P4, with elevated
intracellular levels demonstrated during sustained contractile responses (Chilvers ef al.,
1994). Inositol (1,3,4,5)P4 is a putative second messenger regulating Ca"" influx and/or
intracellular translocation (Schramm & Grunstein, 1992). Four Ca"™ bind calmodulin,
resulting in the activation of MLCK (Jiang & Stephens, 1994), which in turn
phosphorylates myosin leading to an increase in myosin activity, cross-linking of the

cellular contractile elements (myosin and actin) and finally, contraction (Sweeney,

1998), Figure 1.11.
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Figure 1.11 Schematic diagram illustrating pathways involved in airway smooth
muscle contraction. Following agonist (e.g. acetylcholine) binding to a specific 7
transmembrane domain receptor (7-TM-Receptor) in the cell membrane, the associated
Gq protein (heterotrimeric complex of o,  and y subunits) dissociates to a By dimer and
a free o subunit. This o subunit activates phospholipase C (PLC) which in turn
catalyses the hydrolysis of phosphatidylinositol 4,5-biphosphate (PIP;). This results in
the formation of inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG). IP; via
activation of IP; receptors (IP;R) on the endoplasmic or sarcoplasmic reticulum
(ER/SR) induces the release of calcium ions (Ca™) stored in these intracellular
organelles. DAG in addition to activating protein kinase C (not shown) may also
stimulate Ca'" entry (dotted line). The free cytosolic Ca'" associates with calmodulin
(Cam) causing a conformational change resulting in an ability to interact with inactive
myosin light chain kinase (MLCK) rendering MLCK active. Activated MLCK
phosphorylates myosin and in the presence of actin and activated myosin-ATPase (not
shown) provides energy for cyclic cross-linking of contractile elements and thus

contraction.
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Concomitant with the formation of the second messenger IP; is the generation of DAG
which activates PKC (Schramm & Grunstein, 1992). Signal transduction pathways
involving the activation of PKC mediate many physiological responses, apart from
smooth muscle contraction, for example cell secretion, gene expression and cell
proliferation (Blackshear ef al., 1988; Nishizuka, 1988). The multiplicity of PKC may
result from its many described isoforms, many of which are found in ASM, PKC a, B1,
B2, 8, ¢, 1, & C and O (Webb et al., 1997; Donnelly et al., 1995). The mobilization of
Ca™ and activation of PKC play important roles in the initiation and modulation of

intensity of ASM contraction (Schramm & Grunstein, 1992).

Cellular responses are also mediated by the phospholipase A; (PLA) signal
transduction pathway, which involves activation of various PLA, isoforms that
hydrolyze membrane phospholipids to generate arachidonic acid and lysophospholipids
(Lin et al., 1992; Axelrod, 1990). The liberated arachidonic acid is then converted to a
number of compounds, including prostaglandins, thromboxanes and leukotrienes, which

are able to induce smooth muscle contraction and cell proliferation.

1.14.2 Smooth muscle relaxation

In ASM, Figure 1.12, relaxation is mediated by receptors, such as the
B,-adrenoreceptors, coupled to AC via Gyproteins. Stimulation of these receptors
results in the release of the G, subunit, which then activates AC. This enzyme system
catalyses the breakdown of ATP to cAMP. The accumulation of cAMP then activates
protein kinase A (PKA) leading to relaxation by phosphorylating key cellular substrates
(Knox & Tattersfield, 1995). Protein kinase A via phosphorylating specific intracellular

proteins leads to the inhibition of PIP; hydrolysis, increased uptake of free Ca™ by
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Figure 1.12 Schematic representation of the pathways involved in airway smooth
muscle relaxation. Following agonist binding to a specific 7 transmembrane domain
receptor (7-TM-Receptor, e.g. B, Adrenoreceptor) in the cell membrane, the associated
G, protein dissociates freeing the o subunit from B y. The G, activates adenylyl cyclase
(AC), catalyzing the breakdown of adenosine triphosphate (ATP) to cyclic adenosine
monophosphate (¢cAMP). cAMP in turn activates protein kinase A (PKA), causing the
dissociation of the catalytic subunit (C) from the regulatory subunit (R). The catalytic
subunit is able to phosphorylate a number of key targets within the cell, leading to the
inhibition of phosphatidylinositol 4,5-biphosphate (PIP,) hydrolysis, increased Ca™
uptake by intracellular stores (ER/SR), inhibition of myosin light chain kinase (MLCK)
activation, and the activation of membrane ion channels (e.g. Ca'""-dependent potassium
(K" channels) and transporters thereby promoting Ca'" extrusion. The net effects of
these actions being reduced levels of cytosolic Ca"™" and phosphorylation (inactivation)

of MLCK, all of which ultimately lead to relaxation.
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intracellular stores, inactivation of MLCK and activation of K" channels resulting in K’
efflux, which ultimately leads to relaxation (Knox & Tattersfield, 1995; Torphy, 1994;

Black ef al., 1990).

Also of note is that other agonists such as nitric oxide and atrial natriuretic peptide
induce ASM relaxation. This signal transduction pathway involves guanylyl cyclase via
the formation of cyclic guanosine monophosphate _(cGMP), which in turn activates a
cGMP-dependent protein kinase (PKG) (Torphy, 1994). Furthermore, cGMP at high
concentrations can activate PKA (Turner ef al., 1994), thus demonstrating convergence
of the two bronchodilator pathways. Cyclic AMP and ¢cGMP are hydrolyzed by
phosphodiesterase, ~ of which seven have been described (Beavo, 1995).
Phosphodiesterase 3, 4 and 5 are important in ASM relaxation responses where
inhibition of these isoenzymes results in bronchodilatation, as a result of increased
intracellular cAMP and cGMP. Receptors linked to G; rather than G; of the AC system,
for example airway M; receptors, inhibit AC and reduce cAMP formation (Knox &

Tattersfield, 1995).

1.15 TNFa, IL-1p and airway smooth muscle function

It is generally accepted that ASM, itself, is an active participant in airway inflammatory
processes: by actively proliferating, being capable of producing multiple cytokines and
chemokines, and expressing a variety of cell surface receptors and adhesion molecules.
Many of the signal transduction pathways involved in these cellular responses share and
converge with those responsible for the muscle’s contractile phenotype (extensively
reviewed by Barnes (Barnes, 1998a) and Panettieri (Panettieri, Jr., 1998)). Thus it is

now apparent that cytokines liberated during inflammatory responses may directly
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influence ASM contractility, by affecting signal transduction pathways that mediate

ASM contraction.

In recent years, most attention has focused on the mechanism of action of IL-1p and
TNFo. on the ASM relaxation process. Studies have demonstrated an impairment in f3-
adrenoreceptor function following incubation of isolated ASM to either TNFo. or IL-1,
such that the relaxation responses of B-agonists on pre-contracted ASM is diminished
(Hakonarson et al., 1996; Koto et al., 1996; Munakata et al., 1996; Wills-Karp et al.,
1993b). On further examination this effect was attributed to functional antagonism of
relaxation occurring between the inhibitory receptor Gj-proteins and the stimulatory
B-adrenoreceptor Gs-proteins coupled to the AC system (Hotta ef al., 1999; Hakonarson
et al., 1996; Koto et al., 1996; Hirata et al., 1994). That is, AC is under dual regulation
by a stimulatory G protein and an inhibitory G profein (Schramm & Grunstein, 1992).
Isolated ASM exposed to IL-1p and TNFo has been shown to increase Gj, protein
expression (the G-protein subunit that is involved in inhibiting AC) (Hotta ez al., 1999;
Hakonarson ef al., 1996; Koto et al., 1996; Hirata et al., 1994), while Gs, expression
remains unchanged (Hotta et al., 1999; Shore et al., 1997; Hirata et al., 1994). The
increased expression of Gi,, protein with no change in Gy, levels enhances the inhibitory

pathway, leading to lower AC activity and impaired relaxation.

In animal studies the effects of TNFo and IL-1p on in vitro contractility are limited with
varying results, this may reflect the different methodologies employed. In each study,
differing concentrations and time periods were used for the exposure of ASM
preparations to the individual cytokines. Several research groups have demonstrated

increased in vitro contractility to cholinergic agonists following either TNFa or IL-1B
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pretreatment (Pennings et al., 1998; Hakonarson ef al., 1996), others have not (Koto ef

al., 1996; Munakata ef al., 1996; Kips et al., 1993; Wills-Karp ef al., 1993b). In
isolated human airways, the induction in vitro of hyperresponsiveness by TNFo has
been demonstrated to electrical field stimulation but not to contractile agonists per se
(Anticevich et al., 1995). Furthermore, Amrani and colleagues demonstrated, in
cultured tracheal smooth muscle cells, that agonist-induced increases in cytosolic free

Ca™ were enhanced by TNFa pretreatment (Amrani ef al., 1997; Amrani et al., 1995b).

To date, the effects of IL-1p on isolated ASM contractility has more often demonstrated
a decrease in the sensitivity of smooth muscle to contractile agonists rather than an
increase, an effect involving the production of a relaxant factor from the airway

epithelium (Munakata et al., 1996; Tamaoki et al., 1994).

1.16 Synergism; TNFo and IL-1(

Cytokines exert a diversity of actions, some being complicated by synergistic and
antagonistic interactions. Synergism between IL-1p and TNFo has been described in a
wide variety of physiological responses, for example the induction of haemodynamic
shock (Okusawa et al., 1988), enhanced IL-8 secretion from ASM (John et al., 1998),
the production of nitric oxide in peripheral blood (Kosaka et al., 1994), enhanced
transforming growth factor-p production (Phan et al., 1992) and up-regulation of
intracellular adhesion molecule expression in endothelial cell (Hashimoto, 1994).
Moreover, recent studies have demonstrated synergism between TNFa and IL-1B in
modifying the rabbit airway relaxant and contractile responses by an impairment of f-
adrenoreceptor coupled relaxation (Hakonarson et al., 1996), down-regulating airway

M, receptor expression (Haddad et al., 1996) and the development of lung oedema in a
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rat model (Wesselius ef al., 1995). Although the latter study assessed gross vascular

leakage, as assessed by lung wet-to-dry weight ratios, it begs the question - what are the

effects of TNFa and IL-1p on airway microvascular. permeability?

1.17 Fatal asthma and pro-inflammatory cytokines

Postmortem studies of fatal asthma have provided much of the evidence regarding
airway inflammation and airway wall remodeling in clinical asthma. Histological
examination has repeatedly demonstrated epithelial shedding, inflammatory cell
infiltration beneath a grossly thickened basement membrane, goblet cell hyperplasia
(Dunnill ef al., 1969; Dunnill, 1960; Messer et al., 1960), marked airway wall
thickening (Huber & Koessler, 1922) and smooth muscle hyperplasia and hypertrophy

(Heard & Hossain, 1973).

Published evidence suggests that the occurrence of fatal asthma is in patients with
severe asthma, and can be categorized as either slow or sudden onset (Strunk, 1993).
The former allows affected individuals time to seek assistance, however, this may be
postponed for a number of reasons e.g. a disregard of symptom severity, and/or socio-
economic factors leading to inadequate medical treatment (Molfino & Slutsky, 1994),
while sudden-onset involves the rapid progressidn of airway obstruction with the

possibility of death occurring within minutes.

Many investigators have defined sudden-onset fatal asthma as death within 1-2 hours
after the onset of the attack, and slow onset fatalities occurring within 3 hours to days.
Using this chronological scale sudden-onset fatal asthma presents histologically as a
distinct entity from slow onset fatal asthma. Compared to slow onset fatal asthma, the

airway submucosa in sudden death asthma contains an increased numbers of
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neutrophils, both intravascular and extravasated, mucous gland hyperplasia and reduced

eosinophil numbers (Carroll et al., 1996; Sur et al., 1993).

Moreover, patients in acute respiratory failure i.e. status asthmaticus of sudden-onset
demonstrate airway neutrophilia, in excess of what may be induced by mechanical
ventilation, and significantly elevated levels of IL-8, TNFo. and IL-1p (Tillie-Leblond et
al., 1999; Lamblin ef al, 1998). A similar scenario of neutrophilia mediated by
elevated 1L-8 levels has also been observed by Fahy and colleagues in patients suffering

acute severe asthma (Fahy ef al., 1995a).

More often than not the catastrophic event that resuits in sudden-onset fatal asthma is
not known, however, it may sometimes result from infection, a massive allergen or
irritant exposure (Messer et al., 1960). Numerous human and animal studies have
characterized the inflammatory response following such triggers. Ozone (Tsukagoshi et
al., 1995; Basha et al., 1994; Holtzman ef al., 1983) or toluene diisocyanate inhalation
(Fabbri et al., 1991; Sheppard et al., 1986), viral infection (Wang & Forsyth, 2000; van
Oosterhout et al., 1995) and endotoxin-contaminated allergen (Hunt et al., 1994) or
endotoxin (Kubo et al., 1994) are associated with an airway neutrophilic response, and

where measured increased IL-8 production (Basha et al., 1994).

Immunohistochemical analysis of lymphocyte populations in cases of sudden-onset fatal
asthma demonstrate a preponderance of CD8" compared to CD4" cells in peribronchial
tissue, being the inverse of that found in stable asthma (Faul et al., 1997). This possibly
suggests that different immunopathological mechanism are at play, or perhaps may
reflect the fact that CD8" cells are generally activated by endotoxin (Forestier et al.,

2000) and intracellular pathogens such as viruses (Kon & Kay, 1999b).
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Apart from the structural components contributing to an increased airway wall thickness
found in fatal asthma i.e. smooth muscle, mucous glands, cartilage (Carroll et al., 1993)
and subepithelial structures (Carroll et al., 2000; Roche et al., 1989), non-structural
components determining airway wall thickness, such as widening of endothelial gap
junctions and oedema fluid, are increased in cases of fatal asthma of short duration
compared to that in slow-onset fatal asthma (Carroll et al., 1997b). Furthermore, the
inflammatory infiltrate is increased in pulmonary aﬂeﬁal walls of sudden fatal asthma
compared to non-asthma controls, and appears to be polarized to the vascular adventitia

adjacent to airways (Saetta et al., 1991).

Pathological examination of the airways in cases of sudden-onset fatal asthma has
demonstrated, in certain individuals, airways that are devoid of mucus, i.e. “empty
airways” suggesting a neural mechanism at play. Possibly, neutrophil derived products
released during the acute neutrophilic response may enhance ACh release from
parasympathetic nerve endings (Anticevich et al., 1996; Hughes et al., 1993; Daniel &
O'Byrne, 1991), and/or sensory nerve hyperalgesia as a result of increased IL-1p and
TNFo. (Ferreira et al., 1993; Ferreira et al., 1988). Therefore, an enhanced
bronchoconstrictor response, in the presence of airway wall oedema, may result in
excessive ASM shortening to such a degree as to completely occlude the airway (James
et al, 1989). One then wonders whether the co-release of TNFa and IL-1p may
provide the fatal combination of enhanced ASM contractility with a concomitant

increase in MVL?

1.18 Animal models

As with all non-human mammalian species, differences in some aspects of airway
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physiology and anatomy from man will occur (Summarized in Table 1.3). There are
limitations, however, to the use of human tissue for in vitro studies, including poor
suitability as tissue is often obtained from lung carcinoma resection specimens and
may be hyporesponsive (Armour ef al., 1996). Therefore, it is necessary at some stage
to use experimental animal models if detailed information on the role of cytokines in

airway MVL and AHR are to be obtained.

1.18.1 Asthma

Numerous animal species have been used as experimental models of asthma including
monkeys, sheep, dogs, rats, rabbits and guinea pigs (as reviewed in Wanner &
Abraham, 1982). The use of such animal models has greatly increased the
understanding of the mechanisms involved in the pathogenesis and pathophysiology of
asthma. Ideally, the responses of animal models should reflect similar pathology and
physiology to human disease (refer Table 1.4 for detailed comparative physiology and
histology). The sheep in vivo model of antigen-induced bronchoconstriction is well
characterized. In sensitized sheep, Ascaris suum inhalation results in immediate
bronchoconstriction, hypoxia, gas trapping (Wanne-r et al., 1979) and in some animals
the development of a late reaction (6-8 hours post challenge) (Abraham et al., 1983),
responses which are representative of human asthma (Cockcroft et al., 1977b;
McFadden & Lyons, 1968; Woolcock & Read, 1966). Both immediate (early) and late
responder sheep develop AHR at approximately two hours post challenge (Soler et al.,
1989) but only the latter group develops prolonged hyperresponsiveness which can be

found at 24 hours (Lanes et al., 1986).

Pharmacologically similar mediators to those implicated in asthma (Barnes ef al., 1998)

such as histamine, leukotrienes, platelet activating factor, oxygen radicals and adhesion
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Table 1.3 Comparative morphology and biology of several animals and man.

Human Sheep Dog Monkey
Pleura Thick Thick Thin Thin
Lobes Right lung - 3 Right lung —4 or 5 Right lung — 4

Left lung — 2 Left lung - 3 Left lung - 3
Lobulation Imperfect Well developed Absent Absent
Interlobar Extensive Extensive Little if any Little
connective tissue  Partially surrounds ~ Completely surrounds

many lobules many lobules
Bronchi Divide internally Main bronchus divides Main bronchus

No apical bronchi internally divides outside lung

Apical bronchus onright  No apical bronchus
side *
Bronchioles Several generations  Several generations Fewer generations Commonly only
one

Terminal TB end in TB end in very short TB end in TB end in
bronchioles (TB)  respiratory respiratory bronchioles respiratory respiratory

bronchioles or alveolar ducts bronchioles bronchioles
Respiratory Several generations  Single short generation Several generations ~ Several
Bronchioles - generations
Collateral Present Present Present Present
ventilation Poorly developed Poorly developed Well developed Well developed
Arterial supply Bronchial artery Bronchial artery Pulmonary artery Pulmonary artery
to pleura
Bronchial artery ~ Present Present Not demonstrated Not demonstrated
— Pulmonary

artery Shunts

Compiled from references Olson & Wardle 1992, Magno (1990), Terry et al. (1987), Tyler (1983),
Wanner & Abraham (1982) and May (1970).

* Refer Figure 2.4 for a diagram of the apical right bronchus in the sheep lung.
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human asthma and allergic animal models.
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Comparison of antigen challenge on airway physiology and histology in

Human Sheep Guinea pig Dog Monkey
Airway resistance Increased Increased Increased Increased Increased
Total lung capacity Increased ? Decreased Unchanged Unchanged
Functional residual ~ Increased or Increased Increased Unchanged Unchanged
capacity unchanged
Residual volume Increased ? Increased (?) Unchanged Unchanged
Elastic recoil Decreased or  Unchanged Unchanged Unchanged Unchanged
unchanged

Reproducibility of ~ Reproducible Reproducible Variable Variable ?
antigen challenge
Demonstrate late Yes Yes Yes Yes No
asthmatic response
Antigen challenge Yes Yes Yes Yes Yes
increases AHR
Changes in airway morphology

Submucosal gland + + - - -

hypertrophy

Smooth muscle + - + - -

hypertrophy

Subepithelial + +/- - B -

fibrosis

Cellular infiltrates + + + + +

Compiled from references Carroll et al. (2000), Hamid et al. (1997), Kaneko et al. (1996), Mauser et al.
(1995), Becker et al. (1995), Akutsu et al. (1995), Carroll et al. (1993), Chen et al. (1991a), Chen et al.
(1991b), Wanner & Abraham, (1982) and Souhrada & Dickey, (1976).
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molecules (Abraham ef al., 1999; Lansing et al., 1993; Tomioka et al., 1989; Abraham,

1988; Lanes et al., 1986) have been implicated in antigen-induced bronchoconstriction
and the development of the late asthmatic response.  Furthermore, different
pharmacological agents such as antihistamines, cromoglycate, nedocromil sodium and
corticosteroids have similar actions in preventing eaﬂy and late asthmatic reactions and
AHR in sheep (Abraham et al., 1987; Delehunt ef al., 1984; Abraham et al., 1981a) and

man (Crimi et al., 1989; O'Byrne et al., 1987).

As in man, allergic sheep compared to non-allergic sheep, demonstrate AHR to both
direct and indirect inhaled stimuli (Joos et al., 1993), such as aerosols of methacholine
(Fujimoto et al., 1995), carbachol (Soler et al., 1989), histamine (Ahmed et al., 1983),
bradykinin (Abraham et al., 1991) and chemical irritants, such as nitric acid (Abraham
et al., 1982) and sulphur dioxide (Abraham et al., 1981b). Furthermore, in virro AHR
to carbachol and histamine, has been demonstrated in allergic sheep models (Wagner et

al., 1985; Mirbahar & Eyre, 1982).

Following antigen challenge sheep develop a cellular inflammatory response with
increased numbers of eosinophils, neutrophils and macrophages in bronchoalveolar
lavage fluid (Fujimoto et al., 1995; Bosse et al, 1987). Demonstrably similar
inflammatory cell populations are found in the bronchoalveolar lavage of allergic
individuals (Basha et al, 1994; Corrigan & Kay, 1991). Histologically, allergic
hyperresponsive sheep demonstrate an increased tendency for airway wall eosinophilia,
an increased number of secretory granules in airway mast cells (Chen et al., 1991a) and
submucosal gland hyperplasia (Chen et al., 1991b), morphological findings that are

consistent with human asthma (Hamid et al., 1997; Carroll et al., 1993).
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The in vivo sheep model has other advantages; lung resistance (Rr) can be measured in
conscious animals, therefore, avoiding the confounding effects of mechanical
ventilation and anaesthetic agents, and longitudinal studies can be performed in the

same animal.

Animal models of allergic bronchoconstriction have been criticized because they do not
usually demonstrate baseline increases in Ry, analogous to chronic asthma in man,
however, Bosse and colleagues reported that repeated and prolonged (more than nine

months) antigen aerosol challenge in sheep resulted in increased baseline R;, (Bosse et

al., 1987).

The advent of genetically manipulated species, such as transgenic and gene knockout
mice, with their well-characterized immune system, is contributing to the understanding
of the immunopathology of allergic disease. Various research groups are “dissecting
out” the complex role cytokines play in the development of airway inflammation and
hyperresponsiveness. For example, various genetically manipulated murine models
have demonstrated that eosinophil infiltration and the development of AHR are two
distinct processes and that the presence of eosinophils alone is not sufficient to alter
airway responsiveness (Pauwels ef al., 1997; Lefort ef al., 1996; Eum et al., 1995).
Research in these murine models can therefore, lead to the development of innovative
concepts and therapeutically beneficial cytokine antagonists and agonists. These can
then be further tested in larger animal models representative of human asthma and, in

turn, man.
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1.18.2 Microvascular permeability

Animal models of airway MVL have largely focused on the accumulation of oedema
within the guinea pig trachea (Evans et al., 1988b; Evans et al., 1987), with a majority
of studies concerning Evans blue (EB) extravasation into this airway tissue. The
measurement of EB leakage has become a standard technique to detect microvascular
permeability and compares favourably with radiolabelled albumin in that respect

(Rogers et al., 1989a; Saria & Lundberg, 1983). -

I have developed, in the guinea pig, a technique for isolating a section of trachea in vivo
(Reynolds ef al., 1992), similar to that described by other workers using larger species
(Deffebach et al., 1989; Kirsch ef al., 1988). The particular advantage of this isolated
section of trachea is that it allows prolonged exposure of a segment of airway to various
stimuli i.e. inhaled cytokines and different physiological gases without causing adverse
systemic effects. And furthermore, using this preparation it has been determined that
the amount of tracheal EB extravasation in animals exposed to an isocapnic gas was
comparable to EB extravasation data obtained by other workers in their respective

control guinea pigs (Thompson et al., 1987; Gordon et al., 1987).

By using this in vivo isolated tracheal segment (ITS) model, I wished to determine the

capability of TNFa and IL-1P as inducers of airway MVL in non-allergic animals.

1.19 Summary

Thus what began as an examination of the role of sensory nerves and tachykinins in
allergic asthma and AHR has now developed into an examination of TNFa and IL-1p

as inducers of in vitro AHR, and MVL in vivo.
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Asthma is a disease characterized by reversible airways obstruction, a specific type of
airway inflammation, AHR (Global Initiative for Asthma, 1997), epithelial damage
(Laitinen ef al., 1985) and increased cytokine production (Robinson et al., 1993; Broide
et al., 1992). Airway hyperresponsiveness is an abnormality of the airways that allows
them to narrow easily and excessively to inhaled bronchoconstrictor stimuli. The
stimuli may be either chemical or physical, and classed as direct or indirect. Direct
stimuli (e.g. cholinergic agonists, histamine, leukotriene D) act directly on ASM via
specific receptors. Physical and chemical agents such as antigen, exercise, hypertonic
saline, adenosine and sulphur dioxide are indirect stimuli as they induce airway
narrowing by stimulating inflammatory cells and/or sensory nerves (Joos et al., 1993).
The development of AHR has been linked to the presence of airway inflammation
(Hogg et al., 1991) and the increased exposure of airway sensory nerve endings in
damaged epithelium to irritant stimuli (Barnes, 1991). However, the mechanism by

which inflammation leads to AHR remains elusive.

In normal airways the degree of induced airway narrowing is determined by the balance
between the inward force of the contracting ASM and the tethering action of lung
parenchymal elements, which exert an outward force on the airway opposing airway
narrowing (Robinson ef al., 1992). That is, there is an interdependence between airway
wall and lung parenchyma in maintaining airway calibre. In inflamed airways, airway
wall dimensions are increased, which changes the balance between the inward and
outward acting forces, such that there is an uncoupling of the interdependence between
the airway and the parenchyma, resulting in greater airway narrowing for a given
stimulus (Mitchell & Gray, 1996). The primary structural change which is considered
to be important in the induction of AHR, is an increase in airway wall thickness (Wiggs

et al., 1992). Thickening of the airway may result from cellular infiltration (Saetta et
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al., 1991), deposition of connective tissue (Carroll et al., 2000), thickened basement
membrane (Roche et al., 1989), hypertrophy and hyperplasia of ASM (Ebina et al,,
1993), vascular distension (Carroll et al., 1997b) and oedema formation (Persson,
1991). It has been postulated that oedema accompanying airway inflammation may
uncouple the airway from the parenchyma to such an extent that ASM contraction can
be so severe as to completely occlude the airway (Macklem, 1990). Other mechanisms
which determine excessive degrees of airway narrowing include, an enhanced

contractility of ASM itself, and liquid filling of the airway lumen (Sterk, 1993 a).

A number of early studies have looked for abnormalities in smooth muscle contractility
in vitro, invariably demonstrating no difference (de Jongste et al., 1987b; Armour et al.,
1984; Roberts et al., 1984; Vincenc ef al., 1983). This has lead some to speculate that
an increase in contractility of ASM seems an unlikely mechanism for the development
of AHR in vivo. More recent studies have demonstrated in vitro AHR between normal
and asthmatic tissue (Bjorck et al., 1992; Cerrina ef al., 1989). In vitro hyper-
responsiveness can be induced by antigen exposure (Colasurdo et al., 1995) or viral
infection (Saban et al., 1987), by the addition of activated inflammatory cell
supernatants and inflammatory products to organ baths (Johnson et al., 1997;
Anticevich et al., 1996). Others have shown that passive sensitization of human
bronchi in vitro, enhanced smooth muscle contractility and decreased relaxation
responses (Villanove et al., 1993; Ben-Jebria et al., 1993; Black et al., 1989).
Demonstrable changes in the contractile apparatus have been detected in sensitized
ASM (Ammit et al., 2000; Rao ez al., 1991). These results indicate a link between the
inflammatory process and the induction of AHR in vitro. However, it seems unlikely
that any single cell, mediator or physiological mechanism is wholly responsible for the

development of AHR.
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It is now considered that airway inflammation in asthma is a cytokine controlled
response rather than simply an antibody mediated one (Chung & Barnes, 1999). There
is now a rapid exploration of the involvement of cytokines in the development of AHR.
Cytokines are an extensive group of exiracellular protein hormones that regulate
inflammatory and immune reactions. Cytokines are synthesized and release on cell

activation and induce formation of other cytokines in an amplification cascade.

Tumour necrosis factor-o. and IL-1B are ubiquitous cytokines in the development of
inflammatory responses, with TNFa. being postulated as having a fundamental role in
airway inflammation and acquired AHR (Shah ef al., 1995; Kips et al., 1993a). Both
IL-1pB and TNFa are upregulated in asthma and exacerbations of asthma (Ackerman et

al., 1994; Broide et al., 1992).

The development of AHR following the inhalation of irritant stimuli (Paggiaro et al.,
1993; Folinsbee & Horvath, 1986) and viral infections (Sterk, 1993b) has been well
established. Recent studies have shown that following ozone exposure, toluene
diisocyanate inhalation and viral infection there is an increased production of cytokines
which include IL-1B, TNFa and IL-8 (Johnston, 1995; Maestrelli et al., 1995; Basha et
al, 1994). And furthermore, these very same stimuli are associated with the
upregulation of IgE and IgE receptors (FceRI or FceRII) (Grunstein et al., 2001; Tee et

al., 1998; MacGlashan et al., 1998).

Interleukin-1p and TNFo. are co-localized in mast cells and macrophages and are

released from these cells and lymphocytes following IgE receptor stimulation (Gosset et



83

al., 1999; Gordon et al., 1990) and may be considered as "first wave" cytokines.
Following this a second wave response occurs mediated by selectins, adhesion
molecules, and chemokines, one of which being IL-8. Therefore, a unifying mechanism
for in vitro ASM hyperresponsiveness following passive sensitization (Black et al.,
1989), ozone (Marthan et al., 1996) and viral exposure (Folkerts et al., 1992) may be
the localized release of TNFo and IL-1B, following IgE receptor stimulation, from
resident mast cells (Ammit ef al., 1997) and lymphocytes (Berger et al., 1998) in airway
preparations affecting smooth muscle contractility. Moreover, in vivo AHR has been
demonstrated in animals and normal human subjects following administration of TNFa
(Thomas et al., 1995; Kips et al., 1992; Wheeler et al., 1990), IL-1p (Tsukagoshi et al.,

1994) and IL-8 (Xiu et al., 1995).

Evidence suggests that cytokine cell signaling is mediated by the activation of certain
G-binding proteins (Yanaga et al., 1992), PLC (Machleidt et al., 1996), enhanced Ca™"
mobilization (Amrani et al., 1996) and phosphoinositide accumulation (Amrani et al.,
1997), which are similar to the signaling pathways involved in ASM contraction
(Chilvers et al., 1994; Schramm & Grunstein, 1992). Thus cytokines might directly
influence ASM contractility, by affecting signal transduction pathways that mediate

ASM contraction.

Although some information is available regarding the effect of TNFa. and IL-1B on
ASM relaxation suggesting a disruption of the relaxation signal transduction pathway
(Hirata et al., 1994; Wills-Karp et al., 1993b) the effects of TNFa and IL-1§3 on ir vitro
contractility are limited and inconclusive. In vitro induction of AHR by TNFa has been

demonstrated in isolated human airways to electrical field stimulation but not to
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contractile agonists per se (Anticevich et al., 1995), whereas in animals studies the
effect of TNFo in augmenting contractile responses has been varied (Pennings ef al.,
1998; Kips et al., 1993; Wills-Karp et al., 1993b). In cultured human ASM cells prior
exposure to TNFo augments the transient increases in cytosol free calcium ion
concentration ([Ca'™];) induced by contractile agonists (Amrani et al., 1995b). To date,
the effect of IL-1p on isolated ASM contractile responses have demonstrated no change

or a decrease in contractility rather than an increase (Munakata ef al., 1996; Tamaoki et

al., 1994; Wills-Karp et al., 1993b).

Evidence is emerging that both the epithelium and endothelium are major sources of
pro-inflammatory cytokines (Holgate et al., 2000; Nilsen et al., 1998; Spina, 1998a;
Pober & Cotran, 1990). Once released they provide a cytokine gradient to guide
leukocyte migration across the endothelium to damaged or infected areas (i.e. sites of
inflammation). This gradient would result in significantly high local concentrations of
cytokines which may in turn upregulate the respohsiveness of adjacent ASM and/or
cause airway mucosal oedema. Very few studies have examined the effect of specific

cytokines on ASM contractility and as inducers of MVL.

Although a multitude of cytokines are involved in asthma (Table 1.2) and airway
inflammation, with different cytokines assuming greater importance in different subsets
of asthma, TNFo and IL-1B will be the cytokines of choice in examining their effects
on two mechanisms considered to be important in AHR. These are; 1) increased
contractility of ASM and ii) the development of MVL. The latter may be an important
mechanism during acute exacerbation of asthma, where peribronchial oedema may
induce rapid airway instability by unlinking the airways form the parenchyma, leading

to life-threatening bronchoconstriction (Macklem, 1990).
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If one can show that cytokines contribute to the development and expression of AHR

and MVL in the experimental animals chosen, it may ultimately lead to new improved
’ .

therapeutic initiatives for the treatment of asthma.
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Chapter 2 Methods

2.1 Animal ethics

The experimental procedures followed in all the animal studies outlined in this thesis
were approved by the Animal Ethics Committees of the University of Adelaide and the
Institute of Medical and Veterinary Science (IMVS), Adelaide, South Australia,

Australia.

2.2 Sheep in vivo experiments

2.2.1 Animals

Australian merino ewes aged 12-18 months were used for these studies. They were
housed in the IMVS and fed food and water ad libitum. The number of animals
assigned to the various experimental and control groups were based on previously
published studies using the ovine model of allergic asthma (Abraham et al, 1991;

Wanner et al., 1979).

2.2.2 Measurement of lung resistance

The measurement of lung resistance using a computer assisted model has been
described previously from our laboratory (Reynolds et al., 1997) and is derived from
the method of Abraham ef al. (Abraham et al., 1983). Sheep were fasted overnight
prior to each experiment. Unsedated sheep were restrained in a sling in the prone
position with their head immobilized. Topical nasal anaesthesia was achieved with a
10 %w/v lignocaine spray (Xylocaine, Astra Pharmaceuticals, Sydney) followed by a
2% Xylocaine gel (Astra). A 100 cm oesophageal balloon catheter (Jaeger, Wuerzburg,

Germany) was introduced through one nasal passage and placed in the stomach. The
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catheter was withdrawn slowly so that its final position was in the lower third of the
oesophagus, as shown by a negative pressure deflection with clearly discernible cardiac
oscillations during inspiration. The sheep were intubated transnasally with a cuffed
endotracheal tube (Portex™, 7.5 mm internal diameter (ID)) using a flexible fibreoptic
bronchoscope (Pentax, Japan). Pleural pressure was estimated from the oesophageal
balloon catheter, and airway pressure in the trachea was measured using a side hole
catheter (2.0 mm ID) introduced through the endotracheal tube and positioned with the
hole 5 cm distal to the tip of the endotracheal tube. Transpulmonary pressure (Prp) was
determined using the pressure difference (AP) between tracheal pressure and
oesophageal pressure as measured by a differential pressure transducer (Gaeltec Ltd.,
Neomedix Systems, Sydney). Flow through the endotracheal tube was measured using
a pneumotachograph (Fleisch No.1, Dyna Sciences, Blue Bell, PA) heated to 37°C

which was in line with a separate differential pressure transducer (see Figure 2.1).

While the animals were breathing spontaneously, the signals of flow and pressure were
recorded by a 486SX personal computer (Protech Equipment, Adelaide) for breath by
breath analysis using software written speciﬁcallsf for the project (Mr. K. Tiivas,
Thoracic Medicine, Royal Adelaide Hospital, Adelaide). The program allowed the on-
line display of Ry, dynamic compliance (Cgyn), tidal volume and breath frequency
(Figure 2.2). Dynamic compliance and tidal volume were obtained by integration of

the flow signal received from the pneumotachograph. Lung resistance (cm HZO.L'I.sec)
was calculated as Pyp / A Flow, where Prp = AP - 1 /Cgyn X Volume, using the mid tidal

volume technique (Cook et al., 1957; Mead & Whittenberger, 1953). A schematic

representation of the signal analysis is shown in Figure 2.3.

Reported values of Ry were calculated by taking the mean value of at least 5
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Figure 2.1 Catheter and transducer placement for the in vivo measurement of lung

resistance in sheep.
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consecutive breaths. The software program contained a number of algorithms to
identify artefacts caused by swallowing or animal movement. Breaths were deemed
acceptable if both tidal volume and breath frequency were within 20% of the previous
breath, Pyp was positive and the start and end of the breath were clearly delineated.
Colour coding of the breath signals on the computer screen allowed for immediate real
time monitoring of the quality of the data being collected (Figure 2.2), thus allowing
the immediate determination of any technical problems such as blockage of catheters
with mucus. A novel aspect of this computerized method is the real time breath by
breath computer analysis of Ry, and the algorithms used to identify spurious breaths.
This approach greatly simplified resistance calculations, enabled immediate recognition
of the plateau in resistance during bronchial challenges and eliminated the potential for

operator bias.

2.2.3 Aerosol delivery

Aerosols were delivered using a ventilator and nebulizer (Bird™ Mark 14, Palm
Springs, CA). During acrosolisation the ventilator was set to deliver a tidal volume of
350 mls using a 3% CO, in air mixture, at a rate of 20 breaths per minute. Preliminary
studies demonstrated that nebulization with air alone resulted in a period of apnoea
(due to hypocapnia). The nebulizing jet was delivered via a custom made dosimeter
(Biomedical Engineering, Royal Adelaide Hospital, Adelaide), which nebulized for
one second per breath, delivering 7.2 pl per breath. This aerosol delivery system has

been shown to induce reproducible bronchoconstrictor responses in conscious sheep

(Reynolds et al., 1997).

2.2.4 Vascular access

Venous access for drug delivery was obtained via a permanent indwelling 16 gauge
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catheter (Intracath™, Tuta Laboratories, Lane Cove, Australia) placed in the left jugular
vein. In some animals an arterial catheter was placed in the right carotid artery for
measurement of blood pressure. Catheters were placed under general anaesthesia at
least seven days prior to commencement of experiments. Venous catheters were
flushed daily with heparinized saline. Arterial catheters were connected to a pressurized
infusion bag containing 500 mls heparinized saline (1 U/ml), which was delivered at a
rate of 2 mls/hr at a pressure of 120 mmHg. For measurement of blood pressure the
arterial line was connected to a disposable pressure transducer (Transpac® IV, Abbott
Critical Care Systems, Sligo, Ireland) and signals were recorded on a polygraph
(Neotrace 600 ZEF, Neomedix Systems, Sydney). Mean arterial blood pressure

(MABP) was calculated as diastolic +((systolic - diastolic)/3).

2.3 Sheep in vitro experiments

2.3.1 General

Adult merino ewes were killed using a captive bolt device (Supercash Mark-II, Accles
and Shelvoke Ltd., UK) thereby avoiding possible confounding effects of anaesthetic
agents on ASM contractility. Tissues from four to nine animals were used in each
experimental group. Their lungs were excised en bloc and placed in ice-cold
oxygenated buffered Krebs-Henseleit (K-H) solution of the following composition (in

mM): 118 NaCl, 4.7 KCl, 2.5 CaCly, 1.2 MgSOq, 1.2 KH,PO4, 25.0 NaHCO; and 11

glucose (BDH AnalaR®, MERCK Pty. Ltd., Kilsyth, Australia) (pH 7.4) for
transportation to the laboratory. Experiments were either commenced within 1.5 hours
of excision or the tissue was stored in fresh ice-cold oxygenated buffered K-H solution
at 4°C for subsequent use within 36 hours. Preliminary studies revealed no change in

contractility to ACh or carbachol after this period of time (Chapter 4).
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2.3.2 Preparation of airway smooth muscle
Strips of tracheal smooth muscle (3-8 mm wide x 20-25 mm long), bronchial rings (3-
4mm ID, 2-3mm long) and parenchymal strips (15-20mm long x 3-5mm wide x 3-5 mm

thick) were dissected from sheep lungs as shown in Figure 2.4.

2.3.2.1 Tracheal smooth muscle strips

The trachea was excised and placed immediately in fresh ice-cold aerated K-H solution.
Single tracheal rings 3-8 mm in width were then cut in a transverse orientation from the
section of trachea above the origin of the right upper lobe (see Figure 2.5). Then the
connective tissue and most of the cartilage was removed under ice-cold K-H solution.
Strips of epithelium-intact tracheal smooth muscle with cartilaginous insertions were
dissected from the posterior portion of each trachea ring according to the method of
Murphy ef al. (Murphy et al., 1989). A steel hook was then inserted into each end of
the tracheal smooth muscle and adjacent cartilage (Lulich et al., 1976) for mounting in

the tissue organ baths (see below, Figure 2.8).

2.3.2.2  Bronchial rings

For bronchial smooth muscle preparations a section of lung from the left side (Figure
2.4) was removed and placed in fresh ice-cold aerated K-H solution. Bronchial ring
preparations containing cartilage (2-4 mm ID and 2-3 mm in length) were then dissected
free from the surrounding parenchyma under ice-cold aerated K-H solution in a similar
fashion to that described (Armour et al., 1988). Care was taken to obtain bronchial
rings of similar dimensions rather than the same airway generation as the latter has been
shown to be an inadequate classification for studying bronchial reactivity in vitro

(Chitano et al., 1993). The bronchial rings were supported longitudinally through the
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Figure 2.4 Diagrammatic representation of the sheep lung showing the areas of

trachea, bronchus and parenchyma from which airway smooth muscle preparations

were taken.
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organ bath.
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lumen by triangular stainless steel wire supports (Hulsmann & de Jongste, 1993) for

mounting in the organ baths (see Figure 2.6).

2.3.2.3 Parenchymal lung strips

Parenchymal lung strips were obtained using methods similar to those previously
described for large animals (Wagner ef al., 1985; Kleinstiver & Eyre, 1979; Lulich et
al., 1976). The lower section of the right lobe (Figure 2.4) was excised and placed in a
dissecting dish containing fresh ice-cold aerated K-H solution. Using a scalpel, three
parallel incisions were made about 5 mm apart, each extending about 4 cm. The
longitudinal axis of the parenchymal strip was cut parallel to the lung margin,
approximately 5 mm from the margin, thus giving two thin wedge sections of peripheral
lung. From each thin wedge section 3 parallel incisions were made about 3 mm apart
extending the full length of the wedge (see Figure 2.7). The central 2 cm section of
each strips was identified and excised, giving two paired parallel parenchymal strips,
just below the pleural surface with approximated dimensions of 20mm x Smm X 3mm.
For all parenchymal samples, strips were chosen from sites that had a macroscopically
normal appearance and contained no visible bronchi or major blood vessels. A steel
hook was then inserted into each end of the parenchymal lung strip for mounting in the

organ baths (see Figure 2.8).

2.3.3 Protocol for in vitro isometric contraction
The ASM preparations were mounted on steel hooks, the lower hook was attached to a
fixed support rod and the upper hook, via a fine gold chain, to a Grass FT03

force-displacement transducer (Grass Instruments, Qunicy, MA). The latter was
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from ovine lungs.
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mounted on a rack and pinion clamp so that resting muscle length and therefore resting

tension could be optimized (Mitchell ez al., 1989).

The tissues were suspended under tension in 20 ml siliconized, water-jacketed, glass
organ baths (Harvard Apparatus, South Natick, MA) in K-H solution continuously
bubbled with 95% O,: 5% CO, and maintained at 38°C (Figure 2.8). The ASM
segments were allowed to equilibrate in the water baths for 90 mins prior to the addition
of agonists. During the equilibration period the bath solution was changed every 20
mins and resting load adjusted to maintain optimal tension throughout the equilibration
period. Changes in ASM tension were measured isometrically and continuously

recorded on polygraph (Neotrace 600 ZEF, Neomedix Systems, Sydney, Australia).

Whenever possible paired tissue samples were studied in duplicate. Adjacently cut
tissue sections were considered as a pair. When studies were performed in duplicate the

next adjacent paired segments were used, see Figure 2.9.

2.3.3.1 Cumulative concentration-response curves

At the end of the equilibration period, when a stable baseline tension was achieved, a
reference contractile response to 10 M ACh was obtained. Once this contraction had
reached a plateau, the tissues were washed every 20 mins until baseline tone was re-
established (usually 60-90 mins). Cumulative concentration-response curves (CCRCs)
were then obtained for the various agonists (see Figure 2.10A). This was achieved by
the stepwise addition in increasing concentrations of agonist to the organ bath (in half-
logarithmic increments) once the response to the preceding concentration had reached a
plateau (Van Rossum, 1963). Cumulative concentration-response curves were

conducted to an assigned maximal agonist concentration. The maximal concentrations
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Duplicate

Figure 2.9 Schematic representation of paired tissue samples in duplicate, for tracheal

strip, bronchial ring and parenchymal strip preparations.
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being 103 M for ACh, 3x10° M for carbachol. With regard to tachykinins, CCRCs

were stopped at 10°M, and at 3x10° M for NPy, due to the cost factor involved in
achieving higher concentrations in the large 20 ml organ baths required to accommodate

tracheal smooth muscle strips.

2.3.3.2 Cumulative concentration-responses with neutral endopeptidase
inhibition

In this series of experiments, following the reference ACh contraction, the NEP

inhibitor, phosphoramidon (10'5 M, final bath concentration) (Hudgin et al., 1981), was

added to the organ bath of one of the paired tissues, the other receiving no treatment.

2333  Consecutive cumulative concentration-response curves

In some series of experiments two successive CCRCs were obtained for an agonist.
This enabled each tissue to act as its own control and provided an opportunity to detect
the possible confounding effect of tachyphylaxis for each agonist under investigation.
Following the first CCRC the tissues were washed until stable baseline tone was re-
established (90-120 mins) after which a second CCRC was performed (see Figure

2.10B).

2.3.34 Cumulative concentration-response curves for agonists in the presence
of specific antagonists

In this series of experiments two successive CCRCs were obtained for the agonist

studied. Following the first CCRC the tissues were washed until stable baseline tone

was re-established (90-120 mins). At this point, one of the paired tissues received the

relevant specific antagonist, the other no treatment. Following a 30 min incubation

period the second CCRC was performed.
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2335 Cumulative concentration-response curves in calcium-free K-H solution
For these experiments, the contractile responses to contractile agonists were elicited in
the absence of extracellular Ca'". Following a preconditioning ACh exposure the
tissues were washed twice (at 15 min intervals) with K-H solution from which the Ca™"
had been omitted and to which 10° M ethyleneglycol-bis (B-aminoethyl ether)
N,N,N’,N’-tetraacetic acid (EGTA) had been added. Subsequently, the bathing solution
was changed to one with no Ca*" and no EGTA and the tissues were washed three times
with this solution. When baseline tone was stable in all tissues, CCRCs to agonists
were obtained. After completing the response curves the tissues were washed every 20
mins with Ca™" containing K-H solution until baseline tone was re-established (at least
60 mins). When achieved, a reference contractile response to 10°M ACh was

obtained.

2.3.4 Analysis of results

234.1 Cumulative concentration-response curves

In each tracheal smooth muscle preparation, the maximal effect (Emax) Was the maximal
tension generated in milligrams (mg) for each agonist, at the highest agonist
concentration studied. For each tissue sample the Enax was also normalized to a
reference contraction of 10° M ACh (Emax %ACh) or for wet tissue weight ((Emax
(mg)/weight (mg)). A CCRC was then constructed relating the cumulative
concentration of the agonist to the response. ECso values were calcula;ced as the agonist
concentration that caused 50% of the maximal effect at the highest concentration
studied, provided that the CCRC was sigmoidal rather than linear at the maximal

concentrations.



104

Apparent affinities pD, values (defined as the negative log of the agonist concentration
that caused 50% of maximal effect, -log ECsq) were calculated, by interpolation from
the CCRC for each experiment. In cases when duplicate tissues were studied, a mean

CCRC was constructed for each experiment and a geometric mean ECs calculated.

To determine the rank order of potency of the tachykinins studied and to detect any
significant shift in the CCRC following NEP inhibition an ECys or ECyo (defined as the
molar concentration of agonist required to induce a 25% or 10% contraction of that
produced by 102 M ACh, respectively) was calculated. The EC,5 or ECyp was an
arbitrarily determined response which was on the exponential portion of the CCRC, a
calculation that has been used for decades by other researcher groups (McKay ef al.,
1992; Tomioka et al., 1991; Black et al., 1981). Results are expressed as mean =+
standard error of the mean (SEM) (n, number of animals). ECso, ECas and EC, values

are given as geometric mean values with 95% confidence limits.

2.3.42  Consecutive cumulative concentration-response curves

In experiments in which two consecutive CCRCs were obtained, the contractile
responses to each concentration of agonist in the first CCRC were expressed as a
percent of the maximal response (Ema) in that airway preparation. Contractile
responses in the second CCRC were expressed as a percentage of the Enax of the first

CCRC.

The antagonist affinities values (pA) for specific antagonists with their respective
agonist were calculated as follows. Firstly, the ECso values for the first and second
(antagonist present) CCRCs were determined. Then a dose ratio for each muscle strip

was calculated as the ECso for agonist in the presence of a given concentration of
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antagonist divided by the ECs in the absence of the antagonist. Schild plot regressions
(Arunlakshana & Schild, 1959) were made by plotting log (dose ratio - 1) for the
agonist vs. -log antagonist concentration. Slopes were determined by least square linear
regression analysis of data points from each muscle strip experiment. The pA; value
was determined as the intercept of this regression line with the abscissa (Arunlakshana
& Schild, 1959). The competitive nature of antagonism was also verified using the

Schild plot method.

2.4 Guinea pig in vivo experiments
2.4.1 Animals
Adult albino Dunkin Hartley guinea pigs, bred in closed colonies, were obtained from

the IMVS Gilles Plains field station. Experiments were performed on guinea pigs of

either sex weighing 758109 (SD) gm.

2.4.2 Surgical preparation

Guinea pigs were housed in the IMVS and fed food and water ad libitum. On the day of
the experiments guinea pigs were first anaesthetized by intraperitoneal pentobarbital
sodium 40 mg/kg (Nembutal®) and placed in the supine position on a heated blanket,
under a 100-Watt heating lamp to maintain body temperature between 37-38°C. Body
temperature was monitored using a CIG series 80 temperature monitor (CIG, Sydney,
Australia) connected to a rectal probe (Yellow springs Instrument Co., Yellow Springs,
OH). The abdomen and throat were shaved and the midline anaesthetized intradermally
with lignocaine hydrochloride (Xylocaine®). Following a midline incision, the trachea
was then exposed by blunt dissection, just before it enters the thorax and cannulated
with a tight fitting 12 gauge plastic cannula (Dwellcath™, Tuta Laboratories, Lane

Cove, Australia) through a longitudinal incision (approx. 3-5mm) without ligation to
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minimize disruption to the tracheal microcirculation. This cannula was connected to a
small animal ventilator (Model 665A, Harvard Apparatus Co., South Natick, MA) and
fixed volume cycled ventilation commenced (30 strokes/min, tidal volume 8 mls/kg,
positive end-expiratory pressure 2 cm Hy0), without air leakage, with conditioned air
(Figure 2.11). That is, compressed air which has been heated and humidified (see
Section 2.4.3 Conditioning of inspiratory gases). Airway pressure was continuously
monitored by a side-port connection from the tracheal cannula to a pressure transducer
(Transpac® IV, Abbott Critical Care Systems, Sligo, Ireland) and recorded on a
polygraph (Neotrace 600 ZEF, Neomedix Systems, Sydney, Australia). The animals
were hyperventilated with twice the tidal volume (e.g. sighing) by manually blocking
the outflow of the ventilator every 20 minutes to improve lung function by preventing
atelectasis and slow lung collapse (Widdicombe & Davies, 1983; Niemeier & Bingham,
1972). During the course of the experiments, measurements of Cgyn Were made to
monitor and deterioration in airway function. Dynamic compliance measurements were
not taking within a five minute period of the sighing manoeuvre. Dynamic compliance
was calculated by dividing tidal volume by the difference between end-inspiratory and

end-expiratory airway pressure.

The external jugular vein was cannulated using a 20 gauge catheter (Insyte™, Becton
Dickinson, Sandy, UTAH), and tied securely with black braided silk suture (4/0
Ethicon™, Johnson&Johnson, Sydney, Australia). The animals were heparinized
(150U/kg, heparin sodium) and this catheter kept patent by filling its dead space with
heparinized saline (150U/ml) and used subsequently for EB (50 mg/ml) administration
(see below). A second fine cannula (Insyte™, 20 gauge) was passed through the

anterior tracheal wall into the tracheal lumen just below the larynx, and connected to a
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Figure 2.11 Experimental set-up for studies measuring microvascular leakage in the

guinea pig isolated tracheal segment.
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heated and humidified isocapnic normoxic gas source, as previously described
(Reynolds et al., 1992). This ITS was ventilated unidirectionally with the isocapnic gas
at a constant flow (200 mls/min) with gas escaping freely just before the distal cannula
(Figure 2.11). Flow rate was measured continuously using a precision bore flow meter
(No. FP 1/8-08-G-5/81; Fischer & Porter, Workington, UK) connected in series with a
compressed gas source. Reverse gas flow through t_he ITS was prevented by occluding

the animal's nose and mouth with a rubber mask.

2.4.3 Conditioning of inspiratory gases

Conditioned air used for the ventilator inspirate was heated and humidified by bubbling
compressed air through a series of heated (38°C) water chambers and through
inspiratory tubing that was warmed throughout its length by insulated heating tape
(Reynolds & McEvoy, 1988). Temperature at the airway opening was measured using
an in-line thermistor (Yellow Springs 400). Inspired gas water content was determined
before the experiments by directing a large gas sample of known volume from the
ventilator through anhydrous calcium chloride (CaCly) (BDH AnalaR®, MERCK Pty.
Ltd., Kilsyth, Australia) desiccating tubes. The isocapnic, normoxic gas used in
tracheal ventilation was similarly conditioned. Humidity was then calculated from the
change in weight of the drying tubes, the sampled volume and the temperature measured
at the respective sampling ports (Lange & Forker, 1969). Temperature and humidity for
the ventilator inspirate and unidirectional isocapnic gas were 35°C: 92% and 34°C:

85%, respectively.

2.4.4 Measurement of plasma extravasation
Vascular leakage was determined by EB extravasation (Rogers ef al., 1989a; Saria &

Lundberg, 1983). Immediately prior to unidirectional ventilation of the ITS, EB
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(50 mg/kg) was injected intravenously. Following 1 hour of unidirectional ventilation
the animal was given a lethal intravenous injection of pentobarbital sodium. The chest
was opened and the heart exposed. A plastic cannula (Dwellcath™, 12 gauge) was
passed through a left ventriculotomy into the ascending aorta, and a glass cannula
inserted into the right atrium, via the right ventricle. The ventricles were cross-clamped
and whole body perfusion commenced with phosphate buffered saline (PBS) (pH 7.40)
at a perfusion pressure of 100 cm H,O for 2.5 minutes to remove intravascular dye. The
tracheal segment (approx. 2 cm) was excised and dissected free of the esophagus and
connective tissue. The middle third of this segment was then excised, blotted dry on
filter paper (Whattman® No.1, Maidstone, UK) and its weight recorded using an
electronic balance (Model HF300G, A&D Co., Ltd., Tokyo, Japan). Evans blue was
extracted in 2 mls formamide (Sigma Chemical, St Louis, MO, USA) at 60°C for 24
hours in stoppered tubes. A 200 pl aliquot was taken from each sample and loaded onto
a 96 flat bottom well tissue culture plate (Linbro®, Flow Laboratories, McLean,
Virginia) (see Figure 2.12). Evans blue content in each well was determined by light
absorbance (optical density) at 630nm using a MR7000 microplate reader (Dynatech,
Guernsey, Channel Islands). The EB concentration in each sample was then calculated
by linear interpolation from a standard curve of EB in formamide (0.25-10 pg/ml).

Tracheal EB content was expressed as pg/gram wet tissue weight.

2.4.5 Aerosol delivery

Aerosols were generated from a Ventstream® (M_edic-Aid, Paghan, Sussex, UK) jet
nebulizer powered at 7L/min, with 5%CO,: 95%0, (mass median diameter 3pm, per
manufacturer’s specifications). The nebulizer was attached to a 1 metre silastic tube (6
mm ID) which was connected to the 20 gauge tracheal cannula. Nebulizer output was

determined at the end port of the silastic tube by directing saline aerosol through a
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Figure 2.12 Schematic diagram for the Evans blue extraction process from guinea pig

trachea.
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desiccating column for a specified time and determining the weight gain. Output was

determined to be 17+1.0 pul per minute.

2.4.6 Experimental groups

Tracheal EB extravasation was examined in 4 groups of animals. To determine baseline
airway MVL in the tracheal segment EB content was measured without aerosol
challenge in five animals. At the beginning of each aerosol challenge experiment, the
nebulizer bowl was filled with 5 mls of either saline (diluent), histamine or IL-1 and
TNFa. In the control group for aerosol challenge, the ITS (n=5) was subjected to an
aerosol challenge of saline (diluent). To test whether a combination of IL-1p (10 ng/ml)
and TNFa (100 ng/ml) induced EB extravasation, the ITS was exposed to an aerosol of
these cytokines (n=5). As a positive control the ITS was exposed to histamine as an

aerosol (5)(10'2 M) (n=3). All aerosol challenges were for one minute.

2.5 Statistical analysis

2.5.1 Sheep in vivo experiments

All statistical analyses were performed using repeated measures Analysis of Variance
(ANOVA). Significant differences between group means were determined using
Fisher’s Protected Least Significant Difference analysis (Welkowitz ef al., 1982). The
significance level was set at P less than 0.05 for all analyses. The Fisher’s Protected
Least Significant Difference test requires the performance of the ANOVA and
calculation of an F ratio which provide protection against multiple ¢-test comparisons.
This protected ¢ procedure provides control and balance between Type I and Type I
errors test, where a Type I error is to falsely reject the null hypothesis, that is failing to

detect a real difference and a Type II error occurs when the null hypothesis is falsely



112

accepted. The Fisher’s test also protects against small deviations in group variances
provided sample sizes are equal and treatment group numbers are small (less than 6) as

the case in the in vivo studies. (Welkowitz et al., 1982).

2.5.2 Sheep in vitro experiments

For the preliminary in vitro studies of ovine smooth muscle contractility (Chapter 4),
the between and within sheep variability of the contractile response to the agonists
studied was determined by a two-way ANOVA with single observations (Tallarida et
al., 1988). Similarly for the viability studies, between sheep and between day variance
was determined by a two-way ANOVA with single observations. Values were
considered significant at P <0.05 level. The Cochran’s statistic was used as a
preliminary test to check for homogeneity of group variances (Kirk, 1995; Godfrey,

1985).

Statistical analyses were performed using two-tailed paired and unpaired Student's 7-test
to detect significant differences in mean CCRCs between control and treated tissue.

Values were considered significant at P < 0.05 level.

2.5.3 Guinea pig in vivo experiments

Again the Cochran’s statistic was used as a preliminary test to check for homogeneity of
group variances (Kirk, 1995; Godfrey, 1985). Mean values for each treatment group
were analyzed by one-way ANOVA. When an F value indicated a significant
difference comparisons between group means were performed using the Bonferroni ¢
statistic (Kirk, 1995). An ANOVA for randomized block design was used to test
separately for significant changes in Cq4yn over time (Wallenstein ef al., 1980). A P

value less than 0.05 was considered significant.
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For ANOVA and multiple comparison tests one assumes homogeneity of variances in
the different treatment groups. Although the ANOVA is robust with respect to violation
of this assumption exception arise in cases of unequal variances with unequal sample
sizes (Kirk, 1995). In the present guinea pig study comparisons were made between
several groups in which the animal sample size was small and unequal. Therefore the
Cochran’s C statistic was used to establish that the experiment groups exhibited equal

variances in order to minimize the experimental Type I error rate.

2.6 Reagents

2.6.1 Sheep in vivo experiments

Substance P (Auspep, Melbourne, Australia) was dissolved in 10% ethanol / 0.1%
bovine serum albumin (BSA) (Sigma Chemical, St Louis, MO) in sterile saline
(Abraham et al, 1991) to a concentration of 1 mg/ml and stored at -70°C.
Phosphoramidon (Sigma) was dissolved in sterile water to a stock concentration of 1
mg/ml then aliquotted and stored at -20 °C. CP-96,345 (donated by Pfizer
Pharmaceuticals, New York, NY) was made to a stock concentration of 100 mg/ml in
sterile PBS (pH 7.40), stored at -20°C, then diluted to a dose of 0.1 mg/kg in 10 mls of
normal saline on the day of the experiment. Atropine, (Astra Pharmaceuticals, Sydney,
Australia) was diluted in 10 mls 0.9% NaCl to a dose of 0.1 mg/kg and delivered
intravenously by a 10 min infusion. Sodium cromoglycate (10 mg/ml solution, Fisons,
UK) was used as supplied, 4 mls being delivered by inhalation. Indomethacin (Sigma)
was dissolved in 0.8% sodium bicarbonate to a working concentration of 10 mg/ml and
administered at a dose of 2 mg/kg intravenously. Histamine acid phosphate (Sigma)
was dissolved in 0.9% NaCl to various working concentrations on the day of the

experiment and administered intravenously. Pyrilamine (Sigma) was dissolved in 10
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mls sterile water to a total dose of 2 mg/kg body weight on the day of the experiment.

Neurokinin A (Auspep) was dissolved in 10% ethanol / 0.1% BSA in sterile saline to a
stock concentration of 1 mg/ml and stored at -70°C. Doses of SP and NKA at 5x10°
mol/kg were made up in 10% ethanol / 0.1% BSA in sterile saline on the day of the

experiment.

2.6.2 Sheep in vifro experiments
The K-H solution was made up (in batches) to a volume of 10 litres by the addition of

the following quantities of the specific chemicals:

Chemical Chemical composition ~ Weight (grams)
Sodium chloride NaCl | 69.2

Potassium Chloride KCl 3.50
Magnesium sulphate heptahydrate MgS04.7H,0 2.90

Potassium dihydrogen orthophosphate  KH;PO4 1.66

Sodium hydrogen carbonate NaHCO3I 21

Glucose D-Glucose 20

Calcium chloride CaCl, %

* Calcium chloride was made up as a 1 molar stock solution, from which 25 mls was
added to the 10 litre K-H mixture. For the Ca '-free K-H solution, CaCl, was omitted

and replaced with 25 mls of 1 molar NaCl.

Stock solutions of SP, NKA, NPy, [Sar’Met(0,)'']-SP, GR94800 (AUSPEP,
Melbourne, Australia), acetylcholine chloride, carbamylcholine chloride (carbachol),

phosphoramidon, atropine sulphate, pyrilamine, EGTA (Sigma Chemical Co., St Louis,
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MO), and 4 diphenylacetoxy-N-methyl peperidine methiodide (4-DAMP) (ICN

Biomedicals, Aurora, OH, USA), were made up in distilled water and aliquots kept at

-70°C. While stock solutions of NKB, [Nlelo]-NKA(4-10) and senktide (AUSPEP,
Melbourne, Australia) were prepared in 40% dimethylsulfoxide (BDH AnalaR®) and

stored at -70°C. Histamine acid phosphate (BDH AnalaR®, MERCK Pty. Ltd. Kilsyth,
Australia) stock solution was made up in distilled water and aliquots kept at 4°C. For
the calcium-free Krebs studies serial dilutions of ACh and histamine were prepared in

calcium-free K-H.

On each study day, serial dilutions of agonists and antagonists were prepared in K-H
solution and kept on ice for the duration of the experiment. All compounds were added
to the bath in volumes not exceeding 0.5% of the total bath volume. Plastic vials and
pipette tips were used to store and handle the tachykinin peptides and other agents.
Organ baths were coated with Coatasil®, a silicone treatment for glass (AJAX

Chemicals, Sydney, Australia).

2.6.2.1 Tracheal tissue incubation experiments

Stock solutions of human recombinant TNFa, IL-1f (Promega, Madison, WI, USA)
were prepared in sterile water and aliquots kept at -20°C. For the incubation studies
differing concentrations of IL-1B and TNFa were added to Dulbecco's modified Eagle's
medium (DMEM) (Gibco. BRL, Gaithersburg, MD), supplemented with antibiotics

(penicillin 100 U/ml and streptomycin 100 ug/ml, Sigma).



116

2.6.3 Guinea pig in vivo experiments
Nembutal® (Rhéne Mérieux, Pinkenba, Qld., Australia); saline (0.9% sodium chloride,
BP) and Xylocaine® (0.5%, Astra Pharmaceuticals, Sydney, Australia); heparin sodium

BP (Davis Bull Laboratories, Mulgrave, VIC, Australia); EB and formamide (Sigma

Chemical Co., St Louis, MO); histamine acid phosphate (BDH AnalaR®, MERCK Pty.
Ltd. Kilsyth, Australia); CaCl, (dried, 8-24 mesh, AJAX Chemicals, Sydney, Australia);
human recombinant TNFa, IL-1B (Promega, Madison, WI, USA). Stock solutions of
TNFa, IL-1B were prepared in sterile water and aliquots kept at -20°C (histamine kept
at 4°C). On each study day, dilutions were prepared in sterile saline and kept on ice for
the duration of the experiment. Plastic vials and pipette tips were used to store and
handle the reagents. Compressed gases: ventilator inspirate, medical air; isocapnic-
normoxic gas, 5% CO,: 21% O,: 74% Na; nebulizer gas, 5% CO,: 95% O, (Air Liquide,

Melbourne, Australia).
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Chapter 3 The effect of exogenous tachykinins on lung

resistance in conscious sheep

3.1 Introduction

Numerous animal species have been used as experimental models of asthma including
monkeys, sheep, dogs, rats, rabbits and guinea pigs (Wanner & Abraham, 1982). None
of these is completely representative of human asthma. The sheep in vivo model of
antigen-induced bronchoconstriction has been well characterized and validated as an
experimental model of asthma (Abraham et al., 1988a; Abraham et al., 1983). As
previously discussed in the introduction, the cellular events in the airways, the timing of
the early and late asthmatic responses and developmént of AHR after allergen challenge
in sheep, appear to be quantitatively and qualitatively similar to those in man (Soler et
al., 1991; Abraham et al., 1988a) while prolonged AHR occurs in dual responders
(Lansing et al., 1993). Furthermore, pharmacologically similar mediators have been
implicated in antigen-induced bronchoconstriction and the development of the late
asthmatic response to those implicated in human asthma (Barnes ez al., 1998). Animals
challenged for long periods of time increase their baseline Ry, akin to chronic asthma
(Bosse et al., 1987). Histologically, allergic hyperresponsive sheep demonstrate an
increased tendency for airway wall eosinophilia, an increased number of secretory
granules in airway mast cells (Chen et al., 1991a) and submucosal gland hyperplasia
(Chen et al., 1991b), morphological findings that are consistent with human asthma

(Hamid ef al., 1997, Carroll et al., 1993).
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In addition, the in vivo sheep model has other advantages, in that Ry, can be measured in
conscious animals, therefore, avoiding the confounding effects of mechanical
ventilation and anaesthetic agents, and longitudinal studies can be performed in the

same animal.

In allergic airway responses, such as asthma, there may be hyperalgesia of sensory
nerves, resulting in increased airway inflammation and obstruction as a result, in part, of
the local effects of tachykinins in the airways (Spina, 1998b; Barnes, 1996b; Karlsson,
1993). Several studies, particularly in the guinea pig and the rat, have suggested an
important role for tachykinins in the mediation of airway responses. However, the
importance of tachykinins in non-rodent mammals in vivo is less clear (Karlsson, 1993).
In our laboratory we have established the ovine model of allergic bronchoconstriction
(Abraham et al., 1983) and found evidence for a role for C-fibre afferents and
tachykinins in the mediation of the acute response to allergen (Reynolds ef al., 1997).
In that study three experimental interventions were used: capsaicin desensitization, NEP
inhibition by phosphoramidon and NK; receptor blockade by CP-96,345. Following
these interventions allergic bronchoconstrictor responses were attenuated, augmented
and diminished, respectively. As a result of these observations, it was decided to
examine the effect of exogenously applied tachykinins in naive non-allergic sheep, with

the intention to examine how these responses may be altered in allergic sheep.

In this chapter, in collaboration with Dr Paul Reynolds, we examine in vivo, the
mechanism of tachykinin-induced airway responses by exogenously applied
tachykinins. We investigate the time course of the bronchoconstriction response to
intravenous SP, then examine the effect of several pharmacological agents on

SP-induced bronchoconstriction, including the NEP inhibitor phosphoramidon (Hudgin
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et al., 1981), the NK; receptor antagonist CP-96,345 (Snider et al., 1991), atropine,

sodium cromoglycate, indomethacin and the histamine Hj-receptor antagonist,
pyrilamine. We also compared the SP-induced airway response to that induced by
NKA. These studies help to expand the understanding of tachykinin physiology in vivo
in a large animal model that is potentially of more significance for the understanding of

human responses than the widely reported rodent models.

3.2 Methods
3.2.1 Animals

Australian merino ewes aged 12-18 months were used for these studies. They were
housed in the IMVS and fed food and water ad libitum. Detailed methodologies for the

measurement of lung resistance, aerosol delivery and surgical preparation are given in

Chapter 2 - Methods (Sections 2.2.2,2.2.3 and 2.2.4, respectively).

3.2.2 Drugs
All drugs, compounds and solutions used in the following experiments are listed,
prepared and used according to the methods described in Chapter 2 - Methods, Section

2.6.1, Reagents.

3.2.3 Tachykinin administration

Three methods of tachykinin administration were evaluated in preliminary studies -
inhalation, bolus intravenous injection and intravenous infusion. SP administered by
inhalation (to a maximal dose of 144 pg, 20 breaths of a 1 mg/ml solution) did not result

in any significant increase in Ry, even after phosphoramidon (288 pg inhaled)

administration. Subsequently, SP was given either by bolus injections (5x10'6 mol/kg)

or by a short infusion (0.01 mg/kg total dose made up in 2 mls diluent, at a rate of
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1 ml/min over 2 minutes). Neurokinin A was also given by bolus intravenous injection
(5)(10'6 mol/kg). In all cases intravenous lines were first primed with diluent (10%
ethanol / 0.1% BSA in normal saline) to reduce the adherence of neuropeptides to the

plastic tubing.

3.2.4 Experimental protocol

3.2.4.1 Effect of intravenous SP on Ry, and arterial blood pressure

The airways response to a bolus dose of SP (5)(10'6 mol/kg IV) and short infusion of SP
(0.01 mg/kg IV over 2 mins) was assessed in 6 sheep. Lung resistance was monitored
at baseline and continuously for 15 mins from the onset of SP administration. In 5

sheep the blood pressure response was measured concurrently with the airway response.

3.2.4.2  Assessment of tachyphylaxis

The effect of repeated SP infusions given on the same day was examined in 4 sheep.
Following an initial infusion (time = 0), repeat infusions were given at 120, 180 and 210
mins, thus the effects of SP infusions separated by 30, 60 and 120 mins were assessed.
Lung resistance was measured at baseline (5 mins) and for 15 mins from the onset of

the infusion.

3.2.43  Assessment of day to day reproducibility
Reproducibility of the response to a single daily SP infusion was determined over 3
consecutive days in 6 sheep. Lung resistance was measured as for the tachyphylaxis

studies.

3.2.4.4  Modulation of SP effect with drugs

The effect of five drug interventions was assessed in the same 6 sheep used for the
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reproducibility studies. Each drug study consisted of two SP challenges on consecutive
days. One of the two challenges was designed as a control, and whereby SP
administration was preceded by the administration of the relevant diluent for the active
drug under investigation. For the phosphoramidoﬁ and sodium cromoglycate studies,
the diluent control was 40 breaths of normal saline. For the CP-96,345 and atropine
studies the control was a 10 ml bolus injection of normal saline, and for the
indomethacin study the control was a 10 ml bolus injection of 0.8% sodium bicarbonate

in normal saline.

For the control and active drug challenges, Ry, was measured initially for 5 mins to
establish a stable baseline. Active drug or diluent was then administered and Ry was
measured 20 mins later to ensure there was no significant shift in Ry, from the original
baseline. SP was then administered by infusion while Ry, was monitored continuously
for 15 mins. The peak R, was determined, and expressed as a percentage of the R,
measurement taken immediately prior to the commencement of the SP infusion. The
drugs given were: phosphoramidon (244 pg inhaled), CP-96,345 (0.1 mg/kg IV),
atropine (0.1 mg/kg IV), indomethacin (2 mg/kg IV) and sodium cromoglycate (40 mg
inhaled). The drug studies were performed in a random order at weekly intervals over a

5 week period.

3.2.4.5  Effect of pyrilamine on substance P-induced increases in Ry,

In a separate set of experiments, the effect of the anti-histamine pyrilamine on
SP-induced increase in Ry, was assessed in 3 sheep. The ability of pyrilamine to block
the bronchoconstrictor response to histamine was first assessed. Histamine was
administered intravenously in a dose response fashion to a maximum cumulative dose

of 18.75 pg/kg. Two days later, the anti-histamine pyrilamine was administered
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intravenously (2 mg/kg) 20 minutes before histamine administration. One week later
the Ry response to a bolus injection of SP (5x10°® mol/kg) was measured, then, two days
after this, pyrilamine (2 mg/kg IV) was given 20 mins prior to SP. In each case Ry, was
monitored at baseline for 5 mins and continuously for 15 mins from the administration

of each of the agents used.

3.2.4.6 Comparison between the Ry, response to SP and NKA
The Ry response to equimolar bolus doses of SP and NKA (5x10° mol/kg) were
compared in four sheep. SP and NKA responses were measured on separate days to

avoid confounding by tachyphylaxis.

3.2.5 Data Analysis

Data are presented as means + SEM expressed either as an absolute value
(cm H,0.L " sec) or as a percent of baseline Ry. All statistical analyses were performed
using a repeated measures ANOVA. Significant differences between group means was
determined using Fisher’s Protected Least Significant Difference analysis (Welkowitz et

al., 1982). The significance level was set at P <0.05 for all analyses.

3.3 Results

3.3.1 Time course of airways response to SP

In preliminary studies, SP was administered by inhalation up to a maximal
concentration of 1 mg/ml (total dose 144 pug) in four sheep, Figure 3.1. No significant
effect on Ry was seen with this dose of SP. Mean increase in Ry, (= SEM, as a percent
of baseline) following SP inhalation was 49.3 + 23.4%. Intravenous administration of
SP was then evaluated. The airways response to a bolus intravenous dose of SP

(5)(10'6 mol/kg) was transient, lasting approximately 5 breaths (Figure 3.2). In an effort
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Figure 3.2 Breath by breath time course of Ry, in an individual sheep, following a two
minute intravenous infusion of SP (5x10'6 mol/kg). Responses are expressed as a

percentage of baseline.



125

to induce a more prolonged effect, we assessed the response to a 2 min infusion of SP.
There was minimal prolongation of the response however, and R; had returned to
baseline by the completion of the 2 min infusion (Figure 3.3). Mean baseline Ry, (£
SEM) prior to SP infusion was 1.72 = 0.24 (cm H,0.Llsec), (n = 6 sheep). No

significant change in MABP was seen.

3.3.2 Tachyphylaxis

Substance P infusions at t = 0 and t = 120 produced significant increases in Ry above
baseline (Figure 3.4). However, compared with the initial SP infusion (t = 0), there
were significant attenuation in the bronchoconstrictor responses following subsequent
infusions of SP att = 120, t = 180 and t = 210. Méreover, the observed increase in Ry,
to SP infusions at t =180 and 210 minutes were not significantly different from baseline.
Mean baseline Ry, (= SEM) prior to t=0 SP infusion was 1.83+0.13 (cm H,0.L" sec),
(n= 4 sheep). During the course of this study we assessed whether SP was having any
medium term effect on Ry, by comparing the immediate pre-SP infusion Ry values at
each infusion time point over the 3.5 hour duration of the study. No change in baseline
values was observed. Mean pre-infusion Ry, (as a % baseline Ry, + SEM) at t = 120, 180

and 210 minutes were 96.0 3%, 89.5 + 4% and 90.3 £ 7%, respectively.

3.3.3 Day to day reproducibility

Although there was significant inter-sheep variability in the response to infused SP,
there was no significant differences in the responses of individual sheep to SP infusions
administered at 24 hour intervals over a 3 day period (Figure 3.5). There was also no
significant change in the absolute baseline Ry, value for individual sheep over the course
of the 3 day reproducibility study (data not shown). These findings indicated that drug

intervention studies conducted at 24 hour intervals would be unlikely to be confounded
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Figure 3.3 Time course of Ry, (n = 6 sheep) and mean arterial blood pressure (MABP)
(n = 5 sheep) following a two minute intravenous infusion of SP (0.01 mg/kg).
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mean = SEM. * P < 0.05 versus baseline.
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Figure 3.4 Effect of repeated infusions of SP on Ry. Shaded bars represent peak Ry,
response following two minute infusions of SP (0.01 mg/kg). After the initial SP
infusion (t = 0), repeat infusion were separated by 120, 60 and 30 minutes (i.e. t = 120,
180 and 210 minutes, respectively). All values represent mean + SEM, expressed as a
percentage of the baseline at t = 0 in four sheep. t is time in minutes post initial SP
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by either spontaneous variation in the response of individual sheep, tachyphylaxis due

to the previous SP dose, or shifts in baseline Ry, (either spontaneous or due to SP).

3.3.4 Drug interventions

There was no significant difference between initial baseline Ry, measurements and the
measurements taken 20 mins after either active drug or diluent administration. Lung
resistance values after diluent control or drug are shown in Table 3.1. In all of the
diluent control challenges, SP produced a significant rise in Ry (Figure 3.6). The
response to SP was completely abolished by CP-96,345 and atropine (Figure 3.6). Both
indomethacin and sodium cromoglycate caused a slight diminution in the responses to
SP but these were not statistically significant. Of particular note is that pretreatment
with phosphoramidon significantly increased the peak response to SP but had no effect

on the duration of the response (Figure 3.7).

3.3.5 Effect of pyrilamine
Pretreatment with pyrilamine blocked the Ry, response to histamine but had no effect on

the response to SP (Figure 3.8).

3.3.6 Effect of SP compared to NKA

At a dose of 5x10"° mol/kg SP significantly increased R, whereas at the equivalent
dose, NKA caused only a slight increase in Ry, which was not significantly different to
baseline (Figure 3.9). Pre-challenge Ry, (= SEM) for the four sheep on each SP and
NKA challenge day were 1.72 + 0.22 and 2.23 + 0.34 (cm H,0.L " sec), respectively,

and were not statistically different.
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Table 3.1 Raw baseline Ry, data obtained for intervention studies.

Pre-SP Baseline Ry ?

Intervention Study After Diluent After Pretreatment
Phosphoramidon 1.62+0.12 ' 1.86 +0.25
CP-96,345 — 2.47+0.26 2.14+0.18
Atropine 1.87+0.08 1.67+0.19
Sodium Cromoglycate 2.08 £ 0.28 1.89+0.16
Indomethacin 224 +£0.17 2.74 £0.31

2 Values are mean Ry + SEM (cm H,O.L ™ sec).



131

1400T *

1200T
~ 1000
“ [
800t T
~ I
% 6001 il
M
X
= 4007

2001 * *

0 H - { } . I
Phosphoramidon CP96,345 Atropine Indomethacin Sodium

Cromoglycate

Figure 3.6 Effect of pharmacological intervention on the airway response to infused SP
(0.01 mg/kg). Open bars: response to SP following administration of respective diluent.
Shaded bars: response to SP following active drug administration. Please refer to
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expressed as a percentage of R; immediately prior to SP infusion. * Significantly

different from diluent control P < 0.05.
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Figure 3.7 Time course of the response to SP infusion on the Ry, following control
(saline) pre-treatment (O) or pre-treatment with phosphoramidon (e@). Values are mean
+ SEM for 6 sheep. * P <0.05 vs baseline, ¥ P <0.05 vs peak Ry response in control

challenge.
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Figure 3.8 Effect of pyrilamine (2mg/kg, IV) on Ry, changes induced by histamine
(10pg/kg, IV) and substance P (5 x 10 mol/kg, IV). Values represent mean + SEM in
three sheep and are expressed as a percentage of baseline. Open bar: Ry response
following intravenous diluent (0.9% NaCl). Closed bar: Ry response after IV

pyrilamine. * P < 0.05 versus control challenge.
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"Figure 3.9 Comparison between equimolar doses (5 x 10" mol/kg, IV) of SP and NKA
in four sheep. Open bar: SP. Closed bar: NKA. Values are mean + SEM, expressed as

a percentage prechallenge R;. * P < 0.05 versus baseline.
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3.4 Discussion

The experiments conducted in this chapter demonstrate that intravenous SP increases Ry,
in sheep and also characterize this response in a number of ways. Unlike previous
reports (Corcoran & Haigh, 1992; Constantine ef al., 1991) we did not find that SP had
any significant effect on blood pressure. Therefore it is unlikely that the responses
described were confounded by reflex responses to hypotension. Although the effect of
inhaled SP was investigated in preliminary experiments, like Abraham ef al no
significant effect was seen (Abraham ef al., 1991). It seems unlikely that these negative
results were due to inadequate doses of inhaled SP, as the concentrations we employed
are known to induce bronchoconstriction in asthmatics rather than healthy subjects
(Joos et al., 1987). Therefore, the lack of a bronchoconstrictor effect may reflect

differences in endopeptidase activity in ovine airways (Abraham et al., 1991).

The response to bolus intravenous SP was transient lasting for less than one minute,
with the peak effect typically lasting only 5 breaths, this response being similar to that
observed by others following bolus intravenous SP in sheep (Corcoran & Haigh, 1992)
(Parsons et al., 1992). Possible mechanisms for the transient nature of this response

include the induction of tachyphylaxis and rapid SP degradation.

Very short half-lives for intravascular SP have been documented in various species
ranging from 0.5 to 1.6 minutes (Schaffalitzky et al, 1986; Yeo et al., 1984).
Furthermore, vascular responses to infused SP in man have demonstrated very short
biological half-life with the rapid development of tachyphylaxis (McEwan et al., 1988).
In an effort to distinguish between these possibilities we examined the effect of SP

delivered by infusion. The use of a computerised measurement of Ry, which enables
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continuous on-line measurements, allows one to reliably measure the time course of

transient airway responses.

When SP was delivered by infusion, there was overall prolongation of the airway
response, but no significant increase in duration of the peak R;. The return of Ry to
baseline while the infusion was still running clearly indicated a rapid tachyphylaxis to
SP, rather than rapid degradation of SP alone. This finding is in accord with in vitro
studies of Ca™" mobilization responses to SP and with vascular permeability responses
in rat blood vessels, but has not previously been reported for airways responses
(Bowden et al., 1994; McMillian et al., 1987). This effect was further examined by
performing repeated infusions on the same day, which demonstrated that tachyphylaxis
to the effect of infused SP persisted for at least 2 hours after an initial infusion. At 24
hours however, there was no evidence of persistent tachyphylaxis. These findings
clearly have important implications for the design of studies examining the effects of
drugs or other interventions on the response to SP, as results will be confounded by
tachyphylaxis if insufficient time is allowed between baseline and post-intervention SP
doses. For example, one report examined the effect of atropine on SP responses only
20 minutes after the index SP dose and only one hour after a SP dose response study
(Corcoran & Haigh, 1992). No comment was made regarding tachyphylaxis in that
study, although the transient nature of the response to SP was similar to the present
study. The effect of atropine on SP induced airway responses they reported was

therefore likely to have been confounded by tachyphylaxis.

Possible mechanisms for the development of tachyphylaxis include receptor
phosphorylation and second messenger uncoupling (Garland et al., 1996; Sanders &

LeVine, 1996). NK, receptor internalisation, a mechanism which has been
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demonstrated by direct visualisation in endothelial cells (Bowden et al., 1994), appears
less likely to play a role (Sanders & LeVine, 1996), The present findings suggest that
the induction of tachyphylaxis is likely to be a very powerful mechanism for limiting

the effects of endogenously released tachykinins.

Inhaled phosphoramidon enhanced the increase in Ry, due to SP, a finding in agreement
with several studies (Inoue et al., 1997; Sheppard et al., 1988), including those in
humans (Cheung ef al., 1992). In light of the rapid tachyphylaxis to intravenous SP, the
finding that inhibition of NEP was able to enhance the airway response indicates that
NEP degradation of SP occurs extremely rapidly, clearly having a significant effect
before the development of tachyphylaxis. This observation that the duration of the
response to SP in the presence of NEP inhibition was not altered may reflect partial
inhibition of NEP by phosphoramidon, whether the inhaled dose of phosphoramidon
was adequate to completely inhibit NEP activity remains to be determined. However,
the present dosage was based on previous in vivo sheep studies conducted in our
laboratory (Reynolds et al., 1997) and by others (Abraham ef al, 1991). Or
alternatively may reflect SP is being degraded by other peptidases such as angiotensin-
converting enzyme, kininase II, aminopeptidases and acetylcholinesterase which are
known to exhibit activity against tachykinins but to a lesser extent than NEP (Skidgel ef

al., 1984).

It has been proposed that a reduction in NEP (due to epithelial damage) may occur in
the airways of asthmatics and hence potentiate SP effects in this disease. Several
studies in animal models have shown an increase in airway responsiveness following
exposure to noxious agents coincides with a reduction in NEP (Nadel & Borson, 1991),

and that anti-inflammatory corticosteroids increase NEP production (Sont et al., 1997;



138

Borson & Gruenert, 1991). However, studies reported to date have not demonstrated
evidence for decreased NEP activity in asthmatics, although severe asthmatics have not
been assessed (Cheung ef al., 1993). The present ﬁndings in sheep indicate that NEP is
a powerful and rapid inhibitor of SP, and suggest that the sheep model may be useful to

further examine the importance of NEP in the modulation of airway responses.

The tachykinin receptor subtype responsible for the effect of SP was characterized by
examining the relative potency of SP and NKA, and by using the NK; specific
antagonist, CP-96,345 (Snider et al., 1991). The much greater potency of SP, and the
inhibition seen with CP-96,345, indicates predominantly an NK; receptor mediated
response. The Ry, response to SP was also abolished by atropine, suggesting that the
effect seen was largely due to the stimulation of cholinergically mediated broncho-
constriction. While no formal attempt in this series of experiments was made to
determine the exact mechanism by which SP mediates cholinergic bronchoconstriction
Corcoran and colleagues demonstrated that in sheep intravenous SP induced broncho-
constriction was possibly mediated via myelinated vagal afferent fibres (Corcoran &
Haigh, 1995). In vitro studies in rabbit and guinea pig airways have shown that SP
administration increases both pulmonary parasympathetic neurotransmission at the
ganglia and ACh release from post-ganglionic nerve terminals innervating ASM
(Armour et al., 1991; Hall et al., 1989; Tanaka & Grunstein, 1986) via NK; receptor
activation (Belvisi et al., 1994; Watson ef al., 1993). Of note is that in isolated human
bronchi NKA potentiates cholinergic neural responses via a prejunctional mechanism,
in the presence of a K™ channel blocker (Black et al:, 1990b). Therefore, SP binding to
NK; receptors on post-ganglionic cholinergic nerves may mediate the effects of SP
observed in this chapter. Evidence for cholinergic mediation of the airway response to

SP has also been demonstrated in humans where ipratroprium bromide reduced the
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airway response to inhaled SP in subjects with asthﬁla (Crimi et al., 1990). In view of
these cholinergic mechanisms mediating SP induced bronchoconstriction in vivo, it is
also tempting to speculate that tachyphylaxis to SP may result from the released ACh
activating pre-junctional cholinergic M, autoreceptors which provide a “braking
mechanism” for vagally mediated ACh release (Pendry, 1993). However, this remains

to be determined.

The possibility that SP may have other indirect effects on Ry, was also examined. Other
potential mechanisms for the induction of bronchoconstriction by SP include the
stimulation of histamine release from pulmonary mast cells, and the production of
bronchoconstricting prostaglandins. Substance P also has important effects on vascular
permeability (Holzer, 1988) and stimulation of inflammatory cells including
neutrophils (Wozniak et al, 1989), eosinophils (Wiedermann et al, 1993) and
lymphocytes (Scicchitano et al., 1988). Although the sheep had a total of four SP
infusions over a 3.5 hour period during the tachyphylaxis study, no change in baseline
R, was seen. Therefore a significant effect on lung resistance due to changes in
vascular calibre or the induction of oedema is unlikely. In addition, although the
reproducibility studies were not designed primarily to assess cellular influx, it is
interesting to note that there was no change in baseline Ry, nor an increase in bronchial
reactivity to SP over the three days of this study, to suggest that a significant influx of
inflammatory cells had taken place. However, this remains to be determined either by

histological sections or bronchoalveolar lavage.

Substance P increases histamine release from both human (Cross ef al., 1997; Heaney
et al., 1995) and guinea pig (Lilly et al., 1995) pulmonary mast cells and the release of

histamine from guinea pig lung can be blocked by specific NK; and NK; receptor
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antagonists (Lilly et al., 1995). The question of histamine release was specifically
addressed in the present study by using the H; receptor antagonist, pyrilamine. It was
found that pyrilamine had no effect on the airway response to SP, thus implying that
histamine release was not involved in SP-induced bronchoconstriction. This is in
agreement with Crimi ef al who showed that the acute bronchoconstrictor response to
inhaled SP in humans was not blocked by the antihistamine astemazole (Crimi et al.,
1990). During these experiments it was also noted that the bronchoconstriction in
response to exogenous histamine reached a sustained plateau for at least several

minutes, which was quite different to the transient response to SP.

There is some evidence that SP-induced prostaglandin production may be important in
airway responses. SP has been shown to induce the production of both
bronchoconstricting (PGD,, PGF,,) (Ingenito et al., 1991) and bronchodilating (PGE,)
(Devillier et al., 1992) prostaglandins under different circumstances. To investigate
any role for SP-induced prostaglandin production, indomethacin was used to inhibit
prostaglandin synthesis. Despite indomethacin pretreatment at doses known to be
biologically active towards airway responses in allgrgic sheep (Lanes ef al., 1986), no
significant effect on the response to SP was seen, suggesting prostaglandin production

was not important in the immediate airway response.

Studies in humans have shown that nedocromil sodium reduces the response to inhaled
NK-A, which is the predominant bronchoconstricting tachykinin in human airways
(Crimi et al., 1992; Joos et al., 1989b). The mechanism of this effect is unclear but
there is some evidence that nedocromil may inhibit sensory nerve activation (Chung,
1996; Armour ef al., 1991). There is also evidence that sodium cromoglycate may

inhibit tachykinin action in the airways (Yamawaki et al., 1997; Chung, 1996). In view
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of these reports, the effect of sodium cromoglycate, at biologically active doses
(Abraham et al, 1981a), on SP-induced bronchoconstriction was investigated,

however, no significant effect was seen.

In conclusion, the findings of the studies performed in this chapter indicate that
intravenous SP causes transient bronchoconstriction in sheep, that this is an NK;
receptor mediated response acting via cholinergic mechanisms, and that this response is
rapidly abolished by SP degradation and the induction of tachyphylaxis. No evidence
was found for histamine or prostaglandin involvement in the acute response, or any
evidence to suggest a delayed increase in Ry, which may implicate vascular or

inflammatory cell responses.

The in vivo effects of SP in sheep appear at variance with those observed in humans. In
man it is generally perceived that in vivo tachykinin-induced bronchoconstriction is via
a direct effect on ASM predominantly mediated by NK2 receptors, as NKA is far more
potent than SP. However, on closer scrutiny of the human data it is apparent that very
large doses of NKA were required to induce bronchoconstriction, being 20-fold greater
than that for SP (Evans et al., 1988a). Furthermore, in vivo NKA-induced broncho-
constriction is partly inhibited by nedocromil sodiﬁm (Crimi et al., 1992; Joos et al.,
1989b) and antimuscarinic agents (Crimi et al., 1990; Joos et al., 1988), both indicating
an indirect effect. In vitro, tachykinins contract human bronchi predominantly via NK,
receptors with NKA being more potent than SP (Advenier et al., 1992; Naline ef al.,
1989; Black et al., 1988). Therefore, in order to determine whether these apparent
discrepancies result from significant species differences between human and ovine
ASM formal in vitro contractility studies were conducted. The results of which form a

major component of this thesis.
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Chapter 4 Ovine airway smooth muscle contractility:

Preliminary in vitro studies

4.1 Introduction

Few contractile studies have been conducted on ovine ASM. Therefore it was necessary
to undertake a series of preliminary experiments fo determine the optimal length or
resting load to which the ovine ASM preparations should be subjected for studies of
isometric contraction as performed in this thesis. In addition the in vitro viability and
reproducibility of the contractile responses needed to be determined, as there is virtually

no information available on these aspects of ovine smooth muscle contractility.

4.2 Methods

4.2.1 General
Lungs were obtained from merino ewes as described in Chapter 2 - Methods, Section

2.3.1. Tissues from three to five animals were used in each experimental group.

4.2.2 Preparation of airway smooth muscle
Strips of tracheal smooth muscle (3-8 mm x 20-25 mm), bronchial rings (3-4mm ID, 2-
3mm long) and parenchymal strips (15-20mm x 3-5mm x 3-5 mm) were prepared for in

vitro studies as described in Chapter 2 - Methods, Section 2.3.2.

4.2.3 Length tension studies

Preliminary studies were conducted on tracheal strips, bronchial rings and parenchymal
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lung strips to determine the optimal resting tension for each tissue type. Optimal length
(the length at which maximal contractile force is. elicited for a given agonist) was
determined from length-tension studies. This was achieved by mounting the ASM
preparations on steel hooks, the lower hook was attached to a fixed support rod and the
upper hook, via a fine gold chain, to a Grass FT03 force-displacement transducer (Grass
Instruments, Qunicy, MA). The latter was mounte(i on a rack and pinion clamp so that
resting muscle length and therefore resting tension could be optimized (Mitchell ez al.,

1989).

The tracheal strips, bronchial rings and parenchymal lung strips were suspended under
initial tensions of 1 gm, 0.5 gm and 1 gm, respectively, in organ baths as described in
Chapter 2 - Methods, Section 2.3.3. The tissue segments were allowed to equilibrate in
the water baths for 15 minutes prior to performing le_ngth-tension studies for each tissue.
This was achieved by obtaining intermittent contractile responses to 100 mM KCI (final
bath concentration). Once the contraction to KCl had reached a plateau, the tissues
were washed until baseline tone was re-established. The load of each tissue was then
increased by a one gram increment, after which another contractile response to KC1 was
obtained. This procedure was repeated until responses to KCl were maximal and
reproducible. Changes in ASM tension were measured isometrically and continuously
recorded on polygraph. For these length-tension studies six tissue samples from each

area of the tracheobronchial tree were obtained from three animals.

4.2.4 Measurement of the reproducibility of ovine airway smooth muscle in
response to contractile agonists
This series of experiments was designed to determine the between and within sheep

variability of contractile responses to various agonists in normal ovine tracheal smooth
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muscle strip, bronchial ring and parenchymal lung strip preparations. Three ASM
preparations were obtained from each of the three regions of the lung (trachea, bronchi
and parenchyma) from each animal studied. All tissue preparations were mounted and
suspended under an appropriate tension (see length tension results below) in siliconized,

heated organ baths as described in Chapter 2 - Methods, Section 2.3.3.

At the end of the equilibration period, when a stable baseline tension was achieved, a
reference contractile response to 103 M ACh was obtained. Once this contraction had
reached a plateau, the tissues were washed every 20 mins until baseline tone was re-
established (usually 60-90 mins) (Figure 4.1). Cumulative concentration-response
curves were obtained for ACh, carbachol and NKA in tracheal smooth muscle strips and
for ACh in bronchial ring and parenchymal strips (Figure 4.1), as described in
Chapter 2 - Methods, Section 2.3.3.1. Following the CCRC each tissue was then
blotted for one minute on filter paper (Whattman® No.l, Maidstone, UK) and its
weight recorded using an electronic balance (Model HF300G, A&D Co., Ltd., Tokyo,

Japan).

4.2.5 Measurement of ovine tracheal smooth muscle viability in response to
contractile agonists

This series of experiments was designed to determine the viability of the contractile

responses to ACh, carbachol and NKA in normal ovine tracheal smooth muscle strips

following storage (up to 50 hours) in ice cold K-H buffered solution. By design,

viability studies were not conducted on bronchial or parenchymal preparations as all

subsequent contractility studies using these preparations were conducted within 8 hours

of obtaining the tissue.
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Figure 4.2 Schematic illustrating the design of the tissue viability study.
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For each agonist studied nine tracheal smooth muscle strips from each animal were
prepared for in vitro studies of isometric contraction. Cumulative concentration-
response curves were obtained within 4-6 hours of excision. For each animal three
muscle strips were studied on Day 1 while the remaining six strips were stored in a
large volume (100 mls) of aerated (5% COx: 95% 0,) ice-cold K-H solution. From
these six, three strips were studied on Day 2, while the last 3 strips remained in storage,
and were studies on Day 3, (see Figure 4.2), with the exception of NKA. Due to the
cost factor involved in using tachykinin agonists, NKA viability experiments were
conducted over a two day period. The K-H solutibn used in the storage process was

exchanged every 12 hours with 100 mls of fresh ice-cold aerated K-H solution.

On each study day a single complete CCRC was obtained for each tracheal strip as
outlined in Figure 4.1. Following each CCRC, every tissue was blotted and weighed as

above.

4.2.6 Analysis of results
4.2.6.1 Length tension studies
The response to 100 mM KCI during the length-tension studies were expressed as a

percentage of the highest response at any load (Jongejan et al., 1988).

4.2.6.2 Cumulative concentration-response curves

In each tracheal smooth muscle preparation, the Ena was calculated as the maximal
tension generated in milligrams (mg) for each agonist, at the highest agonist
concentration studied. For each tissue sample the Enax was also normalized to a
reference contraction of 10° M ACh (Emax %ACh) and for wet tissue weight ((Emax

(mg)/weight (mg)). A CCRC was then constructed relating the cumulative
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concentration of the agonist to the response. From these CCRCs Emax and pD; values

were calculated as described in Chapter 2 - Methods, Section 2.3.4.1.

4.2.7 Statistical analysis

The Cochran’s C statistic was used as a preliminary test to check for homogeneity of
group variances (Kirk, 1995; Godfrey, 1985). The between and within sheep variability
of the contractile response to the agonists studied was determined by a two-way
ANOVA with single observations (Tallarida et al., 1988). Similarly for the viability
studies, between sheep and between day variance was determined by the two-way

ANOVA. Values were considered significant at P <0.05 level.

4.2.8 Drugs
All drugs, compounds and solutions including the K-H used in the following
experiments are listed, prepared and used according to the methods described in

Chapter 2 - Methods, Section 2.6.2, Reagents.

4.3 Results

4.3.1 Length tension studies

The effect of increasing the resting tension of ovine ASM (tracheal, bronchial and
parenchymal) on contractility to KCl (100 mM) is shown in Figure 4.3. The optimal
length for isometric contraction for tracheal smooth muscle was achieved by
equilibrating the tissue against a load of between- 2.5 and 3.5 grams. The optimal
resting tension for bronchial rings was determined to be between 4 and 5 grams, while

that for parenchymal strip preparations was between 3.5 and 4.5 grams (Figure 4.3).
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Figure 4.3 Maximal response to KCl (100 mM) in ovine tracheal strips (®), bronchial
rings (V) and parenchymal strips (M) with increasing load. Contractile responses are
expressed as a percentage of the maximal response obtained at any given load. Values

are mean = SEM for n=6 tissue samples at each load.
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4.3.2 Reproducibility of ovine airway smooth muscle contractility

The values of pD3, Enax, Emax?eACh and Epa (mg)/weight (mg) for tracheal muscle
strips are summarized in Table 4.1. Each number represents the value for each strip to
ACh, carbachol, and NKA for each animal studied. Each tissue preparation was

exposed to one agonist only.

The preliminary analysis using the Cochran’s C statistic demonstrated that there was
homogeneity among group variances, which allowed the two-way ANOVA with single
observations to be applied to the data. The outcomes of which are displayed in Table
4.2 as F-ratios. A significant between sheep variation of Emg to ACh F-ratio was
observed when the Ep,x was expressed as the absolute force gen;arated. However, this
significant variation was obviated when Epax to ACh was normalized for tissue weight
and to a reference contraction of 10° M ACh. All other F-ratios demonstrated no
significant between or within sheep variation in contractile responses to the agonists
studied. To further illustrate the reproducibility of contractile responses in ovine
tracheal smooth muscle, mean CCRC for each animal to each agonist studied are
depicted in Figures 4.4 A-B, and 4.5 for ACh, carbachol and NKA, respectively. In
these figures the error bars for each animal indicate intra-sheep variability, while the

close proximity of the graphs of each animal is indicative of inter-sheep variability.

The reproducibility of contractile responses to ACh was also examined in bronchial and
parenchymal preparations. Values of pDs, Emax, Emax70ACh and Epax (mg)/weight (mg)
for bronchial rings and parenchymal strips are summarized in Table 4.3 and Table 4.4,
respectively. Each number represents the value for.each tissue preparation to ACh, for

each animal studied. Again, each tissue preparation was exposed to one agonist only.



Table 4.1 Reproducibility of contractile responses to ACh, carbachol and NKA in tracheal smooth muscle strips.

pD, Epnax (Mg) E o (mg)/ weight (mg) Epax %0ACh

Al A2 A3 Al A2 A3 Al A2 A3 Al A2 A3
Sheep 1 4.89 5.15 5.30 38900 57200 51500 292 430 505 117 112 101
Sheep 2 5.40 5.10 5.40 48650 61150 62750 389 430 441 116 109 109
Sheep 3 5.40 5.57 5.54 77550 82310 85630 289 280 354 111 106 105
Sheep 4 4.96 5.15 5.55 61680 68930 51710 303 292 252 93 108 109

Cl C2 C3 Cl &2 C3 C1 Cc2 C3 C1 C2 C3
Sheep 1 7.23 7.30 7.39 56410 52460 67650 242 446 422 128 134 124
Sheep 2 7.34 7.39 7.30 72470 66530 71320 426 387 438 134 136 142
Sheep 3 7.52 7.48 7.41 69080 56570 74320 512 393 564 123 109 134
Sheep 4 7.15 7.25 7.41 74160 80600 62490 508 486 579 110 119 142

N1 N2 N3 N1 N2 N3 N1 N2 N3 N1 N2 N3
Sheep 1 7.28 6.96 6.70 18500 27488 14825 218 250 185 71 98 61
Sheep 2 7.00 6.64 5.72 24562 28275 22825 292 214 204 95 82 84
Sheep 3 6.40 6.60 6.10 26500 23250 35375 182 153 205 78 79 84
Sheep 4 6.46 6.70 6.74 18575 29000 25662 151 207 183 85 86 76
Sheep 5 5.89 7.00 6.46 24450 33000 27250 175 229 189 59 93 83

Each value represents the measurement obtained for each individual tracheal smooth muscle strip. Abbreviations: A1-3; ACh contractile response in three muscle strips.
C1-3; carbachol response for each muscle strip. N1-3; response to NKA in three strips. pD»; —log ECso. Emax; maximal contractile response expressed as force generated in

mg. Epax (mg)/weight (ng); Ema normalized for wet tissue weight. Epa%ACh; Epax expressed as % of reference contraction to 10° M ACh.



Table 4.2 ANOVA results for the reproducibility studies of contractile responses to ACh, carbachol and NKA in tracheal smooth muscle strips.

F-ratios
pD- Emax (mg) Emax (mg)/ weight (mg) Emax %ACh
Source of Variation A C N A C N A C N A C N
Between sheep 286 2.83 1.07 14.10* 1.39 1.37 450 282 138 0.69 1.43 0.32
Within sheep 303 059 143 2.82 0.32 1.68 149 149 0.29 0.23 1.74 1.12

Each figure represents the F-ratio from the two-way ANOVA with single observations. Abbreviations: A; ACh contractile response. C; carbachol response. N; response to
NKA. pD,; —log ECsy. Ena; maximal contractile response expressed as force generated in mg. Epgy (mg)/weight (ng); Ene normalized for wet tissue weight., Epa%ACh;

Enax expressed as % of reference contraction to 10> M ACh. * Denotes a significant F-ratio at the P <0.05 level.
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Figure 4.4 Mean cumulative concentration-response curves for ACh (A) and carbachol
(B) in four sheep (®OVWV). Points represent the mean values from three tracheal
muscle strips for each animal and are expressed as a percent of the maximal response

Enax. Vertical bars indicate SEM.
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Figure 4.5 Mean cumulative concentration-response curves for NKA in five sheep
(@ovvm). Points represent the mean values from three tracheal muscle strips for each
animal and are expressed as a percent of the maximal response Ema. Vertical bars
indicate SEM.



Table 4.3 Reproducibility of contractile responses to ACh in bronchial rings.

pD» Epax (mg) E . (mg)/ weight (mg) Epax Y0ACh

Al A2 A3 Al A2 A3 Al A2 A3 Al A2 A3
Sheep 1 4.10 4.74 5.00 2905 5735 6045 31.2 66.7 70.3 77 93 98
Sheep 2 4.96 5.03 5.10 2295 2555 2830 389 40.6 44.9 75 83 92
Sheep 3 5.10 5.33 5.05 3640 3575 3620 422 43.6 42.1 101 99 98
Sheep 4 4.63 5.10 5.20 4885 5055 3145 38.7 51.2 73.6 104 92 98

Table 4.4 Reproducibility of contractile responses to ACh in parenchymal strips

pD, Emax (mg) Eoax (mg)/ weight (mg) Emax %ACh

Al A2 A3 : Al A2 : A3 Al A2 A3 - Al A2 A3
Sheep 1 4.92 5.08 4.64 920 1230 835 5.7 7.6 44 61 83 58
Sheep 2 4.96 4.60 493 1300 1820 1265 7.6 10.7 12.3 65 90 60
Sheép 3 4.70 4.94 5.00 1080 1375 985 6.6 84 53 69 88 93
Sheep 4 4.51 5.34 5.29 1460 1680 1790 7.8 7.7 9.6 82 97 103

Each value represents the measurement obtained for each individual tissue preparation. Abbreviations: A1-3; ACh contractile response in three parenchymal strips.
pD;; —log ECsy. Epa; maximal contractile response expressed as force generated in mg. Ep.y (mg)/weight (ng); Expa normalized for wet tissue weight. Epa%ACh; Enax

expressed as % of reference contraction to 10° M ACh.
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The Cochran’s C statistic demonstrated homogeneity among group variances for both
bronchial and parenchymal tissues, allowing analysis by the two-way ANOVA with
single observations. The outcomes of which are displayed as F-ratios in Table 4.5. A
significant between and within sheep variation of Eya to ACh in parenchymal strips
was observed when the Ep.x was expressed as an absolute force in mg. Again, this
significant variation was obviated when Epa to ACh was normalized for tissue weight
and to a reference contraction of 10°M ACh. All other F-ratios demonstrated no
significant between or within sheep variation ACh contractility. The mean CCRC for
each animal to ACh for bronchial and parenchymal tissue are displayed graphically in

Figures 4.6 A and B, respectively.

The viability data of ovine tracheal smooth muscle to contractile agonists, ACh,
carbachol and NKA are shown in Table 4.6. Viability for ACh and carbachol was
assessed over three days while that for NKA over two. Once again group variances
demonstrated homogeneity. Significant between sheep and between day variability was
demonstrated (F-ratio) for contractile responses to ACh only when expressed as an
absolute force (Table 4.7). This variability was removed when Ena Was normalized to
a reference contraction of ACh and for wet tissue weight. Contractile responses to
carbachol and NKA demonstrated no between sheep or between day variability. The
effect of tracheal smooth muscle storage in ice-cold oxygenated K-H solution on the
mean CCRC to ACh, carbachol and NKA are shown in Figures 4.7 A-B, and 4.8,
respectively. No significant changes in the CCRC were observed between days 1 to 3
for ACh (Figure 4.7A) and carbachol (Figure 4.7B). With respect to NKA a slight but
non-significant leftward shift in the mean CCRC between day 1 and 2 was seen (pD>

values, Table 4.7). When a two-tailed paired Student’s #-test was used to compare the



Table 4.5 ANOVA results for the reproducibility of contractile responses to ACh in bronchial rings and parenchymal lung strips

F-Ratios
pD2 Emax (mg) Emax (mg)/ weight (mg) Emax %0ACh
Source of Variation =~ A BR APS A BR APS A BR A PS A BR APS
Between sheep 3.31 0.29 2.61 11.07 * 1.40 3.57 2.90 4.18
Within sheep 3.72 0.62 0.55 591* 3.23 0.94 0.92 3.97

Each figure represents the F-ratio from the two-way ANOVA with single observations. Abbreviations: A BR and A PS; ACh contractile response in bronchial rings and
parenchymal strips, respectively. pDa; —1og ECso. Enax maximal contractile response expressed as force generated in mg. Emax (mg)/weight (mg); Epa normalized for wet

tissue weight. Epn%ACh; Ep,, expressed as % of reference contraction to 10° M ACh. * Denotes a significant F-ratio at the P <0.05 level.
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Figure 4.6 Mean cumulative concentration-response curves for acetylcholine in
bronchial rings (A) and parenchymal strips (B) in four sheep (@O0VV). Points represent
the mean values from three tissue preparations for each animal and are expressed as a

percent of the maximal response Enay. Vertical bars indicate SEM.



Table 4.6 Viability of tracheal smooth muscle in response to ACh, carbachol and NKA following storage.

pD: Enax (Mg) Eqpax (mg)/ weight (mg) Epax 0ACh
AD1 AD2 AD3 ADI1 AD2 AD3 ADI AD2 AD3 ADI1 AD2 AD3
Sheep 1 5.11 5.35 5.33 49200 38867 36050 409 233 217 110 104 92
Sheep 2 5.30 5.23 5.21 57517 24333 30017 420 194 240 111 105 109
Sheep 3 5.50 5.52 5.64 81830 61560 65093 308 448 342 107 113 110
Sheep 4 5.22 5.11 5.60 60773 45407 58067 282 202 263 103 96 93
CD1 CcD2 CD3 CD1 CcD2 CD3 CD1 cD2 CD3 CD1 cD2 CD3
Sheep 1 7.31 6.95 6.97 59440 62120 64113 370 366 402 129 128 137
Sheep 2 7.34 7.40 7.22 70107 69777 77530 417 398 361 137 138 141
Sheep 3 7.47 7.52 721 66673 71903 47983 489 466 337 122 116 143
Sheep 4 7.27 7.60 7.20 72417 54097 53097 524 431 349 124 114 119
N D1 N D2 N D1 ND2 NDI1 N D2 NDI1 N D2
Sheep 1 6.98 7.40 20271 33562 218 156 77 85
Sheep 2 6.45 6.70 25220 27387 237 179 87 91
Sheep 3 6.37 7.03 28375 14183 180 280 80 55
Sheep 4 6.63 6.79 24412 32130 180 221 82 77
Sheep 5 6.45 6.32 28233 37403 198 179 78 73

Each value represents the mean value obtained from three tracheal smooth muscle strips per animal. Abbreviations: A D1-D3; ACh contractile responses for days 1, 2 and 3.
C D1-D3; carbachol response for days 1, 2 and 3. N D1-D2; response to NKA for days 1 and 2. pDy; —log ECso. Enma; maximal contractile response expressed as force
generated in mg. Ep,, (mg)/weight (ng); En. normalized for wet tissue weight. EpaxYoACh; Epp,, expressed as % of reference contraction to 10° M ACh.



Table 4.7 ANOVA results for the viability of tracheal smooth muscle responses to ACh, carbachol and NKA following storage.

F-Ratios
pDa Emax (mg) Emax (mg)/ weight (mg) Emax %ACh
Source of Variation A C N A C N A C N A C N
Between sheep 3.03 291 4.08 15.81* 1.12 0.59 091 089 025 3.07 4.66 1.52
Between days 1.56  2.67 4.26 10.60* 0.49 0.57 136 3.02 0.00 1.64 2.85 0.65

Each figure represents the F-ratio from the two-way ANOVA with single observations. Abbreviations: A, C and N; ACh contractile responses in tracheal strips to ACh,
carbachol and NKA, respectively. pD,; —log ECso. Enay; maximal contractile response expressed as force generated in mg. Epax (mg)/weight (mg); Epn,y normalized for wet

tissue weight. Eqp,%ACh; E,, expressed as % of reference contraction of 10 M ACh. * Denotes a significant difference at the P < 0.05 level.
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Figure 4.7 Mean cumulative concentration-response curves for acetylcholine (A) and
carbachol (B) for Day 1 (®), Day 2 (O) and Day 3 (V¥). Points represent the mean
values from three tracheal muscle strips from each of four sheep and are expressed as a

percent of the maximal response Enax. Vertical bars indicate SEM.
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Figure 4.8 Mean cumulative concentration-response curves for neurokinin A for Day 1
(®) and Day 2 (O). Points represent the mean values from three tracheal muscle strips
from each of five sheep and are expressed as a percent of the maximal response Emax.
Vertical bars indicate SEM. Differences are not significant at any point (Paired

Student’s ¢-test P < 0.05).



162
mean results for the CCRC to NKA between days 1 and 2, again, no significant

differences were found (Figure 4.8).

4.4 Discussion

The maximal isometric force generated in smooth muscle preparations is dependent on
the resting tension or load applied to the muscle (Hulsmann & de Jongste, 1993;
Stephens, 1978). From the length-tension studies described in this chapter, the optimal
load required for ovine tracheal smooth muscle strips was between 2.5 and 3.5 grams,
while that for bronchial ring preparations was between 4 and 5 grams. These values for
tracheal and bronchial smooth muscle preparations are in agreement with those found
by others (Abraham et al., 1996; Jackowski er al., 1993; Sheller & Brigham, 1982). In
ovine parenchymal strip preparations the load required to produce maximal isometric
force was between 3.5 and 4.5 grams, again similar to published values for this species

(Sheller & Brigham, 1982).

I showed contractile responses to ACh, carbachol and NKA in tracheal smooth muscle
strips demonstrated little within and between sheep variability. Values for pD,, Emax
(mg)/weight (mg) and E;;»%ACh demonstrated no significant variability in contractile
response to the agonists studied. Of note is that the ANOVA revealed a significant
between sheep variability in Enax to ACh, however; this variability was not seen when
the Enax Was normalized to either wet tissue weight or a reference contraction, thus
indicating that the between sheep variation is related to the size of the tracheal strip.
The between and within sheep variability in contraction to ACh was also assessed in
bronchial rings and parenchymal strips. In these tissue preparations the ANOVA results
only demonstrated significant within and between sheep variability in the Emqs to ACh

in parenchymal strips. Again following normalization of the Epn (maximal force



163

generated) to either tissue weight or to a reference contraction the variability was

obviated.

Reproducible measurements of pD;, Emax (mg)/weight (mg) and Enax%ACh for ACh
and carbachol can be obtained up to 54 hours following lung excision demonstrating
prolonged viability. With respect to NKA-induced contractions, tracheal ASM remains
viable up to 30 hours post excision. However, significant between sheep and between
day variability in the absolute isometric force generated to ACh was observed. Again

this variability was eliminated when contractions were normalized.

The consistent finding of variability in the maximal force generated for ACh in ovine
strip preparations (tracheal and parenchymal) would seem to indicate that Epqax for ACh
is dependent on strip size. A significant relationship has been demonstrated between
smooth muscle volume and maximal isometric force generation in bronchial strip

preparations (Armour ef al., 1988).

4.4.1 Summary

Reproducible contractile responses to various agonists can be obtained in ovine ASM
preparations provided Epn.x is normalized to wet tissue weight or to a reference
contraction, thus avoiding any confounding effects introduced by non-uniform tissue
size. Furthermore, ovine tracheal smooth muscle strips remain viable for several days
following storage in oxygenated buffered K-H solution. Given the minimal between
and within sheep variability in ASM responsiveness, the ovine smooth muscle
preparation provides a sensitive model in which detectable changes in muscle

contractile properties may be possible following pharmacological intervention.
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Chapter 5 Characterization of tachykinin contractile

responses in ovine airway smooth muscle

5.1 Introduction

As previously mentioned, it is generally perceived that in man tachykinins induce
bronchoconstriction (both in vivo and in vitro)/ by a direct effect on ASM, being
mediated by NK, receptors, as NKA is far more potent than SP (Advenier et al., 1992;
Naline et al., 1989; Black et al., 1988; Evans et al., 1988a). However, on closer
scrutiny of the published human in vivo data it is apparent that very large doses of NKA
were required to induce bronchoconstriction, being 20-fold greater than that for SP.
Moreover, later human in vivo studies indicated that NKA-induced bronchoconstriction
involved indirect mechanisms, being partly inhibited by nedocromil sodium (Crimi et
al., 1992; Joos et al., 1989b) and antimuscarinic agents (Crimi et al., 1990; Joos et al.,

1988).

In view of the above, the in vivo effects of SP in sheep (as described in Chapter 3) may
not be at variance with those observed in man, as first thought. Therefore, in order to
determine whether these apparent discrepancies result from significant species
differences between human and ovine ASM, it was necessary to undertake more
extensive well-controlled, in vitro studies in naive animals, to elucidate the mechanisms
of action of tachykinins on ovine ASM. Although the contractile actions of tachykinins,
in vitro, have been studied extensively in many species (Black ef al., 1990a; Naline et

al., 1989; Devillier et al., 1988), there has been no work reported on isolated sheep
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airways.

Firstly, the in vitro contractile response of normal ovine tracheal, bronchial and
parenchymal smooth muscle were examined to the tachykinin peptides: SP; NPy; NKA;
NKB; tachykinin NK;-specific agonist, [Sar9,Met(02)“]-SP; NK receptor agonist,
[Nle'’]-NKA(4-10); NK; agonist, [Succinyl-Asp® Me-Phe®]-SP(6-11) (senktide), as well
as ACh, carbachol, and histamine. Secondly, further experiments were conducted to
determined whether SP, NKA and [Sar9,Met(02)”]-SP act directly on ovine ASM or
through endogenous ACh release (Yau & Youther, 1982), or indirectly via other

mediators such as histamine (Lilly et al., 1995; Joos et al., 1988a).

5.2 Methods

5.2.1 General
Lungs were obtained from merino ewes as described in Chapter 2 - Methods, Section

2.3.1. Tissues from three to six animals were used in each experimental group.

5.2.2 Preparation of airway smooth muscle

Strips of tracheal smooth muscle (3-8 mm wide x 20-25 mm long), bronchial rings (3-
4mm ID, 2-3mm long) and parenchymal strips (15-20mm long x 3-5mm wide x 3-5 mm
thick) were prepared for in vitro studies as described in Chapter 2 - Methods,

Section 2.3.2.

The ASM preparations were prepared for cumulative concentration-response studies as
described in Chapter 2 - Methods, Section 2.3.3. These studies were commenced
within 24 hours of excision. Preliminary studies revealed no change in agonist

contractility after this period of time. All airway preparations were suspended under
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tension at loads found to provide an optimal length for eliciting maximal contractile

responses in ovine airways (See Chapter 4 - Preliminary experiments).

5.2.3 Effects of agonists

Cumulative concentration-response curves were obtained for ACh, carbachol, histamine,
the tachykinin peptides: SP, NPy, NKA, NKB, and the tachykinin NK;, NK; and NK;
receptor-specific agonists; [Sarg,Met(Oz)“]-SP, [Nlem]-NKA(4-10) and senktide,

respectively.

5.2.4 Effect of neutral endopeptidase inhibition

Cumulative concentration-response curves were obtained for SP, NPy, NKA,
[Sarg,Met(Oz)“]-SP, [Nlelo]-NKA(4-10) in the absence and presence of
phosphoramidon (10 M, final bath concentration), as described in Chapter 2 - Methods,

Section 2.3.3.2.

5.2.5 Effect of atropine, and pyrilamine on substance P, [Sar9,Met(02)"]-SP and
neurokinin A contractility
To establish whether tachykinin-induced smooth muscle contraction was by a direct
effect, by the liberation of histamine or via a cholinergic mechanism, we compared SP,
NKA and [Sar9,Met(02)“]-SP contractility in the presence and absence of atropine (10
M), and SP-induced contraction in the presence of the histamine H;-receptor antagonist,
pyrilamine (10°M). In addition, the effectiveness of the atropine and pyrilamine
blockade was confirmed by obtaining CCRCs for ACh and histamine in the presence

and absence of their respective antagonist, as described in Chapter 2 - Methods, Section

2.3.34.
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For this series of experiments two successive CCRCs were obtained for each agonist
(SP, NKA, [Sar’,Met(0,)"']-SP, ACh and histamine), as described in Chapter —2

Methods, Section 2.3.3.3.

5.2.6 Analysis of results

Cumulative concentration-response curves for each tissue specimen studied was
obtained from the tensions generated in response to the addition of each concentration
of agonist. From these CCRCs Emax, pD2, ECs0, ECy5 and ECyo values were calculated

as described in Chapter 2 - Methods, Section 2.3 .4.

Statistical analyses were performed using two-tailed paired and unpaired Student's

t-test. Values were considered significant at P < 0.05 level.

5.2.7 Reagents

All drugs and solutions used in the experiments described in this chapter are listed in
Chapter 2 - Methods, Section 2.6.2 — Reagents. On each study day, serial dilutions
were prepared in K-H solution and kept on ice for the duration of the experiment.
Plastic vials and pipette tips were used to store and handle the tachykinin peptides and

other agents. Organ baths were coated with the silicone coating product, Coatasil ®

5.3 Results

5.3.1 Effects of agonists

53.1.1 Trachea

In the first series of experiments the contractile responses to several non-peptide agonists and
tachykinins were studied. The CCRCs are shown in Figures 5.1A and B. Carbachol was the

most active non-peptide  agonist studied having the highest Emax of
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Figure 5.1A Mean cumulative concentration-response curves for carbachol (M),
acetylcholine (A), and histamine (®) on ovine isolated tracheal smooth muscle. Mean
responses are from 6 animals and are expressed as a percentage of the reference

contraction to 10> M ACh. Vertical bars indicate SEM.
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Figure 5.1B Mean cumulative concentration-response curves for neurokinin A (O),
neuropeptide gamma (@), substance P (M), neurokinin B (), and acetylcholine (A) on
ovine isolated tracheal smooth muscle. Mean responses are from 6 animals and are

expressed as a percentage of the reference contraction to 10° M ACh. Vertical bars

indicate SEM.
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128.1 + 4.5% of the reference contraction to 10> M ACh, and a pD, value of 7.49 + 0.04

(Table 5.1). Acetylcholine had a higher potency and Ema than histamine at the

concentrations studied (Figure 5.1A, Table 5.1).

All the tachykinins studied produced concentration dependent contractions in ovine
tracheal smooth muscle, however, maximal contractile responses were not always
achieved for each tachykinin at the concentrations used. Therefore, ECs, and pD»
values could not be determined for all tachykinins. An ECjs value, however, was
calculated for each tachykinin and a rank order of potency established (Table 5.2), this
being NPy > NKA > SP > NKB. NPy was approximately 10 times more potent than
NKA, pD; values 7.92 + 0.10 and 6.67 + 0.08, respectively (P<0.05, unpaired r-test,
Table 5.1). At 3 x 10°M, similar efficacies for NPy and NKA were observed, Epa 58.4
= 11.7% ACh and 65.0 £3 .7% ACh, respectively, (Figure 5.1B). Substance P and NKB
had similar Epq values at 10° M (Table 5.1) and potencies as reflected in the calculated

EC,s values (Table 5.2).

5.3.1.2 Bronchus
The CCRC:s to carbachol, ACh and the tachykinins, SP, NKA and B in bronchial rings

are shown in Figures 5.2. Carbachol and ACh were the most active non-peptide
agonists studied in bronchial tissue having similar Epa values (Table 5.3), with
carbachol being more potent than ACh with pD, values being 7.06 and 4.85,
respectively. Histamine was non-responsive at the.concentrations studied (Table 5.3).
Of the tachykinin agonists studied in bronchial ring segments, significant contractile
responses were obtained to SP and the NK; specific agonist, [Sarg,Met(Oz)“]-SP, while

NKA and NKB produced a relatively weak response at the highest concentration used



Table 5.1 Mean maximal effect, geometric mean ECso and apparent affinities for various agonists in ovine tracheal smooth muscle.

Agonist n | - ECso (M) Mean pD, (:SEM)
Carbachol 6 128.1+4.5 323x 108  (252x10°8,4.14x 108 7.49 + 0.04
Acetylcholine 6 112.4 2.0 493x106 (2.06x106,1.18x 10-5) 531+0.15
Histamine 6 65.6+5.9 1.18x 1075 (4.55x1076,3.05x 10-5) 493 +0.16
Neuropeptide gamma 6 58.4+11.7 1.19x 108 (6.45x10-9,2.21x10-8) 7.92 £0.10
Neurokinin A 6 72.0+3.8 216x10°7  (1.32x10-7,3.53x10-7) 6.67 = 0.08
[Nle'’]-NKA(4-10) 6 453+5.7 545x 107  (2.96x10-7,1.01 x 10-6) 6.26 +0.10
Substance P 6 27.4+4.0 NC NC

[Sar’, Met(0,)"']-SP 4 11.4+2.8 9.82x10°9 (530x109,1.82x10-8) 8.01 +0.08
Neurokinin B 6 314+ 8.4 NC NC

2 Mean Epax = SEM were expressed as a percentage of the response to 10°M acetylcholine. n= number of sheep. pD- values were

calculated as -log ECso. Geometric mean ECs values and 95% confidence limits (are shown in parenthesis). NC, not calculated as

agonist contractile response at 10-5 M still linear.
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Table 5.2 Geometric mean EC,s 2 values for tachykinins in ovine tracheal smooth muscle.

Agonist n ECy;s (M) 95% Confidence Limits

Neuropeptide gamma 6 2.67x10-8b 5.32x109,1.34x 1077
Neurokinin A 6 1.16 x10-7b 9.10x 10-8 ,1.47x 107
Substance P 6 2.48x106b 5.87x10°7,1.05x 105
Neurokinin B 6 3.32x100¢ 1.05x 1076, 1.05x 10-5

2 The concentration of agonist at which a contractile response equal to 25% of that induced
by 10° M acetylcholine is attained (see Methods this chapter). Values are geometric mean
ECys values and 95% confidence limits. Y Significantly different from each other

(Unpaired #-test), P <0.05. ¢ Not significantly different from SP ECys (Unpaired #-test),

P <0.83. n=number of sheep.



173

120

100

80

60 -

% Contraction (10° M ACh)

L 1 1 1 1 L 1 1 1 1 1 1 | 1 1 1 ]

10" 10 10° 10® 107 10® 105 104 103
Agonist Concentration (Molar)

Figure 5.2 Mean cumulative concentration-response curves for carbachol (V),
acetylcholine (@), substance P (M), neurokinin A (#), and neurokinin B (A) on ovine
isolated bronchial smooth muscle. Mean responses are from 3-6 animals and are
expressed as a percentage of the reference contraction to 10> M ACh. Vertical bars

indicate SEM.



Table 5.3 Mean maximal effect, geometric mean ECs and apparent affinities for various agonists in ovine bronchial smooth muscle.

Agonist n Emax 2 ECso (M) Mean pD, (+SEM)
Carbachol 6 100.0 + 5.8 8.77x 10-8  (4.18x10°8,1.84x10-7) 7.06 + 0.13
Acetylcholine 6 100.5 + 10.5 1.40x 105 (5.45x 1070, 3.62x 10-) 4.85+0.16

[Sar’ Met(05)"'']-SP 4 22.6+4.2 1.13x 1077 (3.09x 10-8,4.10x 10-7) 6.95 + 0.22
Substance P 6 17.8+3.3 NC NC

Neurokinin A 6 94+32 NC NC

Neurokinin B 3 104+ 6.1 NC NC
[Nle'’]-NKA(4-10) 3 1.0£0.5 ND | ND

Senktide 3 0.8+ 0.7 ND ND

Histamine 4 0.0£0.0 ND ND

a Mean Epax + SEM were expressed as a percentage of the response to 10~M acetylcholine. n= number of sheep. pD, values were calculated as -
log ECso. Geometric mean ECsg values and 95% confidence limits (are shown in parenthesis). NC, not calculated as agonist contractile

response at 10”M still linear. ND, not determined due to low agonist activity at 10" M in this tissue.
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(10°M). The specific NK; and NK3 receptor agonists, [Nlelo]-NKA(4-10) and

senktide, were inactive in ovine bronchial rings.

5.3.1.3  Parenchyma

Carbachol, ACh and histamine produced concentration dependent contractions in ovine
parenchymal strip preparation, Figure 5.3. In this preparation histamine was the most
potent agonist studied, having the highest Ema of 112.7 + 12.1% ACh (107 M), and pD,
value of 6.04 + 0.06 (Table 5.4). Acetylcholine and carbachol demonstrated similar
potencies (pD, values, Table 5.4), however, ACh demonstrated a higher E.. than
carbachol when expressed as a percentage of the reference contraction to 10° M ACh
(Figure 5.3, Table 5.4). Parenchymal strips were unresponsive to the tachykinins
studied Table 5.4. Therefore, ECsy and pD, values to these agonists could not be

determined in this tissue.

5.3.2 Effect of neutral endopeptidase inhibition

5.3.2.1 Trachea

Phosphoramidon did not cause any significant change in baseline tension. Neutral
endopeptidase inhibition increased the amplitude of contractions to SP and NKA.
Phosphoramidon (10” M) produced a leftward shift in the CCRC for SP, NKA and NPy
compared to control tracheal smooth muscle strips (Figures 5.4A - C, respectively).
This leftward shift, however, was only statistically significant for SP and NKA as
reflected in the lower EC,s values (Table 5.5). Phosphoramidon did not change the
amplitude of contraction or shift the CCRC for the tachykinin selective agonists,
[Sar’,Met(O,)"']-SP nor [Nle'’]-NKA(4-10), Figures 5.4D and 5.4E, respectively.

Senktide was relatively inactive in tracheal smooth muscle with Ena values in the
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Figure 5.3 Mean cumulative concentration-response curves for carbachol (@),
acetylcholine (¥), histamine (M), and substance P (®) on ovine isolated parenchymal
smooth muscle strips. Mean responses are from 3-6 animals and are expressed as a

percentage of the reference contraction to 10° M ACh. Vertical bars indicate SEM.



Table 5.4 Mean maximal effect, geometric mean ECs, and apparent affinities for various agonists in ovine parenchymal smooth muscle strips.

Agonist n Emax 2 ECso (M) Mean pD, (:SEM)
Carbachol 3 512424 126 x 1075 (927x10°6,1.71 x10-5) 4.90 + 0.03
Acetylcholine 6 98.0 + 4.5 1.44x 105  (8.42x10-60,2.45% 10°9) 4.84+0.09
Histamine 6 112.7 +12.1 9.03x 107  (6.43x10°7,1.27 x 10-6) 6.04 + 0.06

[Sar’, Met(O,)"']-SP 6 2.7+09 ND ND

Substance P 3 09+0.8 ND ND

Neurokinin A 6 0.5+0.3 ND ND

Neurokinin B 3 0.9+0.5 ND ND
[Nle'®]-NKA(4-10) 3 22+1.1 ND ND

Senktide 3 3.6+0.7 ND ND

2 Mean Enax = SEM were expressed as a percentage of the response to 10°M acetylcholine. n= number of sheep. pD, values were calculated as
-log ECsp. Geometric mean ECs values and 95% confidence limits (are shown in parenthesis). ND, not determined due to low agonist activity

at 10” M in this tissue.
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Figure 54 Cumulative concentration-response curves in tracheal muscle strips for

substance P (A, n=6); neurokinin A (B, n=5); neuropeptide gamma (C, n=4);
[Sar’,Met(0,)"']-SP (D, n=4); and [Nle'’]-neurokinin A(4-10) (E, n=3) in the absence

(0) and presence (®) of phosphoramidon 10°M. Mean responses are expressed as a

percentage of the reference contraction to 10° M ACh. Vertical bars indicate SEM.

* Denotes a statistically significant (P < 0.05, paired ¢-test) difference between tissues

treated with and without phosphoramidon.



Table 5.5 Geometric mean EC,5 2 and 95% Confidence Limits for tachykinins in the absence and presence of phosphoramidon (IO'SM) in

tracheal smooth muscle.

EC,s (M) 2 EC,s (M) a
Agonist n Control Phosphoramidon
Substance P 6 2.10x 106 (5.62 x 10-7 , 7.84 x 10-6) 2.17x 10°8 (1.61 x 109 ,2.94 x 10-7)*
Neurokinin A 5 1.10x10-7 (1.98 x 10-8 , 6.10 x 10-7) 6.97x10°9 (1.37x 109 ,3.54 x 10-8)*
Neuropeptide gamma 4 2.72x10-8(3.20x10°9,2.30x10-7) 735x10°9 (9.86 x 10-10 | 5.40x 10-8)
[Nle'"]-NKA(4-10) 3 3.48x 107 (8.17 x 10-8 , 1.48 x 10-6) 3.17x 10°7 (3.70x 10-8 , 2.71 x 10-6)
[Sar’,Met(0,)'']-SP 4 NC NC

a The concentration of agonist at which a contractile response equal to 25% of that induced by 10” M acetylcholine is attained (see Methods).
Values are geometric mean ECys values and 95% confidence limits (shown in parenthesis). * Significantly different from control (Paired #-test),

P <0.05. NC, ECy5not calculated due to low agonist activity at 10™ M in this tissue.
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absence and presence of phosphoramidon being 0.4 £ 0.2% and 1.6 = 0.4% ACh,

respectively.

5.3.2.2 Bronchus and parenchyma

As a result of the low activity of tachykinins on ovine bronchial and parenchymal tissue
(Table 5.3 and Table 5.4, respectively) the effect of neuropeptide inhibition
phosphoramidon on SP contractility was examined only. Once again, phosphoramidon
did not cause any significant change in baseline tension in bronchial ring or
parenchymal strip preparations. Neutral endopeptidase inhibition with phosphoramidon
(10° M) increased the amplitude of contractions, and produced a significant 69-fold
leftward shift in the CCRC for SP in bronchial rings. EC;y and (95% confidence
intervals) for SP in bronchial rings with and without phosphoramidon were, 1.08 x 107
(3.25 x 107, 3.58 x 10®) and 7.48 x 107 (2.66 x 107, 2.09 x 10®), respectively
(P <0.05). However, there was no significant increase in the maximal response to SP
with phosphoramidon. En.x for SP, in the presence and absence of phosphoramidon
(10° M), was 25.7 + 6.1% and 17.8 + 3.3% ACh, respectively, Figure 5.5. In the
presence of phosphoramidon a plateau in the CCRC for SP was observed (Figure 5.5),
thus enabling an ECsy determination, this being 3.79 x 10 with 95% confidence limits
between 2.77 x 10™® and 5.18 x 10®. Phosphoramidon did not change the amplitude of
contraction for SP in parenchymal strips. Emax values for SP, obtained in parenchymal
strips, in the presence and absence of phosphoramidon (107 M), were 1.90 + 1.0% and

0.9 + 0.8% ACh, respectively.
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Figure 5.5 Cumulative concentration-response curves for substance P, obtained in
ovine bronchial rings (n=6 sheep), in the absence (0O) and presence (@) of
phosphoramidon 10°M. Mean responses are expressed as a percentage of the reference

contraction to 10° M ACh. Vertical bars indicate SEM. * Denotes a statistically

significant difference between tissues treated with and without phosphoramidon

(P <0.05, paired #-test).
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5.3.3 The effect of specific NK; NK; and NK; receptor agonists

53.3.1 Trachea

The contractile effects of the specific tachykinin NK; NK; and NK3 receptor agonists
[Sar’ Met(O,)"'']-SP, [Nle'®]-NKA(4-10) and senktide are shown in Figures 5.6A - C,
respectively. In each graph contractile responses to the corresponding endogenous
tachykinin is also shown. The specific tachykinin NK; agonist (Figure 5.6A) is
relatively weak in ovine tracheal smooth muscle with an Epa at 10°M of only
11.4+2.8% ACh compared with SP. The selective tachykinin NK, agonist,
[Nle'’]-NKA(4-10) elicited significant contractions in tracheal smooth muscle strips,
however, this again was lower than that seen with NKA (Table 5.1, Figure 5.6B).
Senktide was inactive in the tracheal smooth muscle preparation with an Emax of

0.5 + 0.3% ACh compared with NKB (Ennax 31.4 + 8.4% ACh, Figure 5.6C).

53.3.2  Bronchus and parenchyma

As previously mentioned tachykinins appear to be relatively inactive in bronchial and
parenchymal tissue compared to the trachea. To best illustrate this point Figure 5.7
depicts the contractile effects of the specific tachykinin NK; NK; and NKj receptor
agonists, in bronchial ring preparations, together with their corresponding endogenous
tachykinin, Figures 5.7A, B and C, respectively. The specific tachykinin NK; agonist
(Figure 5.7A) elicited significant contractions in ovine bronchial rings with an E.x at
10° M of 22.6 + 4.2% ACh being of similar magnitude to that obtained with SP, Table
5.3. The selective tachykinin NK, agonist, [Nle'°]-NKA(4-10) and the NK; agonist,
senktide were inactive in bronchial preparations with Eyax values of 1.04 = 0.5% and

0.7 £ 0.7% ACH, respectively (Figure 5.7B and C).



183

D
o

8

40

= A

20L

% Contraction (10':3 M Acetylcholine)

% Contraction (103 M Acetylcholine)
oy
o

0 o= ol, : : ;
o w0 1wt 10t o’ 1w0? w0® ot o w0™® w0 w0 ot w® w0 w0t
Agonist Concentration (Molar) Agonist Concentration (Molar)
[

8 3

9% Contraction (102 M Acetylcholine)
n
o

,.._._.,_,_,_._'.ﬁiﬁ p5 o= o’

" w® w® ' T w® w® w0t

Agonist Concentration (Molar)

(=

Figure 5.6 (A) Effect of the tachykinin NK; receptor specific agonist,
[Sar’ Met(O,)'']-SP (®, n=4) and substance P (O, n=6) on isolated tracheal strips. (B)
Effect of the tachykinin NK; receptor specific agonist, [Nlelo]-NKA(4-10) (®,n=4) and
neurokinin A (O, n=6) on isolated tracheal strips. (C) Effect of the tachykinin NKj
receptor specific agonist, senktide (®, n=3) and neurokinin B (O, n=6) on isolated
tracheal strips. Mean responses are expressed as a percentage of the reference

contraction to 10°M ACh. Vertical bars indicate SEM. * Denotes a statistically

significant (P < 0.05, unpaired ¢-test) difference between treatment groups.
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Effect of the tachykinin NK, receptor specific agonist, [Nlelo]-NKA(4-10) (®, n=3) and
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treatment groups.
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Contractility studies for SP, NKA, NKB and the specific tachykinin NK;, NK; and NK3

receptor agonists demonstrated these agonists to be relatively weak or inactive in ovine

parenchymal strips (Table 5.4).

5.3.4 Assessment of tachyphylaxis

5.3.4.1 Trachea

In order to determine if ACh, SP, NKA, [Sar’,Met(O,)!']-SP and histamine
demonstrated tachyphylaxis, successive CCRCs were obtained for each agonist
separated by 90-100 min. Results for the consecutive CCRCs for ACh, SP, NKA,
[Sar’,Met(O,)"'']-SP and histamine are shown in Figures 5.8A - E, respectively. No
significant decrease in Enax or shift in the CCRC for ACh, SP and NKA was seen,
compared with the first CCRC (Figures 5.8A-C, Table 5.6). Substance P, NKA and
ACh, did not exhibit tachyphylaxis. In contrast a tachyphylactic response to successive
[Sar’,Met(O,)"']-SP and histamine CCRCs was observed in tracheal smooth muscle

(Figures 5.8D and E, Table 5.6).

53.4.2 Bronchus

As in the trachea, similar studies to assess tachyphylaxis were conducted on bronchial
smooth muscle. Since NKA demonstrated weak activity and histamine was inactive in
the bronchial ring preparation, tachyphylaxis experiments to these agonists were not
performed. No tachyphylaxis was observed in the contractile response to ACh, SP or
[Sar’,Met(O,)"']-SP, Figures 5.9A - C, respectively. No significant differences were
seen in the Eyax and ECsy values between the first and second CCRC for each agonist

studied, Table 5.7.
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Figure 5.8 Mean cumulative concentration-response curves for acetylcholine (A, n=6);
substance P (B, n=6); neurokinin A (C, n=6); [Sarg,Met(Oz)“]-SP (D, n=4); and
histamine (E, n=3). (®) and (O), first and second cumulative concentration-response
curves respectively, in the same tracheal strip. Contractile responses are expressed as a

percent of the maximal response in the first cumulative concentration-response curve
(First CCRC Ema). Vertical bars indicate SEM. * Denotes a statistically significant

difference (P < 0.05, paired #-test) from first cumulative concentration-response curves.



Table 5.6 Mean maximal effect (Enax) and mean ECsq values for agonists of first and second cumulative concentration-response curves (CCRC)

in ovine tracheal smooth muscle strips.

Emax ? ECso® (M)
Agonist n Second CCRC First CCRC Second CCRC
Acetylcholine 6 102.4 + 3.0 3.15x 1076 (1.03 x 10-6, 9.62 x 10-6) 4.57x 1076 (1.70 x 106, 1.23 x 10-9)
Substance P 6 101.1+6.1 1.92x 1077 (5.14 x 108, 6.78 x 10-7) 1.50x 10-7 (2.67 x 10-8, 8.48 x 10-7)
Neurokinin A 6 93.9+7.3 1.39x 1077 (5.34 x 108, 3.63 x 10-7) 2.10x 1077 (4.63 x 10-8,9.48 x 10-7)
Histamine 3 58.0 + 6.0* 7.53x 1075 (1.78 x 10-3,3.17 x 10-%) 6.86 x 104 (2.96 x 104, 1.59 x 10-3)*
[Sar’ Met(0O,)'']-SP 4 15.3 +9.4* 9.87 x 109 (1.70 x 109, 5.73 x 10-8) NC

a Values for maximal contractile response (Emax) are expressed as mean + SEM as a percentage of the maximal contraction achieved in the first
cumulative concentration-response curve. ? Geometric mean ECs values and 95% confidence limits (in parenthesis) were calculated from each
individual experiment. n, is the number of animals used per group. * P <0.05, significantly different from first cumulative concentration-

response curve (paired #-test). NC, not calculated due to low activity at 10°M.
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Figure 5.9 Mean cumulative concentration-response curves for acetylcholine (A, n=5);

substance P (B, n=6); and [Sar’,Met(0,)!']-SP (C, n=3). (®) and (O), first and second

cumulative concentration-response curves respectively, in the same bronchial ring.

Contractile responses are expressed as a percent of the maximal response in the first

cumulative concentration-response curve (First CCRC Eyax). In the case for substance

P, each cumulative concentration-response curve was determined in the presence of

phosphoramidon (10°M). Vertical bars indicate SEM.

* Denotes a statistically

significant difference (P <0.05, paired t-test) from first cumulative concentration-

response curves.



Table 5.7 Mean maximal effect (Epay) and mean ECsq values for agonists of first and second cumulative concentration-response curves (CCRC)

in ovine bronchial smooth muscle.

Emax 2 ECso® (M)
Agonist n Second CCRC First CCRC Second CCRC
Acetylcholine 5 105.0+ 1.9 9.43 x 1076 (6.41 x 10-6, 1.39 x 10-6) 743 x 1076 (2.55x 1076, 2.17 x 10-5)
Substance P* 6 100.0 + 4.8 2.81x10-8 (1.39 x 10-8, 5.70 x 10-8) 1.98 x 10-8 (9.12 x 10-9, 4.30 x 10-8)
[Sar’,Met(O5)'']-SP 3 1003+ 11.4 535x 108 (8.72x 10-9,3.28 x 10-7) 3.50x 10-8 (6.26 x 109, 1.96 x 10-7)

a Values for maximal contractile response (Emax) are expressed as mean + SEM as a percentage of the maximal contraction achieved in the first
cumulative concentration-response curve. P Geometric mean ECsg values and 95% confidence limits (in parenthesis) were calculated from each
individual experiment. n, is the number of animals used per group. § In the case for substance P, each cumulative concentration-response curve

was determined in the presence of phosphoramidon (10° M).
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5343 Parenchyma

Contractility studies to document tachyphylaxis to SP, [Sarg,Met(Oz)“]-SP or NKA in
parenchymal strips were not performed due to the low activity demonstrated for
tachykinins in this tissue (Table 5.4). However, tachyphylaxis studies for ACh and
histamine were undertaken. The graphical results for these studies are shown in Figure
5.10. As observed in tracheal tissue consecutive CCRCs to histamine in parenchymal
strips did demonstrate tachyphylaxis. There was a significant diminution in E, and a
two-fold rightward shift of the second CCRC compared to the first, whereas successive

CCRCs to ACh did not demonstrate any change, Table 5.8.

5.3.5 Effect of atropine and pyrilamine on substance P, [Sarg,Met(Oz)n]-SP and
neurokinin A contractility

5.3.5.1 Trachea

In the absence of tachyphylaxis, each tissue's contractile response can be normalised to
a standard contraction (i.e., the maximal effect obtained in the first CCRC) and thus
allows for direct comparisons between tissues receiving different treatments. Atropine
at 10°M did not reduce the magnitude of SP and NKA induced contractions, nor did it
affect the potency of these agonists (Figures 5.11A and B, Table 5.9). Adequate
atropine blockade was achieved as evidenced by the significant 285-fold rightward shift

of the ACh CCRC in the presence of 10°M atropine, Table 5.9, Figure 5.11C.

Since consecutive CCRCs for [Sar’,Met(0,)!!]-SP exhibited tachyphylaxis (Figure
5.8D) the effect of atropine on [Sar’,Met(O,)'']-SP contractility was examined in paired
tissue samples. In these experiments atropine (10° M) was added to one of the paired
tissues while the other bath received no treatment. The presence of atropine

significantly attenuated the contractile response to the tachykinin NK; agonist,
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Figure 5.10 Mean cumulative concentration-response curves for acetylcholine (A,

n=6); and histamine (B, n=3). (®) and (O), first and second cumulative concentration-

response curves respectively, in the same parenchymal strip. Contractile responses are

expressed as a percent of the maximal response in the first cumulative concentration-

response curve (First CCRC Epay). Vertical bars indicate SEM. * Denotes a statistically

significant difference (P <0.05, paired #-test) from first cumulative concentration-

response Curves.,



Table 5.8 Mean maximal effect (Emz) and mean ECsg values for agonists of first and second cumulative concentration-response curves (CCRC)

in ovine parenchymal strips.

Emax 2 ECs0® (M)
Agonist n Second CCRC First CCRC Second CCRC
Acetylcholine 6 108.6 + 10.6 1.15x 1073 (6.35 x 10-6, 2.08 x 10-9) 1.31x 10°5 (9.23 x 106, 1.86 x 10-9)
Histamine 3 55.7 + 2.4* 7.18 x 107 (3.52 x 10°7, 1.46 x 10-6) 1.62x 106 (7.16 x 10°7, 3.43 x 10-6)"

a Values for maximal contractile response (Ema) are expressed as mean = SEM as a percentage of the maximal contraction achieved in the first
cumulative concentration-response curve. ® Geometric mean ECsg values and 95% confidence limits (in parenthesis) were calculated from each
individual experiment. n, is the number of animals used per group. * P <0.05, significantly different from first cumulative concentration-

response curve (paired r-test).
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Figure 5.11 Mean second cumulative concentration-response curves in tracheal smooth
muscle for (A) substance P (n=4), (B) neurokinin A (n=4), (C) acetylcholine (n=6) in
the absence (O) and presence (®) of 10°M atropine. Contractile responses are expressed
as a percent of the maximal response in the first cumulative concentration-response

curve (First CCRC Epma). Vertical bars indicate SEM. * Denotes a statistically

significant difference (P <0.05, paired f-test) between control and atropine treated

tissue.



Table 5.9 Mean maximal effect (Emax) and mean ECsq values for agonists in the second cumulative concentration-response curve in control and

atropine treated tracheal strips.

Epnax 2 ECso b (M)
Agonist n Control Atropine Control Atropine
Acetylcholine 6 1024+3.0 46.0+4.6* 4.50x100(1.75x106,1.16x 10-9) 1.15x 10-3 (7.09 x 10-4, 1.85 x 10-3)*
Substance P 4 95.7+7.6 101253 1.20x 1077 (6.08 x 10-8,2.38x 10-7) 9.39 x 10-8 (6.21 x 109, 1.42 x 10-6)
Neurokinin A 4 100.1+9.6 1009+42 1.52x107(2.52x108,9.20x 10-7) 126 x 10-7 (2.47 x 10-8, 6.40 x 10-7)

a2 Values for maximal contractile response (Emax) for second cumulative concentration-response curve are expressed as mean £ SEM as a
percentage of the maximal contraction achieved in the first cumulative concentration-response curve.

b Geometric mean ECso values and 95% confidence limits (in parenthesis) were calculated from the mean ECs values of the second cumulative
concentration-response curve in each individual experiment. n, is the number of animals used per group. * P <0.05, significantly different

between control and atropine treated tissue (paired #-test).
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[Sar’ Met(O,)"']-SP (Figure 5.12); Emax being 8.3 + 2.8% and 2.0 + 1.3% of 10°M

ACh, in the absence and presence of atropine, respectively (P < 0.05).

Pyrilamine, an histamine H;-receptor antagonist, had no affect on the CCRC for SP
(Figure 5.13A). In order to establish that adequate histamine receptor antagonism was
achieved with pyrilamine (10° M), CCRCs for histamine were performed in paired
tissue samples, since consecutive CCRCs for histamine exhibited tachyphylaxis
(Figure 5.8E). In this series of experiments pyrilamine was added to one of the paired
tissues 30 mins prior to obtaining the CCRC for histamine. Figure 5.13B documents
that 10 M pyrilamine was sufficient to significantly antagonise histamine contractility
in ovine tracheal smooth muscle, causing a significant 47-fold rightward shift in the
CCRC (P <0.05 paired r-test). The additions of atropine and pyrilamine to the organ

baths did not cause any significant change in baseline tone.

5.3.5.2 Bronchus

Due to the apparent lack of NK; receptor activity in ovine bronchial tissue, the effect of
atropine on NKA contractility in bronchial rings was not studied. However, the
presence of atropine on NK; receptor mediated responses (SP and [Sar9,Met(02)“]-SP)
in bronchial rings was examined. Atropine had no significant effect on SP or
[Sar’ Met(0,)"']-SP response curves (Figure 5.14A and B), with Epa and ECsq values
of the second CCRC being similar to those measured in the first (Table 5.10). Again
atropine blockade to cholinergic responses in bronchial tissue was achieved. Atropine
at 10°M produced a significant 224-fold rightward shift of the CCRC to ACh in
bronchial rings (Figure 5.14C and Table 5.10). Although histamine did not contract
bronchial rings (Table 5.3), the effect of pyrilamine on SP contractions was examined

and, not surprisingly had no effect (Figure 5.15 and Table 5.11).
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Figure 5.12 Effect of the absence (O) and presence (®) of 10°M atropine on
[Sar’,Met(O,)'']-SP contractions in paired tracheal smooth muscle strips. Points
represent mean values from 4 animals. Contractile responses are expressed as a
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* Denotes a statistically significant difference (P < 0.05, paired -test) between control
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Figure 5.13A Mean second cumulative concentration-response curves for substance P

(n=3) in the absence (O) and presence (®) of 10°M pyrilamine. Contractile responses

are expressed as a percent of the maximal response in the first cumulative
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Figure 5.13B Effect of the absence (O) and presence (®) of 10°M pyrilamine on
histamine contractions in paired tracheal smooth muscle strips. Points represent mean
values from 3 animals. Contractile responses are expressed as a percentage of the
reference contraction to 10°M ACh. Vertical bars indicate SEM. * Denotes a

statistically significant difference (P <0.05, paired r-test) between control and

pyrilamine treated tissue.
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Figure 5.14 Mean second cumulative concentration-response curves in bronchial

smooth muscle for (A) substance P (n=6), (B) [Sar’,Met(0,)'"']-SP (n=6), (C)

acetylcholine (n=6) in the absence (O) and presence (®) of 10°M atropine. Contractile

responses are expressed as a percent of the maximal response in the first cumulative

concentration-response curve (First CCRC Eu). In the case for substance P, each

cumulative concentration-response curve was determined in the presence of

phosphoramidon (10°M). Vertical bars indicate SEM.

* Denotes a statistically

significant difference (P <0.05, paired r-test) between control and atropine treated

tissue.



Table 5.10 Mean maximal effect (Ema) and mean ECsg values for agonists in the second cumulative concentration-response curve in control and

atropine treated bronchial rings.

Ena ? ECs0® (M)
Agonist n Control Atropine Control Atropine
Acetylcholine 6 108.8+3.5 72.5+3.8™ 7.89x10°6(4.31x100,1.45x10-5) 1.78 x 10-3 (1.47 x 10-3, 2.16 x 10-3)*
Substance P* 6 100.0£48 994+49  198x10°8(9.12x10-9,4.30x 10-8) 1.90 x 10-8 (9.12 x 10-9, 3.97 x 10-8)
[Sar’ Met(O,)'*]-SP 3 1003+11.4 962+11.4 3.50x 108 (6.26 x 10-9,1.96 x 10-7) 437x 108 (3.03x 10-8, 6.30 x 10-8)

a Values for maximal contractile response (Ema) for second cumulative concentration-response curve are expressed as mean + SEM as a
percentage of the maximal contraction achieved in the first cumulative concentration-response curve.

b Geometric mean ECs values and 95% confidence limits (in parenthesis) were calculated from the mean ECsq values of the second cumulative
concentration-response curve in each individual experiment. T Ema at 3 x10°M ACh. § In the case for substance P, each cumulative
concentration-response curve was determined in the presence of phosphoramidon (10°M). n, is the number of animals used per

group. * P <0.05, significantly different between control and atropine treated tissue (paired f-test).
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Figure 5.15 Mean second cumulative concentration-response curves in bronchial rings
for substance P (n=3) in the absence (O) and presence (®) of 10°M pyrilamine.
Contractile responses are expressed as a percent of the maximal response in the first
cumulative concentration-response curve (First CCRC Epay). In the case for substance
P, each cumulative concentration-response curve was determined in the presence of
phosphoramidon (10°M). Vertical bars indicate SEM. Differences are not significant at

any point (paired #-test, P < 0.05).



Table 5.11 Mean maximal effect (Enax) and mean ECsg values for agonists in control and pyrilamine (10°M) treated bronchial rings and

parenchymal strips.

Emax ECso. (M)

Agonist n Control Pyrilamine  Control Pyrilamine

Bronchial rings
Substance P 3 024+ 741% 894+39° 1.69x108(6.65x10°2,430x108)"  265x10-8(3.16x109,226x 10-7)"

Parenchymal strips
Histamine 3 114.9+10.7° 97.0+8.7°  8.80x 1077 (6.45 x 10-7, 1.20 x 10-6) 1.66 x 1075 (6.08 x 1076, 4.55 x 10-3)*

a  Values for maximal contractile response (Emax) for second cumulative concentration-response curve are expressed as mean + SEM as a

percentage of the maximal contraction achieved in the first cumulative concentration-response curve. b Geometric mean ECsq values and 95%

confidence limits (in parenthesis) were calculated from the mean ECs, values of the second cumulative concentration-response curve in each

individual experiment. ¢ Ey,y values are expressed as a percentage of the reference contraction to 10>M acetylcholine. § In the case for substance

P, each cumulative concentration-response curve was determined in the presence of phosphoramidon (10°M). n, is the number of animals used

per group. * P <0.05, significantly different between control and atropine treated tissue (paired ¢-test).
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5.3.53 Parenchyma

When conducting the experiments investigating the effects of atropine and pyrilamine
on tachykinin mediated responses in parenchymal tissue, the first series of experiments
undertaken were those examining the effectiveness of atropine and pyrilamine
concentrations on ACh and histamine contractility, respectively. Following these
studies, the next series involved determining the contractile properties of tachykinins in
ovine parenchymal strips. The results of which demonstrated that tachykinins and
tachykinin receptor specific agonists have little contractile activity in parenchymal
tissue (Table 5.4). In view of this, however, the results of the atropine and pyrilamine
studies have been included for completeness. Once again adequate antagonism of ACh
by 10°M atropine was demonstrated. In the presence of atropine Enq (at 3 x 10° M
ACh) for second CCRC expressed as a percentage of the maximal contraction achieved
in the first CCRC was reduced to 38.7 + 7.8% compared to 85.6 + 2.3% in control
parenchymal strips. Atropine also resulted in a 2.44 log unit rightward shift of the
CCRC for ACh in parenchymal strips, Figure 5.16, as reflected in ECys values (95%
confidence limits) in the absence and presence of atfopine, 5.44x10°(2.31x10°% 1.28

x 10®) and 1.51 x 107 (6.02 x 10™, 3.78 x 10, respectively, (P < 0.05, paired t-test).

Since consecutive CCRCs for histamine in parenchymal strips exhibited tachyphylaxis
(Figure 5.10B), the effect of pyrilamine (10°M) on histamine contractility was
examined in paired tissue samples. For this series of experiments pyrilamine was added
to one of the paired strips 30 mins prior to obtaining the CCRC for histamine. Figure
5.17 documents that 10°M pyrilamine was sufficient to significantly antagonize
histamine contractility in ovine parenchymal preparation, causing a significant 19-fold

rightward shift in the CCRC (P < 0.05 paired -test) (Table 5.11).
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Figure 5.16 Mean second cumulative concentration-response curves in parenchymal
smooth muscle for acetylcholine (n=3) in the absence (O) and presence (®) of 10°M
atropine. Contractile responses are expressed as a percent of the maximal response in
the first cumulative concentration-response curve (First CCRC Epa). Vertical bars

indicate SEM. * Denotes a statistically significant difference (P <0.05, paired r-test)

between control and atropine treated tissue.
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Figure 5.17 Effect of the absence (O) and presence (@) of 10°M pyrilamine on
histamine contractions in paired parenchymal smooth muscle strips. Points represent
mean values from 6 animals. Contractile responses are expressed as a percentage of the
reference contraction to 10°M ACh. Vertical bars indicate SEM. * Denotes a

statistically significant difference (P <0.05, paired r-test) between control and

pyrilamine treated tissue.
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5.3.6 Regional differences

A summary of pDy, Enax (mg), Emax (mg)/wt (mg) and Ep%ACh for the various agonists in
ovine tracheal, bronchial and parenchymal smooth muscle preparations are shown in
Table 5.12. Regional differences in cholinergic contractile responses were observed
throughout the three lung regions. This regional difference being more evident with respect
to carbachol. There was a decrease in sensitivity (pD, values) to both ACh and carbachol
from proximal to distal airways. This was in contrast to histamine, where pD, values for
histamine in parenchymal tissue were significantly higher than those measured in tracheal
tissue. There were significant regional differences in the absolute magnitude of contraction
(Emax (mg), Emax (mg)/wt (mg)). For each contractile agonist the maximal tension generated
was significantly higher in tracheal tissue compared to bronchial which in turn was
significantly higher than in the parenchymal preparation, with the exception of
[Sar’ Met(O,)!!]-SP. [Sar’ Met(O,)!']-SP was equally effective in tracheal and bronchial
smooth muscle but less effective on parenchymal stfips. Histamine was equally as effective

as ACh in parenchymal tissue.

Of the tachykinins, NKA demonstrated significant activity in the trachea with
significantly less and no activity in bronchial and parenchymal tissue, respectively. In
tracheal muscle strips SP, in the presence of phosphoramidon, demonstrated
equipotency with NKA and induced contractile forces that were of similar magnitude to
those induced by NKA. Following NEP inhibition a significant regional sensitivity to
SP was observed with significantly higher pD, values demonstrated in bronchial rings
compared to tracheal strips. Furthermore, with phosphoramidon, SP in bronchial
preparations was equipotent and equally effective as the specific NK; receptor agonist

[Sar’ Met(O,)!!]-SP.
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Table 5.12 Regional differences in Ep and pD; values throughout the ovine

tracheobronchial tree.

Preparation pD, Emax (Mg) Emaxmg)/wt(mg)  Emax %0ACh  n
Carbachol

Tracheal strip 7.49 (0.04) 38625 (1379) 396.7 (12.9) 128.0 (4.5)
Bronchial ring 7.06 (0.13)* 5053 (601)* 37.3 (3.9)* 100.0 (5.8)*
Parenchymal strip 4.90 (0.03)*% 950 (180)* 5.5 (1.0)* 51.2 4y
Acetylcholine

Tracheal strip 5.31 (0.15) 36540 (3962) 340.2 (36.8) 112.4 (2.0)
Bronchial ring 4.85 (0.16) 6754 (1862)* 54.5 (10.5)* 100.5 (10.5)
Parenchymal strip 4.84 (0.09)* 1832 279)*t 12.3 2.1)*F 98.0 (4.5)*
Histamine

Tracheal strip 4.93 (0.17) 24692 (2600) 204.9 (27.7) 65.6 (5.9)
Bronchial ring ND ND ND ND
Parenchymal strip 6.04 (0.06)* 1989 (376)* 13.7 (2.9)* 112.7 (12.1)*
Neurokinin A

Tracheal strip 6.67 (0.08) 24513 (1806) 169.6 (4.8) 72.0 (3.8)
Bronchial ring NC 525 (196)* 6.4 (2.3)* 9.4 (3.2)*
Parenchymal strip ND 12.5 (8.0)*t 0.1 (0.1)*} 0.5 (0.3)*t
Substance P

Tracheal strip NC 7870 (999) 67.2 (9.2) 274 (4.0)
Bronchial ring NC 1019 (278)* 15.4 (2.9)* 17.7 (3.3)
Parenchymal strip ND 19 (19)*% 0.1 (0.1)*} 0.9 (0.9)*t
Substance P §

Tracheal strip 6.64 (0.19) 18052 (2868) 154.0 (24.1) 60.7 (8.6)
Bronchial ring 7.42 (0.05)* 2179 (437)* 28.7 (6.1)* 25.7 (6.1)*
Parenchymal strip ND 52 (36)*t 0.4 (0.3)*t 1.9 (1.1)*+
[Sar’,Met(0,)"]-SP

Tracheal strip 8.01 (0.08) 3832 (1316) 34.5 (12.1) 114 (2.8)
Bronchial ring 6.95 (0.22)* 2163 (466) 18.7 (4.1) 22.6 (4.2)
Parenchymal strip ND 67 (23)*t 0.5 (0.1)*f 2.7 (0.9)*%

pD; values were calculated as -log ECs, SEM are shown in parenthesis. En.; maximal contractile response
expressed as force generated in mg. E., (mg)/weight (mg); Ey,, normalized for wet tissue weight. E;,,%ACh;
Ewmex expressed as % of reference contraction to 10° M ACh. n= number of sheep. * Denotes a significant

difference from value in the trachea (unpaired #-test) P < 0.05. 1 Denotes a significant difference from value in

the bronchus (unpaired ¢-test) P < 0.05. NC, not calculated as agonist contractile response at 10~ M still linear.

ND, not determined due to low agonist activity at 10” M in this tissue.
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5.4 Discussion

The results of this chapter demonstrate that, NPy, SP, NKA and NKB contract ovine
tracheal smooth muscle in a concentration-dependent manner. The rank order of
potency was NPy > NKA > SP > NKB. The contraétile responses to SP and NKA were
increased by inhibition of NEP. In bronchial ring segments significant contractile
responses were only obtained to SP and the specific NK; receptor agonist, whereas,
NKA and NKB were relatively inactive. While in parenchymal tissue, the ability of
tachykinins to induce any contractile was negligible. This lack of an effect of
tachykinins has been demonstrated in isolated canine bronchial segments (McKay et al.,
1992) and parenchymal tissue in the guinea pigs (Uchida et al., 1987; Foreman et al.,
1985) and mouse (Brandolini et al., 2000). In view of the marked regional sensitivity to
tachykinins in sheep airways, most of the discussion will pertain to tachykinin

contractility in ovine tracheal and bronchial preparations.

In tracheal smooth muscle tachykinin-induced contraction in vitro appears to be
predominantly mediated by tachykinin NK, receptors, although, tachykinin NK;
receptors also appear to be involved. Substance P and NKA contractions were not
mediated by cholinergic mechanisms. However, a significant cholinergic component
was present in [Sar’,Met(O,)"']-SP induced tracheal smooth muscle contraction, while
NK receptor mediated contraction in ovine bronchial smooth muscle was not
cholinergically mediated. Repeated exposure of tracheal smooth muscle to either ACh,
SP or NKA did not exhibit tachyphylaxis although tachyphylaxis was observed to
[Sarg,Met(Oz)“]-SP and histamine. No tachyphylaxis was observed in contractile
responses in bronchial rings to ACh, SP or [Sarg,Met(Oz)“]-SP. Tachyphylaxis to

histamine was demonstrated in parenchymal strips. In the case of SP, the contractile
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responses in tracheal and bronchial preparations were not mediated indirectly through

histamine release (Lilly ef al., 1995; Joos et al., 1988a; Foreman & Jordan, 1983).

This study is the first to characterize the contractile effects of NPy, SP, NKA, and NKB
throughout the ovine tracheobronchial tree. Of the tachykinins studied in tracheal
smooth muscle, NPy was the most potent which has also been found for isolated airways
from rabbits (Black et al., 1992), guinea pigs (Burcher et al., 1991b) and human bronchi
(Qian et al., 1994; Burcher ef al., 1991a). For NPy, NKA and SP, (in the absence of
phosphoramidon) the rank order of potency parallels that seen in human, rabbit, and
guinea pig airways (Qian et al., 1994; Black et al., 1992; Black et al., 1990a; Warner et
al., 1990; Naline et al., 1989; Advenier et al., 1987), summarized in Table 5.13.
Furthermore, the results show that NPy and NKA are more potent contractile agonists in

tracheal smooth muscle than ACh and histamine.

Contractile responses to SP and NKA in tracheal strips were sensitive to the inhibition
of endopeptidase by phosphoramidon. Phosphoramidon produced a non-uniform

increase in the potency of SP, NKA and NPy (93-fold, 16-fold and 4-fold leftward shift

of the ECss, respectively). However, the change for NPy failed to reach significance.

The reason for the apparent lack of potentiation by phosphoramidon with NPy is
unclear. Differences in the magnitude of augmentation following NEP inhibition have
been observed in guinea pig and human bronchi, where SP and NKA enhancement is
greater than that for NPy (Qian ef al., 1994; Warner et al., 1990; Naline et al., 1989),
indicating SP and NKA are more sensitive to NEP degradation. Furthermore, the

potentiating effect of NEP inhibition for a given tachykinin is more pronounced in



Table 5.13 Comparison of mean pD, for various agonists found in ovine, human, guinea pig and rabbit, tracheal 2 and bronchial b tissue.

Mean pD,
Agonist Present study Human Other sheep Guinea pig Rabbit
Carbachol 7.49 2 6.26 b.¢ 7.59 an 6.86 ¢ 6.99 ad
Acetylcholine 531 2 5.53 b.g 537 &] 5.89 ac¢ 6.43 a1
Histamine 4.93 a 5.07 bk ND 6.05 ¢ 4.99 a.d
Neurokinin A 6.67 2 6.99 b1 ND 8.18 &h 7.33 ai
[Nle'’]-NKA(4-10) 6.26 2 6.22 b1 ND 7.25 ah -
Neuropeptide gamma P 821 2 835 b,m ND 8.74 b0 8.80 af
Substance P NC 492 b1 ND 6.03 &h 5.60 a¢
Neurokinin B NC Inactive b1 ND 6.83 ah -
a tracheal smooth muscle b bronchial smooth muscle ' ¢ Advenier et al. (1987) d Armour et al. (1985)
€ Black et al. (1990a) fBlack et al. (1992) g Cerrina et al. (1989) h Devillier et al. (1988)
i Goroumaru-Shinkai et al. (1992) J Jackowski et al. (1993) k Knight et al. (1990) I Naline et al. (1989)
m Qian et al. (1994) 1 Tomioka et al. (1991) 0 Zeng et al. (1994)

P In each case, the pD; was determined in the presence of phosphoramidon (10°M). ND, not previously determined in this species. NC, not

calculated due to low agonist activity at 10 M in this tissue.
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smaller airways than in tracheal tissue (Goroumaru-Shinkai et al., 1992; Black et al.,
1990a). Therefore, the lack of potentiation for NPy we observed in tracheal smooth
muscle may reflect regional distribution of NEP- and the susceptibility of specific
tachykinins to NEP degradation. The lack of enhancement of the [Sar’,Met(O,)"']-SP
contractile response by phosphoramidon was not surprising since SP-analogues
substituted in position 9 are relatively insensitive to NEP inactivation (Devillier et al.,
1988). Neutral endopeptidase inhibition in bronchial tissue also significantly increases

the potency of SP.

The contractile response to tachykinins in ovine tracheal smooth muscle appears to be
predominantly mediated by tachykinin NK, receptors as evidenced by the significant
contraction observed with the specific tachykinin NK, receptor agonist,
[Nle'’]-NKA(4-10). However, tachykinin NK; receptors appear to participate, as the
tachykinin NK; specific agonist, [Sar’,Met(O,)'!]-SP, did induce some contraction in
tracheal smooth muscle. The lack of a contractile effect of senktide indicates tachykinin
NKj receptors are not functionally present on ovine tracheal smooth muscle. The higher
Emax for NKA compared to [Nle'’]-NKA(4-10) at equimolar concentrations is likely to
be due to non-specific binding of NKA to tachykinin NK; receptors. However, in
bronchial rings the predominant tachykinin receptor responsible for tachykinin induced
contraction is the NK; receptor. The specific NK; receptor agonist, [Nle'*]-NKA(4-10),
was a weak agonist on bronchial tissue, whereas, SP contractions, in the presence of
phosphoramidon, were of similar magnitude and exhibited equipotency to the

contractile responses elicited by [Sar’,Met(O,)'']-SP.

The present tracheal smooth muscle data demonstrate that, in vitro, SP and NKA

induced contractions are not mediated by a cholinergic mechanism, since their effect
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remained unchanged in the presence of atropine. An important finding of this present
study is that, in the trachea, the contractile response to the highly selective tachykinin
NK; agonist [Sar’,Met(O,)'']-SP was atropine sensitive and exhibited tachyphylaxis.
This may reflect the activation of NK; facilitatory receptors at parasympathetic ganglia
(Belvisi et al., 1994) or on post-ganglionic nerves (Watson et al., 1993). In ovine
trachea, parasympathetic ganglia are concentrated between tracheal cartilaginous rings
with post-ganglionic nerves passing into the trachealis muscle, these ganglia become
less abundant in small bronchi, being located near bronchial divisions (Smith & Taylor,

1971).

In isolated human, guinea pig and hamster airways SP-induced contractions are reported
to be via a direct effect, as antihistamines and antimuscarinic agents (atropine) have no
effect on the contractile response (Maggi ef al., 1989; Uchida et al., 1987; Lundberg et
al., 1983a). However, in isolated ferret trachea SP-induced contractions appear to be
partially mediated by a cholinergic mechanism (Sekizawa et al., 1987a; Sekizawa et al.,
1987b), while in the rabbit there are conflicting data for either a direct or indirect effect
of tachykinins on ASM (Colasurdo et al., 1995; Armour et al, 1991; Tanaka &
Grunstein, 1984). In all those studies SP, which lacks specificity, was the agonist used.
The present data, using specific tachykinin NK; and NK;, agonists show that the effect
of SP on tracheal smooth muscle can be partitioned into two mechanisms. Firstly, SP
acts via tachykinin NK; receptors associated with postganglionic nerves in tracheal
smooth muscle, resulting in the release of ACh, and secondly by a direct effect on

tracheal smooth muscle tachykinin NK, receptors.

It would appear that in in vitro studies the apparent absence or presence of a cholinergic

mechanism in species is due to the different methodologies employed, which result in
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changes to the relative contribution of the tachykinin NK; and NK, effects of SP on

tracheal smooth muscle. In the rabbit, Tanaka and Grunstein (Tanaka & Grunstein,
1984) used small doses of SP (4-8 x 10®M) on tracheal smooth muscle which
preferentially activate prejunctional tachykinin NK; receptors on cholinergic nerves
rather than the smooth muscle tachykinin NK, receptors (Cook ef al., 1990) thus
accentuating the cholinergic component. Armour and colleagues (Armour ef al., 1991),
used higher doses of SP (10° M) which would tend to mask the small cholinergic effect
of SP in rabbit tracheal smooth muscle via prejunctional tachykinin NK; receptors
because of the overriding predominant effect of .SP on tachykinin NK; receptors.
Furthermore, in rabbit bronchial smooth muscle the atropine sensitive component
disappeared indicating that SP-induced contractions were mediated by a direct action on
both tachykinin NK; and NK; receptors (Cook et al., 1990). Cholinergic pathways
appear to be less important in smaller airways as cholinergic receptor density and
sensitivity decrease from proximal to distal airways (Armour et al., 1985; Barnes et al.,
1983), while tachykinin NK; receptor sensitivity and density increases from larger to
smaller airways in the rabbit (Black et al., 1992; Black et al., 1990a) and guinea pig

(Carstairs & Barnes, 1986).

Also of note is that in early studies on human bronchial smooth muscle that
tachykinin-induced contractions were said to be solely mediated by tachykinin NK,
receptors (Advenier et al., 1992; Naline ef al., 1989), however, with the advent of more
specific NK; receptor agonists a later study by the same authors, revealed NK; receptor-
mediated contractions in small diameter human bronchial preparations. Moreover, they
demonstrated that the contractile responses were small in magnitude, subject to

tachyphylaxis and mediated by prostanoids (Naline et al., 1996).
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The present in vitro results demonstrate that the predominant action of SP and NKA is
to induce contraction in tracheal smooth muscle via a direct effect on tachykinin NK;
receptors, while in bronchial muscle SP induced contraction is via a direct mechanism
involving NK; receptors with no cholinergic component. However, in in vivo sheep
studies, SP administered intravenously is a more potent bronchoconstrictor than NKA,
and the airway response is cholinergically mediated (Rice et al., 2001; Parsons ef al.,
1992; Corcoran & Haigh, 1992). It is postulated that, in vivo, exogenous tachykinins
induce bronchoconstriction by the activation of NK; receptors on cholinergic nerves
resulting in the prejunctional release of ACh from postganglionic nerves (Belvisi ef al.,
1994; Watson et al., 1993), and by the release of mast cell mediators, in addition to any
direct contractile effect on ASM. Furthermore, the relative contributions of each of
these mechanisms to the overall bronchoconstrictor response appears to differ between

species (Joos et al., 1994).

From the in vivo sheep studies, tachykinin-induced bronchoconstriction appears to be
predominantly mediated by a tachykinin NK;-receptor cholinergic mechanism given the
tachykinin NK; antagonist and atropine sensitivity of the observed bronchoconstriction
(Results, Chapter 3) (Rice et al., 2001). The lack of a direct tachykinin NK,-mediated
bronchoconstrictor effect to SP in vivo, may simply reflect the relatively small amounts
of SP reaching tachykinin tracheal NK; and bronchial NK; smooth muscle receptors,
since a significant proportion of both the aerosol and intravascular SP doses would be
inactivated by NEP and angiotensin-converting enzyme (Joos et al., 1994). Both the
present in vitro data and the in vivo results of Chapter 3 clearly demonstrate that SP
induced ASM contraction was not mediated by maslt cell histamine release (Lilly et al.,

1994; Joos et al., 1988a), since the antihistamine, pyrilamine, was without effect.
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The use of two consecutive CCRCs has been suggested as the most valid method for
comparing the effect of different treatments on contractile responses. Contractions are
normalized to a standard contraction, thus eliminating the confounding effects of
variability in the actual magnitude of contraction (Black ef al., 1989; Marthan et al.,
1987). Using this experimental approach we have demonstrated, in vitro, that SP and
NKA induced ASM contractions do not exhibit tachyphylaxis. The absence of
tachyphylaxis to SP and NKA has also been observed in isolated hamster, ferret and
guinea pig airways (Ireland et al., 1991; Maggi et al., 1989; Sekizawa et al., 1987b),
however, there is conflicting evidence for tachyphylaxis in rabbit airways (Armour et
al., 1991; Cook et al., 1990; Tanaka & Grunstein, 1_984). This discrepancy once again,
is most likely due to the differences in experimental design (see above) which would
change the relative contributions of the tachykinin NK; cholinergic effect (which does

exhibit tachyphylaxis) in tracheal smooth muscle contractions induced by SP.

There is evidence that SP can influence airway responses by the production of both
bronchoconstricting and bronchodilating prostaglandin from the airway epithelium
(Devillier et al., 1992). In view of the in vivo results of Chapter 3 where
indomethacin pretreatment had no significant effect on the SP bronchoconstrictor
response, indomethacin studies were not performed here. Therefore, it remains to be
determined whether the effect cyclo-oxygenase inhibition by indomethacin, or

epithelial desquamation can alter the in vitro contractility to tachykinins.

The results of this chapter also describe ASM responses to the “more classic”
contractile agonists, carbachol, ACh and histamine. In ovine tracheal smooth muscle
the rank order of potency was determined as carbachol > ACh > histamine. This being

similar to that reported for isolated human bronchi (Knight et al., 1990; Cerrina et al.,
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1989; Advenier et al., 1987) and rabbit trachea (Goroumaru-Shinkai et al, 1992;

Armour et al., 1985). The pD, values for ACh and carbachol reported in this study are
similar to those reported by others for ovine trachea (Jackowski et al., 1993; Tomioka et
al., 1991). The reversal in potency rank observed between tracheal and parenchymal
tissue for cholinergic agonists and histamine (i.e. histamine > carbachol = ACh) is in
agreement with that documented by others in ovine (Kleinstiver & Eyre, 1979; Eyre,

1969), rabbit (Armour et al., 1985) and guinea pig (Drazen & Schneider, 1978) airways.

The lack of a contractile effect for histamine in ovine bronchus has been well
documented (Eyre, 1975; Eyre, 1973; Eyre, 1969). Furthermore, regional differences in
histamine contractility throughout the tracheobronchial tree have been documented in
other species such as the cat (Lulich et al., 1976; Eyre, 1973), rabbit (Armour et al.,
1985; Fleisch & Calkins, 1976) and monkey (Nagai ef al., 1992). Whereas histamine is
a weak to inactive contractile agonist in tracheal muscle, in bronchial segments
histamine possesses significant contractile activity. = The possible mechanism
responsible for this effect is a greater abundance of H, and Hj receptors mediating
relaxation rather than H; contractile receptors (Kenakin & Beek, 1982; Chand et al.,

1979; Eyre, 1973).

Ovine tracheal and parenchymal smooth muscle did exhibit tachyphylaxis to histamine,
a phenomenon that has been shown both, in vivo and in vitro in dogs (Antol et al.,
1988), However, in human isolated airways there are conflicting data (Knight et al.,
1995; Knight et al., 1992; Black et al, 1989). In human in vitro studies where
histamine tachyphylaxis has been demonstrated, the mechanism involves stimulation of
epithelial Hj-receptors (Knight et al., 1992) with the subsequent release of the

bronchodilating prostanoids, PGE, and prostacyclin (Knight et al., 1995). Moreover the
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absence of tachyphylaxis to histamine in isolated human airways appears to be
associated with non-steroidal anti-inflammatory treatment in that patient group (Knight
et al., 1995). (Marthan et al, 1987)In vivo, human subjects have demonstrated
tachyphylaxis to inhaled histamine (Manning et al., 1987), however, an absence of
tachyphylaxis to histamine inhalation has also been observed (Ruffin et al., 1981) and
has been attributed to corticosteroid use in this group of subjects. The lack of a
tachyphylactic effect to histamine in isolated ovine smooth muscle reported by Eyre
(Eyre, 1969) may be explained by the fact that his study simply used single bolus doses
of agonist whereas, I conducted formal cumulative concentration-response studies. This
latter approach allows for a more detailed assessment of agonist efficacy and potency,

without failing to detect tachyphylaxis.

The use of the lung parenchymal strip as an ASM preparation to study small airway
pharmacology, has over the years gone in and out of favour (Hulsmann & de Jongste,
1993; Eyre & Mirbahar, 1981; Lulich et al., 1976). However, it has been extensively
used in studies of human (Finney et al., 1984) and animal (both large and small) lung
function (Armour et al., 1985; Kleinstiver & Eyre, 1979; Drazen & Schneider, 1978).
The present findings of marked regional difference between central tracheal muscle and
parenchymal strip preparations are in accordance with those demonstrated by others
(Armour et al., 1985; Wagner et al., 1985; Drazen & Schneider, 1978). Moreover, it is
well recognized here, and by others that the parenchymal strip is not a “pure” ASM
preparation, as other non airway contractile elements are present, such as small
peripheral blood vessels (Finney et al, 1984; Drazen & Schneider, 1978) and
contractile interstitial cells (Kapanci ef al., 1974). Therefore, its use as a model ASM
has been highly questioned (Hulsmann & de Jongste, 1993; Eyre & Mirbahar, 1981), in

particular in the study of sympathomimetic drugs on airway muscle function due to the
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non-airway components. For example, whether noradrenaline contracts or relaxes
parenchymal strips is dependent on the ratio of vascular muscle to ASM (Hulsmann &
de Jongste, 1993). Furthermore, the absence of contractile responses to tachykinins
observed in the present study may reflect the net effect of tachykinin-induced
contraction and relaxation of the airway and vascular smooth muscle present in the

parenchymal preparation.

Overall, tissue sensitivity as reflected by the pD, values for the various contractile
agonists studied in ovine tracheal smooth muscl¢ are in closer agreement to those
determined in isolated human bronchi (Qian et al., 1994; Knight et al., 1990; Naline et
al., 1989; Cerrina et al., 1989) than for rabbit and guinea pig ASM (Goroumaru-Shinkai
et al., 1992; Devillier et al., 1988; Advenier et al,, 1987) (Table 5.13). Thereby
indicating that the ovine tracheal smooth muscle preparation may prove a useful model

to study airway smooth muscle pharmacology in response to inflammatory mediators.
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Chapter 6 Effect of IL-13 and TNFo on acetylcholine

contractility in ovine tracheal smooth muscle

6.1 Introduction

Over the last decade it has been well recognized that asthma is characterized by
increased cytokine production (Bradding et al., 1994; Robinson et al, 1992).
Significantly higher protein levels of TNFo. and IL-1B have been found in bronchial
biopsy and lavage fluid from symptomatic atopic and non-atopic asthmatics compared
to asymptomatic subjects (Ackerman et al., 1994; Broide et al., 1992), suggesting an
upregulation of these two cytokines, at least in acute asthmatic exacerbations. Although
it is likely a number of cytokines are able to induce AHR and different cytokines may
assume greater importance in different subsets of asthma, TNFo and IL-1B will be the

cytokines of choice to study this phenomenon.

Interleukin-18 and TNFa are co-localised in mast cells and macrophages and are
released following IgE receptor stimulation (Gosset et al., 1999; Gordon et al., 1990).
Recently, Ammit and colleagues (Ammit ef al., 1997) have shown that significant
numbers of mast cells reside in ASM of asthmatics. Once released, these cytokines
would result in high localised tissue concentrations, which in turn may upregulate the
responsiveness of adjacent ASM. In view of this possibility, very few studies have
examined the effect of IL-1B and TNFa on the contractile mechanism of ASM. This

may simply reflect the earlier opinions that there is no difference in contractile property
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of ASM between normal and asthmatic subjects (Armour ef al., 1984a; Roberts et al.,

1984; Vincenc et al., 1983).

In vivo AHR has been demonstrated in sheep following TNFa infusion (Wheeler et al.,
1990). Whether this AHR results from a direct effect of the cytokine on ASM
contractility, or via changes in airway wall structure leading to exaggerated airway
narrowing, was not determined. In other animal studies the effects of TNFa and IL-1§3
on in vitro smooth muscle contractility are limited with conflicting results (Pennings et
al., 1998; Kips et al., 1993; Wills-Karp et al., 1993b). With this in mind, experiments
were designed to determine if TNFo and IL-1B could increase ASM contractility, in

vitro.

6.2 Methods

6.2.1 General

Tracheal smooth muscle strips were obtained from merino ewes as described in
Chapter 2 - Methods, Section 2 3.1. Tissues from nine animals were used in each
experimental group. Strips of tracheal smooth muscle (3-5 mm x 20-25 mm) were
dissected from the posterior portion of the trachea above the origin of the right upper

lobe. (Refer Chapter 2 — Methods, Section 2.3.2.1.)

6.2.2 Tissue incubation with TNFa and IL-1f
The isolated tracheal smooth muscle strips were incubated for 18 hours at room
temperature in DMEM, supplemented with antibiotics (penicillin 100 U/ml and

streptomycin 100 ug/ml, Sigma), with differing concentrations of IL-1p and TNFa, in
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an atmosphere of 5% CO,: 95% O,. Paired tissue samples were incubated in medium

alone under the same conditions and used as controls (Figure 6.1).

Following incubation the tracheal smooth muscle strips were prepared for cumulative
concentration-response studies as described in Chapter 2 - Methods, Section 2.3.3.
These studies were commenced within 24 hours of excision. The tracheal strips were

suspended under tension between 1.5 and 2.5 gms.

6.2.3 Effect of incubation with TNFa and IL-13 on ACh contractility

At the end of the equilibration period, each tracheal segment was exposed to 10 M
ACh for 1 min, after which, the tissues were washed every 20 mins until baseline
tension was re-established. Cumulative concentration-response curves were then
obtained for ACh. Once the cumulative concentration-responses were obtained, the
tissues were washed every 20 mins until baseline tone was re-established (usually 60-90

mins). When achieved, a reference contraction to 10> M ACh was obtained.

This series of experiments were designed to determine whether IL-1B and/or TNFa
affect ACh contractility in ovine tracheal smooth muscle and whether synergism exists.
A ‘chequer-board’ series of experiments was conducted (Figure 6.2), employing a range
of cytokine concentrations, considered biologically effective (Wills-Karp et al., 1993b)
(Horie et al., 1996; Munakata er al., 1996; Tamaoki et al, 1994), alone and in

combination.

6.2.4 Analysis of results
In each tracheal smooth muscle preparation, contractile responses to each ACh

concentration studied was expressed as a percentage of the contractile response to
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Cytokine Control

Figure 6.1 Schematic representation of experiment protocol, for tissue incubations and

cumulative dose response studies.

TNFo ng/ml
0 10 100 500
0
IL-1B ng/ml |1
10
100

Figure 6.2 Chequer-board array of cytokine concentrations
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ACh (10® M). Cumulative concentration-response curves were constructed and from
which Ena and ECsg values calculated as described in Chapter 2 — Methods, Section

2.34.1.

Statistical analyses were performed using two-tailed paired Student's r-test. Values

were considered significant at P < 0.05 level.

6.2.5 Reagents

Stock solutions of human recombinant TNFa, IL-1f (Promega, Madison, WI, USA),
and ACh, (Sigma Chemical, St Louis, MO, USA) were prepared in sterile water and
aliquots kept at -20°C. On each study day, serial dilutions of ACh were prepared in
K-H solution and kept on ice for the duration of the experiment. Plastic vials and

pipette tips were used to store and handle all reagents.

6.3 Results
6.3.1 Effect of TNFo and IL-1p incubation on ACh contractility

The effect of incubating ovine tracheal muscle strips with differing cytokine
concentrations alone or in combination on ACh contractility is shown in Figure 6.3.
This figure was compiled to allow easy recognition of the effect of cytokine
concentrations on ASM contractility. Note, for closer inspection, each graph is

displayed in a larger format in Appendix A.

Incubation with IL-1B alone, at all concentrations used, had no effect on ASM
contractility to ACh. Ep.x and ECsy values were not significantly different between
control and IL-1p treated tissue, Table 6.1 and Table 6.2, respectively. When tracheal

strips were pre-incubated with TNFa only, a significant increase in Enax Was observed
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Figure 6.3 Mean cumulative concentration response curve for acetylcholine on tracheal
smooth muscle strips in control (O) and cytokine pretreated tissue (@) (note different
IL-1p and TNFa). Mean responses are from 9 animals, expressed as a percentage of the
reference contraction to 10° M ACh. Vertical bars indicate SEM. * Denotes a

statistically significant difference between control and cytokine treated tissues

(P <0.05, paired #-test).



Table 6.1 Mean maximal effect (Epax) for acetylcholine in control and cytokine treated ovine tracheal strips.

TNFa Concentration

0 ng 10 ng 100 ng 500 ng
Control 106.0+1.7 101.6+1.9 1059+2.2
0
ng | Treatment 107.2+ 1.7 105.6 £1.7 112.0+1.2
P <0.05 P <0.05
g Control 98.9+ 1.1 100.7£2.2 1024+1.2 101.5+1.6
g= 1
£ | ng | Treatment 99.6+ 1.1 104.1 1.1 107.8 £ 1.2 106.0 = 1.8
§ P<0.01 P <0.05
8 Control 101.6t1.4 999+ 14 96.8+2.3 102.9+£0.8
- | 10
3 ng | Treatment 103.2+1.6 106.8 +2.4 102.7+2.9 111.0+ 1.7
= P<0.01 P <0.05 P <0.001
Control 98.1+1.1 100.5+1.1 101.5+1.1 103.8+1.6
100
ng | Treatment 99.5+1.4 102.4£1.6 109.6 £ 1.8 111.0+£ 1.6
P <0.0005 P<0.01

Mean Epax + SEM expressed as a percentage of the response to 10-3 M acetylcholine. Mean responses are from 9 animals.

P values shown when significant differences were obtained (Paired 7-test).




Table 6.2 Mean ECsg T values for acetylcholine in control and cytokine treated ovine tracheal strips.

TNFa Concentration
Ong 10 ng 100 ng 500 ng
Control 621x10° 450x10° 7.69x 107
(2.95x10° 131x10°) (2.51x10° 8.07x 10) (5.46 x 10, 1.08 x 10™)
0 ng
Treatment 725x10° 2.67x10° 7.62x 10
(3.97x10% 1.32x107) (1.28x 10, 5.57x 10) (4.85x 10°,120x 107
Control 5.99x 10 6.10x 10 1.11x 107 3.95x 10
) (3.94x 10°,9.10 x 10) (3.72x 10, 1.00 x 107%) (6.55x10°, 1.87 x 107) (222 x 10, 7.05 x 10°%)
S | 1ng
E Treatoent 6.91x 10° 5.86x10° 8.90 x 10°° 452x10°
g (4.12x 10%,1.16 x 10) (3.39x10°,1.01 x 107 (5.73x 10, 1.38 x 107) (2.65x 10, 7.71 x 10)
Q
=]
o -
O o 4.15x 10° 5.08 x 10 5.07x10° 3.91x10°
=1 10 (2.04x 10° 8.45x 10° (3.71x 10, 9.03 x 10°°) (2.09x10%,1.23 x 107) (1.90 x10°%, 8.02 x 10%)
—
g T 3.86x 10° 7.05 x 10° 241 x 10%% 3.60 x 10°
reatment 6 -6 -6 _5 '3 -6 6 6
(1.82x10°, 8.19x 10°) (3.53x10%,1.41 x 107) (1.01 x 10, 5.73 x 10°) (1.69x 10°, 7.68 x 10°)
3.53x10° 7.56 x 10 6.13x10° 5.52x 10°
Control 6 -6 6 5 6 -5 3 -6
100 (222x10% 5.62x10°) (4.09x 10°,1.39x 107 (2.89x10°,1.30 x 107) (3.89x10°, 7.84 x 10°)
ne Treatment 2.47x10° 7.90 x 10 3.69x10° 7.26 x 10°8
(127x10°, 4.81 x 10 (4.07x10°,1.53 x 107 (1.71x 10, 7.97 x 10) (3.46x 10, 1.52x 107)

T Geometric mean ECs, values and 95% confidence limits (in parenthesis). Mean responses are from 9 animals.

* P <0.05, significantly different between control and cytokine treated tissue (paired /-test).
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at concentration of 100 ng/ml and 500 ng/ml (Table 6.1). However, TNFa by itself did

not produce a significant leftward shift in the CCRC to ACh as reflected by the ECs

values (Table 6.2).

When TNFa and IL-1B were used in combination a more consistent hyperresponsive
effect on ACh contractility was observed. Pre-incubation with a combination of IL-1p
and TNFo at concentrations > Ing/ml and > 100 ng/ml, respectively, significantly
increased Emax, Table 6.1. However, only the combination of 10 ng/ml IL-1p and
100 ng/ml TNFa caused a significant leftward shift in the CCRC to ACh, Table 6.2.
Furthermore, incubations with 100ng/ml TNFa in combination with IL-1P
demonstrated synergism in the ability of TNFa to induce smooth muscle hyper-
responsiveness to ACh, Table 6.3. For example, using an arbitrary scale for the number
of significant differences in the CCRC between control and cytokine treated tissue it can
be seen that 100 ng/ml TNFa induced some changes in the CCRC. The number of
significant differences increase with the addition of IL-1f to the incubation media,

despite no demonstrable differences in the CCRC with IL-1p incubation alone.

6.4 Discussion

The development of AHR has been linked to the presence of airway inflammation
(Hogg et al., 1991). However, the mechanism by which inflammation leads to AHR
remains elusive. Tumour necrosis factor-o is a ubiquitous cytokine in inflammation,
and has been postulated to have a fundamental role in airway inflammation in asthma

and the development of AHR (Shah et al., 1995; Kips ef al., 1993a). Whether the



Table 6.3 Summary of the significant differences in the cumulative concentration response curves to acetylcholine in control and cytokine

treated ovine tracheal smooth muscle strips.

TNF-a
0 ng 10 ng 100 ng 500 ng
0 ng ++ +
1 ng ++++ +
IL-1B
10 ng + +++++ ++
100 ng +++ ++
+ Arbitrary scale for the number of statistically significant differences in the cumulative concentration response curves for cytokine treated

smooth muscle and their respective controls.
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observed increase in AHR, following in vivo exposure to TNFo and IL-1B (Thomas et
al., 1995; Tsukagoshi et al., 1994; Wheeler et al., 1990) is due to an increased
sensitivity of ASM itself to various contractile agonists, or via changes in airway wall
structure leading to exaggerated airway narrowing, is not known. Potentially both

mechanisms may co-exist.

In animal studies the effects of TNFa and IL-1B on in vitro contractility are limited
with varying results (Pennings et al., 1998; Hakonarson ef al., 1996; Koto et al., 1996;
Munakata et al., 1996; Tamaoki et al., 1994; Kips et al., 1993). Whereas, in isolated
human airways, in vitro induction of AHR by TNFa has been demonstrated to electrical
field stimulation but not to contractile agonists per se (Anticevich et al, 1995).
Moreover, in a more recent study by the same group, TNFa was shown to potentiate
the contractile response of human bronchial rings to ACh. However, they did not
observe any effect with 1L-1p, either alone or in combination with TNFo (Sukkar et
al., 2001). It is widely accepted that IL-1 and TNFa are co-localised and released
upon cell activation (Gordon et al., 1990), and act synergistically to mediate various
inflammatory responses (John et al., 1998; Hakonarson et al., 1996, Wesselius et al.,
1995; Kondepudi & Johnson, 1993). Given this premise, tracheal smooth muscle strips

were co-incubated with TNFo and/or IL-1.

The results of the series of experiments conducted in this chapter clearly demonstrate
that normal ASM becomes hyperresponsive to ACh following combined exposure to
IL-1B and TNFa, while ASM hyperresponsiveness was observed in tissue incubated
with 100 ng/ml TNFa, synergism was demonstrated when IL-1p was included in the

incubation media. Co-incubation with IL-1B (10 ng/ml) and TNFo (100 ng/ml)
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increased both the sensitivity (decreased ECsg) and responsiveness (increased Epax) of
ASM to ACh. Furthermore, the observed effective concentration of TNFo and IL-1B
of the present study are in agreement with cytokine concentrations found by others to
be considered maximally effective in various biological systems (Hakonarson ef al.,
1996; Horie et al., 1996; Anticevich et al., 1995; Tamaoki et al., 1994; Wills-Karp et
al., 1993b). The present data also add to the literary evidence that cytokines do induce
cholinergic AHR, in vitro (Pennings et al., 1998; Hakonarson ef al., 1996; Anticevich et
al., 1995). The failure therefore, of several recent studies to demonstrate enhanced
muscarinic smooth muscle contractility may simply reflect isolated airways being
exposed to a single cytokine rather than in combination (Koto ef al., 1996; Munakata et

al., 1996; Anticevich et al., 1995; Wills-Karp ef al., 1993D).

Although, in the present study, no attempt has been made to elucidate the mechanisms
by which cytokines induce AHR in normal ovine. tracheal smooth muscle, enhanced
contractility may result from an alteration in or increased number of contractile cell
surface receptors (Mak et al., 2000; Katsunuma et al., 1999). There is increasing
evidence that the proliferative actions of TNFa are mediated via specific TNFa-p55
receptors on ASM and that the activation of these receptors augments the transient
increases in concentration of [Ca™']; induced by contractile agonists (Amrani et al.,
1996, Amrani et al., 1995a). Acetylcholine mediates contractions via M3 smooth
muscle receptors, and involves agonist-stimulated hydrolysis of PIP, to the second
messenger IP;. This leads to increased levels of [Ca™ ];, activation of MLCK, resulting
in cross-linking of the cellular contractile elements and contraction (Chilvers et al.,
1994; Schramm & Grunstein, 1992). Therefore, it is tempting to speculate that the
observed increase in smooth muscle contractility may be due to "functional

augmentation" of the contractile process, that is, cytokines may enhance post-receptor
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intracellular signalling mechanisms which regulate ASM contraction. Nevertheless, the
present data demonstrate that TNFo. enhances ACh contractility in ovine tracheal
smooth muscle and that this effect is synergistic in the presence of IL-1B. An

examination of possible mechanisms involved in this induced in vitro hyper-

responsiveness forms the basis of the following chapter.
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Chapter 7 Cytokines enhance airway smooth muscle

contractility in response to ACh and NKA

7.1 Introduction

The early failure to demonstrate a relationship between in vivo and in vitro AHR (de
Jongste et al., 1987b; Cerrina et al., 1986; Armour et al., 1984; Armour et al., 1984a;
Roberts et al., 1984; Vincenc ef al., 1983), has lead to the suggestion that AHR is an in
vivo phenomenon due to airway wall remodeling, rather than an abnormality of the
intrinsic properties of the ASM itself. However, in vitro hyperresponsiveness, as
measured by isometric contractions, can be induced by antigen exposure, bacterial
endotoxin or viral infection (Molimard et al., 1998; Colasurdo et al., 1995; Folkerts &
Nijkamp, 1990; Saban ef al., 1987), by the addition of activated inflammatory cell
supernatants and inflammatory products to organ baths (Anticevich et al., 1996;
Folkerts et al., 1992), and in vitro exposure to various oxidizing agents (Marthan et al.,
1996). There is now accumulating evidence suggesting that sensitization alters ASM
biochemistry and contractility (Ammit et al., 2000; Jiang et al., 1992; Rao et al., 1991).
Passive sensitization of human ASM induces in vitro AHR possibly via alterations in
Ca"™ mobilization (Marthan et al., 1992; Black et al., 1989) and/or enhanced PKC

activation (Rossetti ef al., 1995).

While mast cells degranulate via IgE coupling to FceRI, mediator release can also occur
by non-IgE dependent stimuli, such as bradykinin, neuropeptides (Cross et al., 1997,

Heaney et al., 1995), and nerve stimulation (Bienenstock et al., 1991). For many years
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the importance of the mast cell in asthma centered on its involvement in the acute
allergic bronchoconstrictor response mediated via the release of histamine,
prostaglandins and leukotrienes (Lazarus, 1987). More recently attention has been paid
to the effect of tryptase on ASM function. Tryptase has been shown to enhance in vitro
smooth muscle contractility to histamine in human and canine bronchi (Berger et al.,
1999; Johnson et al., 1997; Sekizawa et al., 1989). However, it is now clearly evident
that mast cells also secrete a variety of preformed and newly synthesized cytokines
(Bradding & Holgate, 1996) which in turn play a major role in the prolonged

inflammatory phase following allergen exposure (Wasserman, 1994).

In the preceding chapter it was found that in vitro hyperresponsiveness could be
induced in normal ovine tracheal smooth muscle following incubation with IL-1B and
TNFa. Recent evidence suggests that [L-1B and TNFa cell signalling is mediated by
the activation of certain protein kinases, phosphoinositide hydrolysis and increases in
[Ca++]i (Lazaar et al., 1998; De et al., 1996; Amrani et al., 1995b) which are similar to
the signalling pathways involved in ASM contraction (Chilvers et al., 1994; Schramm
& Grunstein, 1992). Thus it may be postulated that the observed in vitro hyper-
responsiveness to ACh may involve alterations in intracellular signal transduction
pathways (Amrani & Panettieri, 1998). Therefore, the experiments of the previous
chapter have been extended to examine the effects. of combined cytokines on in vitro
ASM contractility to NKA and histamine, and to investigate possible mechanisms that

may be involved in the induced in vitro hyperreactivity.

7.2 Methods

7.2.1 General

Tracheal smooth muscle strips were obtained from merino ewes as described in
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Chapter 2 - Methods, Section 2.3.1. Strips of tracheal smooth muscle (3-5 mm x

20-25 mm) were dissected from the posterior portion of the trachea above the origin of

the right upper lobe.

7.2.2 Tissue incubation

The isolated tracheal smooth muscle strips were incubated for 18 hours at room
temperature in DMEM, supplemented with antibiotics (penicillin 100 U/ml and
streptomycin 100 »g/ml, Sigma), with a combination of IL-1B (10 ng/ml) and TNFa
(100 ng/ml), in an atmosphere of 5% CO,: 95% O, gas. Paired tissue samples were
incubated in medium alone under the same conditions and used as controls (Figure 7.1).
Whenever possible paired tissue samples were studied in duplicate

(Chapter 2 - Methods, Figure 2.9).

Following incubation the tracheal smooth muscle strips were prepared for cumulative
concentration-response studies as described in Chapter 2 - Methods, Section 2.3.3.
These studies were commenced within 24 hours of excision. The tracheal strips were

suspended under tension between 1.5 and 2.5 gms.

7.2.3 Effects of agonists

At the end of the equilibration period, each tracheal segment was exposed to 10 M
ACh for 1 min, after which, the tissues were washed every 20 mins until baseline
tension was re-established. Cumulative concentration-response curves were then
obtained for ACh, NKA and histamine. Once the cumulative concentration-responses
were obtained, the tissues were washed every 20 mins until baseline tone was re-
established (usually 60-90 mins). When achieved, a reference contraction to 10> M

ACh was obtained.
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Acetylcholine
Neurokinin A
Histamine

18 hours

|

TNFo 100 ng/ml
IL-18 10 ng/mi

Figure 7.1 Schematic representation of experiment protocol, for tissue incubations and

cumulative dose response studies to acetylcholine, neurokinin A and histamine.
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7.2.4 Effect of specific M3 and NK;, receptor antagonists on ACh and NKA
contractility
To establish whether the cytokine enhanced muscle contractility to ACh and NKA may
result from a functional alteration to specific M3 and NK, receptors, a series of
experiments was conducted using specific M3 and NK; receptor antagonists. The aim
of which was to determine if cytokine exposure produced a change in the pA, values for
the specific antagonist, possibly reflecting a functional change in the M3 and NK,
receptor characteristics. In this series of experiments two successive CCRCs were
obtained for each agonist. It has previously been shown in Chapter 5 that successive
cumulative concentration responses ACh and NKA do not exhibit tachyphylaxis

(Reynolds et al., 1998).

Concentration-response curves to ACh were first obtained. After these control
measurements, the strips were washed and allowed to return to their resting tension. A
second concentration-response curve to ACh was then performed in the presence of
4-DAMP (a specific M; receptor antagonist, 10°, 10®, 107 M). Each strip was exposed
to only one concentration of the antagonist. At least 90 mins were allowed to elapse
between the first and the second concentration-response curve. Similar experiments
were performed to NKA, except that phosphoramidon (10 M) was added to the bath
30 mins before the first and second concentration-response curve. The second
concentration-response curve to NKA was performed in the presence of the specific
NK, receptor antagonist, GR94800 (McElroy et al., 1992) (3x10°, 108, 3x10?® M).

Antagonist contact time was 40 mins for 4-DAMP and GR94800.
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7.2.5 Effect of neutral endopeptidase inhibition

In this series of experiments, when baseline tension was re-established following the
preconditioning ACh exposure, the NEP inhibitor, phosphoramidon (10 M, final bath
concentration), was added to the organ baths. After a 30 min incubation period,

cumulative concentration-responses were obtained for NKA.

7.2.6 Calcium-free Krebs-Henseleit solution
For these experiments, the contractile responses to contractile agonists were elicited in

the absence of extracellular Ca™ as described in Chapte 2 - Methods, Section 2.3.3.5.

7.2.7 Analysis of results

In each tracheal smooth muscle preparation, contractile responses to each agonist
concentration studied was expressed as a percentage of the contractile response to ACh
(10 M) except for the M3 and NK; receptor antagonist experiments (see below). From
these CCRCs Epa, ECsg, and pD, values calculated as described in
Chapter 2 - Methods, Section 2.3.4.1. The pA, values for GR94800 (NK, antagonist)
and 4-DAMP (M3 antagonist) with NKA and ACh as the respective agonist were
calculated as described in Chapter 2 - Methods, Section 2.3.4.2 - Consecutive
cumulative concentration-response curves. Statistical analyses were performed using

two-tailed paired Student's 7-test. Values were considered significant at P < 0.05 level.

7.2.8 Reagents
All drugs, compounds and solutions including the K-H used in the following
experiments are listed, prepared and used according to the methods described in

Chapter 2 - Methods, Section 2.6.2 Reagents.
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7.3 Results

7.3.1 Effects of agonists

Pre-incubation with TNFo and IL-1p caused a significant leftward shift in, and an
increase in the magnitude of, the concentration-response curves to both ACh and NKA
(Figure 7.2A-B, respectively). Whereas, histamine contractility remained unchanged
following TNFa and IL-1p incubation (Figure 7.3). Emax with and without incubation
with cytokines for ACh was 104.4% = 2.7% (£ SEM) and 96.3% +2.5%, respectively,
(P < 0.001) (Figure 7.2A), while that for NKA was 58.1% % 5.6% and 50.4% + 4.7%,
respectively (P < 0.01) (Figure 7.2B). Epa with and without incubation with cytokines
for histamine was 45.2% + 8.3% and 42.8% +8.7%, respectively. There was a
significant leftward shift in the CCRC to ACh and NKA compared to their respective
control strips as reflected in the lower ECsy values (Table 7.1) and higher pD, values.
Mean pD, values for ACh and NKA with and without cytokines were 5.66 + 0.16 vs

5.35+0.13, (P <0.001), and 7.17 £ 0.12 vs 6.93 £ 0.13 (P <0.01), respectively.

7.3.2 Effect of specific M3 and NK; receptor antagonists on ACh and NKA
contractility
Both antagonists tested produced a concentration-dependent rightward shift of their
respective agonist CCRCs. Figure 7.4 shows the antagonism of GR94800, at various
concentrations, to NKA in control (A) and cytokine (B) treated muscle strips. While
Figure 7.5 demonstrates the progressive rightward shift of ACh in the presence of the
M; antagonist, 4-DAMP, on control (A) and cytokine exposed (B) tissue. The
generated Schild plots for GR94800 antagonism to NKA in control and cytokine
exposed smooth muscle are shown in Figure 7.6. There was no significant difference in
the slopes between control and treated tissue being -1.15 (95% confidence limits -1.79,

-0.52) and -1.23 (95% confidence limits -1.79, -0.75), respectively. Schild plots for the
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Figure 7.2 Mean cumulative concentration-response curves for acetylcholine (A) and
neurokinin A (B) in control (0) and cytokine pretreated (IL-1B; 10 ng/ml, TNFa;
100 ng/ml) tracheal smooth muscle (®). Mean responses are from 9 animals, expressed
as a percentage of the reference contraction to 10° M ACh. Vertical bars indicate SEM.

* Denotes a statistically significant difference between control and cytokine treated

tissues (P < 0.05, paired #-test).
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Figure 7.3 Mean cumulative concentration-response curves for histamine in control (O)
and cytokine pretreated (IL-1f; 1 ng/ml, TNFa; 100 ng/ml) smooth muscle (®). Mean

responses are from 7 animals, expressed as a percentage of the reference contraction to

10° M ACh. Vertical bars indicate SEM.



Table 7.1 Mean EC5() values for agonists in control and cytokine treated ovine tracheal strips.

EC.,T (M) EC,, T(M)
Agonist n Control TNFa, IL-1B
; =3 % £ = 7 =3
Acetylcholine 9 446x10 (2.24x10 ,8.88x10 ) 220x10 " (9.20x10 ,525x10)
.. -7 -8 -7 -8 % -8 -7
Neurokinin A 9 1.17x10 (5.73x10 ,2.40x10 ) 6.75x10 " (3.62x10 ,1.26x10 )
Histamine 7 NC NC

T Geometric mean EC5( values and 95% confidence limits (in parenthesis). n =number of animals. NC, not calculated
as agonist contractile response at 10> M still linear. P <0.01, significantly different between control and cytokine

treated tissue (paired #-test).
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Figure 7.4 Mean cumulative concentration-response curves for NKA (in the
presence of 10°M phosphoramidon) in the absence (¥) and presence of
increasing concentration of the NK, antagonist, GR94800, (@) 3x10° M;
(m) 108 M; (®) 3x10% M, in control (A) and cytokine pretreated (B) tracheal
smooth muscle strips. Each value is the mean of five animals. Vertical bars

indicate SEM.
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Figure 7.5 Mean cumulative concentration-response curves for ACh in the absence (V)

and presence of increasing concentration of the M; antagonist, 4-DAMP, (@) 10® M;

(m) 10° M; (®) 107 M, in control (A) and cytokine pretreated (B) tracheal smooth

muscle strips. Each value is the mean of five animals. Vertical bars indicate SEM.



244

A

2
R
[}
o
(3}
8
=]
(o]
S I
= 0

7.0 7.5 B.0 ¢5\9.0
4 -Log M [GR 84B00]
B

2
2 1
e
[
3 {
L=
(=]
S o ‘

7.0 7.5 8.0 5 9.0
p -Log M [GR 94800]

Figure 7.6 Schild plots relative to the antagonism of the contractile responses to
neurokinin A (in the presence of phosphoramidon 10-6 M) in ovine isolated tracheal
strips by GR94800 in A) control and B) TNFa, IL-1P pretreated tissue. Each value is

the mean of five animals. Vertical bars indicate SEM.
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M; antagonist 4-DAMP to ACh are depicted in Figure 7.7. Once again no significant

difference in slope was observed. The respective slopes for control and cytokine
exposure were -0.90 (95% confidence limits -1.07, -0.73) and -0.86 (95% confidence

limits -0.97, -0.76).

Both 4-DAMP and GR94800 exerted competitive antagonism as slopes of the Schild
plots were not significantly different from unity. Data in Table 7.2 gives the
respective pA, values for the M3 and NK, receptor antagonists in control and
cytokine pretreated tracheal smooth muscle.  Antagonist affinities remained

unchanged with cytokine exposure.

7.3.3 Effect of neutral endopeptidase inhibition

Phosphoramidon did not cause any significant change in baseline tension. In the
presence of phosphoramidon, the increased contractility to NKA following cytokine
pretreatment was still apparent. Ema for NKA, in the presence of phosphoramidon
(10° M), was 59.9 + 5.6% and 72.6 = 6.8% for control and cytokine pretreated tissue,

respectively (P < 0.05), Figure 7.8.

7.3.4 Calcium-free K-H solution

Figure 7.9 compares the CCRC for ACh in tracheal smooth muscle in the presence and
absence of extracellular Ca™. The contractile response to low concentration of ACh is
attenuated with the omission of extracellular Ca”™. However, enhanced contractility to
ACh in ASM following TNFo and IL-1B pretreatment was still evident following
removal of extracellular Ca™ (Figure 7.10). Ema for ACh, in calcium-free K-H, was
73.2 £ 4.71% and 80.0 = 4.7% for control and cytokine pretreated tissue, respectively

(P <0.01), Figure 7.10. In calcium-free K-H solution the contractile response to
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Figure 7.7 Schild plots relative to the antagonism of the contractile responses to
acetylcholine in ovine isolated tracheal strips by 4-DAMP in A) control and B) TNFa,

IL-1P pretreated tissue. Each value is the mean of five animals. Vertical bars indicate

SEM.
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Table 7.2 pA; values for 4-DAMP and GR94800 to contractions produced by
acetylcholine and neurokinin A, respectively, in control and cytokine treated (IL-1f3;

10 ng/ml, TNFa; 100 ng/ml) ovine tracheal muscle strips.

PA2
Agonist Antagonist Control TNFa, IL-1p
Acetylcholine 4-DAMP 9.09+£0.12 9.18+£0.05
Neurokinin A GR94800 8.47+0.10 832+0.07

Each value represents the mean + SEM from five animals.
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Figure 7.8 Cumulative concentration-response curves for neurokinin A in the presence
of phosphoramidon 10-M (n=5) in control (0) and cytokine pretreated (IL-1pB;
10 ng/ml, TNFa; 100 ng/ml) smooth muscle (®). Mean responses are expressed as a

percentage of the reference contraction to 10° M ACh. Vertical bars indicate SEM.

* Denotes a statistically significant (P < 0.05, paired r-test) difference between control

and cytokine treated tissues.
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Figure 7.9 Mean cumulative concentration response curves for acetylcholine in the
presence (0), n=9 and absence of extracellular calcium in ovine tracheal smooth muscle
strips (@), n=7. Mean responses are expressed as a percentage of the reference

contraction to 10°M ACh. Vertical bars indicate SEM. * Denotes a statistically

significant difference between the two groups (P < 0.05, unpaired #-test).
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Figure 7.10 Effect of calcium-free K-H solution on the cumulative concentration
response curves for acetylcholine in control (0) and cytokine pretreated (IL-1B;
10 ng/ml, TNFa; 100 ng/ml) ovine tracheal smooth muscle strips (@), n = 7. Mean
responses are expressed as a percentage of the reference contraction to 10° M ACh.
Vertical bars indicate SEM. * Denotes a statistically significant difference between

control and treatment groups (P < 0.05, paired r-test).
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histamine was virtually abolished (Figure 7.11) with the En. for histamine in
calcium-free K-H being reduced by 87% compared to that observed in the presence of

C a++

7.4 Discussion

As previously mentioned asthma manifests as a disease characterized functionally by
airflow limitation and AHR. Histologically, the changes seen are those of chronic
inflammation involving many cell types such as eosinophils, neutrophils, lymphocytes,
mast cells, fibroblasts, epithelial and endothelial cells. Cytokines are an extensive
group of extracellular signaling proteins (hormones) that regulate inflammatory and
immune reactions. Cytokine actions may be autocrine, influencing the cell that
produced it; paracrine, influencing cells within close proximity of its release; or in

endocrine manner by exerting more distant systemic.effects.

While it is well recognized that IL-1p and TNFa are co-localised in mast cells and
macrophages and are released from these cells and lymphocytes following IgE receptor
stimulation (Gosset et al., 1999; Ohno et al., 1990; Gordon et al., 1990), these pro-
inflammatory cytokines can also be released, by a variety of stimuli, from the airway
epithelium (Holgate er al., 2000; Mills et al, 1999; Spina, 1998a) and ASM
(Hakonarson et al., 1997). Therefore, IL-1p and TNFo may be considered as "first
wave" cytokines resulting in highly concentrated levels within the airway wall, which

may in turn alter ASM function.

In view of this possibility, however, more attention has focused on the mechanism of
action of these cytokines on the ASM relaxation process. Researchers have

demonstrated functional antagonism between the inhibitory muscarinic M, receptor
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Figure 7.11 Mean cumulative concentration response curves for histamine in the
presence (0), n=3 and absence of extracellular calcium in ovine tracheal smooth muscle
strips (®), n=3. Mean responses are expressed as a percentage of the reference

contraction to 10° M ACh. Vertical bars indicate SEM. * Denotes a statistically

significant difference between the two groups (P < 0.05, paired #-test).
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Gy-proteins and the stimulatory B-adrenoreceptor Gs-proteins coupled to the AC system
which mediates smooth muscle relaxation (Hotta et-al., 1999; Hakonarson et al., 1996;
Koto et al., 1996; Hirata et al., 1994). 'I'hat is, AC is under dual regulation by a
stimulatory Gs protein and an inhibitory G; protein (Schramm & Grunstein, 1992). In
these studies both IL-13 and TNFa have been shown to increase G, protein expression
(the G-protein subunit that is involved in inhibiting AC) (Hotta et al, 1999;
Hakonarson et al., 1996; Koto ef al., 1996; Hirata et al., 1994), while G, expression
remains unchanged (Hotta et al., 1999; Shore et al., 1997). The increased expression of
Gia protein with no change in Gs levels would enhance the inhibitory pathway, leading

to lower AC activity and impaired relaxation.

To the best of my knowledge no study has examined cholinergic Mj; receptor or
tachykinin NK; receptor mediated ASM contractions using a combination of cytokines.
The data clearly demonstrate that normal ASM becomes hyperresponsive to ACh
(confirming the results of the previous chapter) and NKA following combined exposure
to IL-1B and TNFa. These cytokines increased both the responsiveness (increased
Emax) and sensitivity (decreased pD;) of ASM to these agonists. Moreover, this study is
the first to demonstrate that cytokines enhance smooth muscle contractility to

tachykinins, in vitro.

The exact mechanism by which these cytokines are able to induce smooth muscle
hyperresponsiveness in ovine tracheal smooth muscle is unclear. It may be argued that
the enhanced contractility observed to ACh and NKA may result from an alteration in
receptor function. The present study using specific M3 and NK; receptor antagonists
has demonstrated that cytokine pretreatment did not alter receptor binding

characteristics as pA; values were the same in control and cytokine exposed tissues.
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Furthermore, the pA, values for 4-DAMP are similar to those described in human, rat
and canine airways (Chiba et al., 1998; Watson et al., 1995; Brichant et al., 1990) and
for GR94800 are similar to those described in guiﬁea pig ASM using a specific NK;
agonist (Zeng & Burcher, 1994). Cytokines may increase the expression of cell surface
receptors. This appears unlikely, since several groups using different species have
shown that incubation of tracheal tissue with IL-1p or TNFa either causes a decrease or
no change in muscarinic (Hotta et al., 1999; Hakonarson et al., 1996; Amrani ef al.,

1995b) or B-adrenoreceptor binding (Wills-Karp et al., 1993b).

The enhanced contraction seen with NKA was not due to decreased activity of NEP, the
principal enzyme responsible for the inactivation of tachykinins (Martling, 1987a). In
the presence of NEP inhibition by phosphoramidon, cytokine-induced
hypercontractility to NKA was still present, suggesting that endogenous endopeptidase
levels were not decreased. Moreover, one might expect tissues co-incubated with IL-1
and TNFo would have increased NEP activity due to the resident fibroblasts in the

tracheal segment (Kondepudi & Johnson, 1993).

Acetylcholine and NKA mediate contractions via M3 and NK; smooth muscle
receptors, respectively, and involve agonist-stimulated hydrolysis of PIP, to the second
messenger IP; (Chilvers et al., 1994; Grandordy et al., 1988). This leads to increased
levels of [Ca™'];, activation of MLCK, resulting in cross-linking of the cellular
contractile elements and contraction (Schramm & Grunstein, 1992). Experiments
conducted in calcium-free K-H solution were designed to determine whether the
cytokine-induced enhanced contractility might result from altered internal Ca'™"
mobilization in tracheal smooth muscle. The protocol employed for the removal of

extracellular Ca'" using a chelating agent (EGTA) has been extensively used by others
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(McKay et al., 1991; Creese & Denborough, 1981; Kirkpatrick et al., 1975b), and

shown to be sufficient in the removal of extracellular Ca'™". The method allows
partitioning of the contractile response between that dependent on extracellular Ca™

influx and that resulting from release of Ca'™* from intracellular stores.

The present results demonstrate that tracheal smooth muscle contractions to low
concentrations of ACh rely on the influx of extracellular Ca"" while those to higher
concentrations predominantly rely on intracellular Ca™ mobilization. The finding of a
diminished contractile response, in control tissues, to ACh especially at low agonists
concentrations in calcium-free K-H is not surprising as this has previously been
described by others in bovine and guinea pig tracheal smooth muscle (Creese &
Denborough, 1981; Kirkpatrick et al, 1975b). Depletion of extracellular Ca™
abolished contractile responses mediated by histamine in ovine tracheal smooth muscle.
This observation suggests that histamine contractions in ovine ASM are predominantly
-mediated by extracellular Ca"™ influx. This is in agreement with other research groups
who have also demonstrated markedly reduced responses to histamine in the absence of
Ca™ in human (Black et al., 1986), guinea pig (Creese & Denborough, 1981) and
bovine (Kirkpatrick, 1975a) ASM. Although, the effect of extracellular Ca™ removal
on NKA contractility was not studied, others have reported that transmembrane Ca'
influx has a minor role only in tachykinin-induced contractions in ASM (Matran ef al.,

1988).

Of particular interest in the present study is that smooth muscle hyperresponsiveness to
ACh in cytokine treated tissue was maintained despite extracellular Ca™" removal, thus
providing evidence that inflammatory cytokines induce in vitro hyperresponsiveness in

normal ASM via a mechanism involving intracellular Ca"™ mobilization. Amrani and
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colleagues demonstrated, in cultured tracheal smooth muscle cells, that agonist-induced
increases in [Ca™"]; were enhanced by TNFo and IL-1p pretreatment (Amrani et al.,
1997; Amrani et al., 1995b). This taken together with the present results suggests that
potentiated Ca’ mobilization resulting from cytokine exposure does indeed translate to
an enhanced contractile response following agonist stimulation. The lack of an
enhancement to histamine contractility following cytokine pretreatment appears to
reflect agonist-specific mechanistic differences in post-receptor signalling pathways

that mediate ASM contraction (Chilvers et al., 1994).

Although, the observed cytokine-induced hyperresponsiveness may appear rather
minimal, one would expect this to have a much greater effect on airway narrowing in
vivo. Airway smooth muscle in vivo, is said to be loaded auxotonically, where ASM
shortens against an increasing load (Mitchell et al., 1989). Mitchell and colleagues
(Mitchell e al., 1989) have shown that normal ASM under auxotonic conditions has an
increased capacity to shorten, that is, the muscle is more sensitive to contractile agonists
especially at low concentration. Therefore, one would predict that the observed
cytokine-induced increase in isometric force, for a given dose of agonists, would
produce even greater ASM shortening in vivo. This, in the absence of airway wall
thickening, would significantly increase airway resistance (Pare & Bai, 1996).
Moreover, enhanced ASM shortening, in the presence of airway wall thickening and
oedema, (produced as a consequence of inflammation), is capable of increasing airways

resistance by an order of magnitude (Pare & Bai, 1996).

In summary, the data obtained in this chapter demonstrate that ovine tracheal smooth
muscle becomes hyperresponsive to ACh and NKA following TNFa and IL-1B

exposure, via a mechanism involving intracellular Ca™ mobilization. The significance
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of our finding is that, in acute exacerbations of asthma the release of preformed TNFa
and IL-18 may lead to enhanced airway narrowing resulting from endogenously
released agonists (e.g. ACh and NKA). And furthermore, in the presence of airway
wall thickening and oedema, this enhanced contractility may be so severe as to
uncouple the airway from the parenchyma to such an extent that the smooth muscle

contraction may completely occlude the airway, a phenomenon observed in sudden-

onset fatal asthma (Sur ef al., 1993).
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Chapter 8 Interleukin-13 and TNFoa increase microvascular

leakage in the guinea pig trachea

8.1 Introduction

In asthma the development of AHR has been linked to the presence of airway
inflammation (Hogg et al., 1991). There is a school of thought that AHR in vivo is not
due to an increased sensitivity of ASM to various contractile agonists, but rather, is a
property of intact airways which have been structurally changed by chronic
inflammation which then allows them to narrow excessively (Pare & Bai, 1995). The
primary structural change which is considered to be important in this scenario, is an
increase in airway wall thickness (Wiggs et al., 1992). Thickening of the airway may
result from cellular infiltration (Saetta et al., 1991), deposition of connective tissue
(Roberts, 1995), thickened basement membrane (Rpche et al., 1989), hypertrophy and
hyperplasia of ASM (Ebina et al., 1993), vascular distension (Li & Wilson, 1997,
Carroll et al., 1997b) and oedema formation (Wilson, 2000). It has been postulated that
oedema accompanying airway inflammation may ‘uncouple’ the airway from the
parenchyma to such an extent that ASM contraction can be so severe as to completely

occlude the airway (Macklem, 1990).

The results of the preceding two chapters clearly demonstrate that IL-1p and TNFa act
synergistically to enhance smooth muscle contractility to particular agonists, by

affecting signal transduction pathways that mediate ASM contraction. Thus providing
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supportive evidence that ASM, itself, can become hyperresponsive as a consequence of
inflammation (i.e. in the presence of cytokines). Nevertheless, it remains to be
determined if the pro-inflammatory cytokines, IL-1B and TNFa can also affect airway

microvascular permeability.

TNFo and IL-1B are ubiquitous cytokines in the development of inflammatory
responses. Vascular leakage and leukocyte migration are central features of the
inflammatory process. In inflammation leukocyte migration is a complex sequential
process, involving leukocyte-endothelial tethering and rolling, in post-capillary venules,
followed by leukocyte activation, leading to cell adhesion and flattening against the
vascular wall. Ultimately resulting in leukocyte diaf)edesis (transendothelial migration)
(Wagner & Roth, 2000). This complex sequence results from the timed orchestrated
activation of numerous adhesion molecules, e.g. selectins, integrins and their respective

counter-ligands (Wagner & Roth, 2000).

Both IL-1p and TNFa upregulate the expression of adhesion molecules, promoting
transendothelial and transepithelial migration of inflammatory cells, such as neutrophils
(Bochner, 1997; Smith et al., 1993). Although, TNFa and IL-1p are not themselves
chemotactic for neutrophils, their exposure to certain cells can induce the
production of chemoattractants such as IL-8, a potent chemokine for neutrophils.
For example, TNFa and IL-1p are potent inducers of IL-8 production in epithelial

(Cromwell et al., 1992; Standiford et al., 1990), endothelial (Smart & Casale, 1994,

Kuijpers et al., 1992) and ASM cells (John et al., 1998).

Although it is well recognized that both TNFo and IL-1p are upregulated in acute



260
exacerbations of asthma (Ackerman et al., 1994; Broide et al., 1992), virtually no data

exist regarding the effects of these cytokines on the airway microvasculature. With this

in mind I examined the effect of IL-1p and TNFo on airway MVL, in vivo.

An in vivo method for isolating a tracheal segmént was developed which allowed
prolonged exposure of this segment to various agents without causing adverse systemic
effects. Vascular leakage was determined by the extravasation of intravenously injected
EB, an azo dye, which binds avidly to circulating albumin (Saria & Lundberg, 1983)
and has been shown to correlate with the extravasation of radiolabelled albumin in

guinea pig airways (Rogers et al., 1989a).

8.2 Methods

8.2.1 Animals

Experiments were performed on Hartley strain guinea pigs of either sex weighing
758+109 (SD) gm (n=18 animals). Detailed methodologies for surgical preparation, the
conditioning of inspiratory gases, measurement of plasma extravasation and aerosol
delivery are given in Chapter 2 - Methods (Sections 2.4.1, 2.4.2, 2.43 and 2.44,

respectively).

8.2.2 Experimental groups

All animals used in this study underwent the same surgical procedure (see Chapter 2,
Section 2.4.1) and were subjected to 1 hour of unidirectional tracheal ventilation with a
conditioned isocapnic gas. Tracheal EB extravasation was examined in 4 groups of

animals, as detailed in Chapter 2 — Methods, Section 2.4.6 Experimental groups.
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To determine the adequacy of artificial ventilation, arterial blood gas samples were
taken in selected animals. Prior to lethal intravenous injection of pentobarbital sodium,
an arterial blood gas sample was taken by cardiac puncture using a self-filling arterial
sampler (PICO™70, Radiometer Copenhagen, Denmark), containing 60 IU of
electrolyte balanced heparin. Samples were stored in ice water and analyzed (ABL 520,
Radiometer, Copenhagen, Denmark) within 30 mins for pH, PaCO, and PaO,. Blood-
gas values were measured at 37°C and corrected for the animal’s body temperature

(Kelman & Nunn, 1966).

Cannulation of the carotid artery to monitor systemic arterial blood pressure was
avoided so as not to disturb the tissue above and around the ITS. However, left
ventricular systolic pressures were obtained at the end of each experiment to determine
if gross vasoconstrictor or vasodilator responses had occurred during the experimental
intervention. Blood pressure was obtained by left ventricular puncture using a 19 gauge
needle (Becton Dickinson) connected to a vinyl catheter filled with heparinized saline
(150U/ml). This was connected to a disposable Transpac® pressure transducer and

signals recorded on a Neotrace polygraph.

8.2.3 Reagents
All drugs, compounds and solutions used in the following experiments are listed,
prepared and used according to the methods described in Chapter 2 - Methods,

Reagents - Section 2.6.3.

8.2.4 Statistical analysis
Data are presented as the mean £ SEM. All statistical analyses performed in this series

of experiments are described in Chapter 2 - Methods, Section 2.5.3.
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8.3 Results

Figure 8.1 shows the standard curve for EB concentration and optical density measured
at 630nm using the MR7000 microplate reader (Dynatech, Guernsey, Channel Islands).

Linear regression analysis of the plotted points produced the linear equation

y = 0.0402x + 0.0009, with an r* value of 1.

There was no difference in baseline values for body weight, body temperature and Cgyn
between any experimental group (Table 8.1). The effect of aerosol cytokine exposure
on tracheal EB extravasation is shown in Figure 8.2. Tumour necrosis factor-o. and
IL-1p aerosol challenge significantly increased EB extravasation (28.9£1.6 ng/gm wet
tissue, mean + SEM) compared to saline challenge (13.8+3.0 pg/gm; P <0.05).
Tracheal dye extravasation following isocapnic ventilation, without aerosol challenge,
was not significantly different from saline challenged animals (17.5+2.9 and
13.843.0 pg/gm, respectively). Histamine aerosol significantly increased tracheal EB
extravasation (50.1+4.8 ug/gm; P <0.05) compared to the saline challenged trachea.
When the ITS is ventilated with an hypocapnic gas (0% COy: 21% O;: 79% Ny)
significant EB extravasation occurs (52.3 + 2.0 mg/gm, P <0.05 compared with

isocapnic ventilation, without aerosol challenge) (Reynolds ez al., 1992).

Changes in Cgyn, for each experimental group, with continuous mechanical ventilation
are shown in Figure 8.3. There was no significant change in Cqyn with respect to time
within each treatment group or between groups. Arterial blood gas values for the
selected animals following two hours of mechanical ventilation are shown in Table 8.2.
No significant difference in left ventricular systolic blood pressure was observed

between treatment groups (Table 8.3).
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Figure 8.1. Standard curve for Evans blue in formamide. The

concentrations of Evans blue were 0.25, 0.5, 1.0, 2.5, 5.0, and 10 pg/ml.
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Table 8.1. Body weight, baseline body temperature and baseline Cgy, for guinea pigs in

each experimental group.

Group n Body weight (gm)  Body temp (°C) Cayn (ml/cmH,0)
Isocapnic 5 790 £ 53 36.7+0.4 0.68 £0.05
Saline 5 716 +32 374+ 0.4 0.61 £ 0.05
IL-13,TNFa 5 792+ 70 37.6+0.4 0.67 £ 0.03
Histamine 3 716 £ 19 37.8+0.9 0.62 £0.01

Values are mean = SEM; n equals number of guinea pigs.
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Figure 8.2. Tracheal Evans blue content following isocapnic ventilation
and aerosol challenge with saline (n=5), IL-1p (10 ng/ml) and TNFa
(100 ng/ml) (n=5), and histamine (n=3). Values are mean = SEM.
* Significant difference between saline aerosol challenge. (P <0.05,
Bonferroni ¢ statistic). § Tracheal Evans blue content following
hypocapnic ventilation, data from Reynolds et al. (1992), demonstrating

deleterious effect on microvasculature by ventilating with 0% CO,.
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Figure 8.3. Temporal changes in Cg4yn with continuous mechanical
ventilation. Readings taken every 15 minutes following isocapnic
ventilation (O, n=5) and aerosol challenge with saline (M, n=5); IL-1B
(10 ng/ml) and TNFo (100 ng/ml) (®, n=5); and histamine (5x10'2 M)

(O, n=3). Values are mean + SEM.



267

Table 8.2. Arterial blood gas parameters for anaesthetized,

mechanically ventilated guinea pigs.

n pH PaCO, (mmHg) PaO, (mmHg)

5 7.43+0.03 365+27 85.5+5.6

Values are mean + SEM; n equals number of guinea pigs.

Table 8.3. Left ventricular systolic blood pressure.

Treatment Group n Systolic pressure (mmHg)

Isocapnic 5 55+6
Saline 5 57t6
IL-1B,TNFa 5 62+4
Histamine 3 58+4

Values are mean + SEM; n equals number of guinea pigs.
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8.4 Discussion

Virtually no data exist on the effect of IL-1p and TNFa on airway MVL. That which
are available deal primarily with animal models of acute respiratory distress syndrome
(Koh et al., 1996; Wesselius et al., 1995) and inflammatory brain disease (Anthony ef
al., 1997). The two former studies assessed gross vascular leakage across the lung’s
alveolar compartment rather than the airway microvasculature. More recent studies
have examined the effect of TNFa, on permeability cultured endothelial cell monolayers
(van Griensven et al, 1999; Mark & Miller, 1999). While these studies have
demonstrated enhanced permeability, they were considered representative models of

blood-brain barrier and ischemia-reperfusion injury.

It is widely accepted that IL-1B and TNFo are co-localized in mast cells and
macrophages, are released following IgE-receptor stimulation (Gosset et al., 1999;
Barnes, 1994) and act synergistically to mediate various inflammatory responses
(Hakonarson et al., 1996; Wesselius et al., 1995). Furthermore, a variety of stimuli
induce the synthesis and release of IL-1p and TNFa. in airway epithelial cells (Polito &
Proud, 1998; Spina, 1998a). Once released they provide a cytokine gradient to guide
leukocyte migration across the endothelium to sites of inflammation. This gradient
would result in significantly high local concentrations of cytokines that may in turn
upregulate the responsiveness of vascular endothelium causing mucosal oedema. With
this in mind, it was decided to challenge the ITS with an aerosol of these two
inflammatory cytokines in order to replicate local cytokine release, and determine their
effect on vascular permeability in the extensive subepithelial microvascular plexus. The

cytokine concentrations used in the present study (TNFa. (100 ng/ml); IL-13 (10 ng/ml)
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were based on what may be considered maximally effective in various biological
systems as reflected by the results obtained in Chapter 6, and described by others
(Hakonarson et al., 1996; Horie et al., 1996; Tamaoki et al., 1994; Kondepudi &

Johnson, 1993; Wills-Karp et al., 1993D).

Previously, I have developed, in the guinea pig, a technique for isolating a section of
trachea in vivo (Reynolds et al., 1992), similar to that described by other workers using
larger species (Deffebach ef al., 1989; Kirsch et al., 1988). However, in those studies
the tracheal segment was superfused with physiological solutions, while the present
technique maintains a more natural air/epithelium interface. The advantage of this
model is that gas composition within an ITS can be altered without affecting pulmonary
gas exchange, and therefore, in the present study the effects of aerosols on airway
microvascular function can be examined in the absence of confounding

bronchoconstrictor or systemic effects.

To my knowledge the present study is the first to demonstrate that an aerosol of IL-1f
and TNFa induces airway MVL in the guinea pig trachea. No significant difference in
EB extravasation between isocapnic ventilated and saline-challenged, isocapnic
ventilated tracheal segments was observed, indicating that aerosol challenge by itself
does not induce MVL. The fact that histamine aerosol induced EB extravasation
indicates that the microcirculation of the tracheal segment following surgery was
sufficiently intact to allow changes in protein extravasation to occur. The degree of
airway MVL induced by aerosol histamine challenge was in accordance with that

described by Inoue and colleagues (Inoue et al., 1997).
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At any one time the extent of EB extravasation in the trachea will be determined by the
permeability of the tracheal microvasculature and by tracheal microvascular pressure
(Persson, 1987). The latter will vary with changes in tracheal blood flow and vascular
resistance. It has been established that in the skin, vasodilators potentiate plasma
exudation by increasing local blood flow (Brain & Williams, 1985) and
vasoconstrictors attenuate the vascular response by decreasing blood flow at the
inflamed site (Beets & Paul, 1980). From these early studies it was generally
concluded that decreases and increases in systemic blood pressure equated to a
respective increase or decrease in regional blood flow within the tracheal circulation,
and thereby influenced MVL. However, several studies have shown that vasodilators
and vasoconstrictors are unable to potentiate or attenuate plasma exudation within the
airways (Takahashi ef al., 1993; Lotvall ef al., 1992; Svensson ef al., 1992; Rogers et
al., 1988). Moreover, in a recent study, by measuring tracheal mucosal blood flow
directly, Cui and coworkers demonstrated that an increase in systemic blood pressure
led to increased tracheal blood flow and potentiated plasma exudation in the guinea pig

trachea (Cui ef al., 1999).

In the present study, the changes in EB extravasation could have been due to changes in
vascular permeability, microvascular pressure, or both. Aortic blood pressure is
considered the most important inflow pressure for the tracheobronchial circulation and
may provide some information on possible hydrostatic pressure changes in the tracheal
microcirculation. In the present guinea pig preparation cannulation of the carotid artery
to monitor systemic arterial blood pressure was not performed, however, left ventricular
systolic pressures were measured. Systolic blood pressure, in all treatment groups, was
similar to those reported in conscious chronically instrumented guinea pigs (Hosenpud

et al., 1983). Therefore, it would appear that the observed increase in MVL following
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cytokine treatment resulted from a change in vascular permeability rather than an

increase in tracheal microvascular pressure or blood flow.

As the upper airways were bypassed by the surgical protocol, thereby eliminating the
natural mechanisms of heating and humidification during inspiration (Hanna & Scherer,
1986), conditioned inspiratory gases were used to prevent deleterious changes in lung
function that occur with airway drying and cooling (Ray et al., 1991; Freed et al.,
1987). The degree of heating and humidification employed was comparable to that
measured in the upper trachea and carina regions of human and canine lungs (Ray et al.,
1989; Gilbert et al., 1987). The use of conditioned inspirates has been shown by others
not to increase EB extravasation in the guinea pig airway (Garland et al., 1991), and

confirmed by my previous study (Reynolds et al., 1992).

No significant changes in Cayn Were observed in any treatment group throughout the
experimental procedure, illustrating the stability of the experimental technique and the
benefit of examining airway MVL without any confounding systemic effects. For
example, histamine-induced bronchoconstriction following aerosol challenge was
avoided. Our baseline values for Cgyn in mechanically ventilated guinea pigs are in
agreement with those reported by others (Lotvall er al., 1990). Adequacy of
mechanical ventilation was confirmed by the arterial blood gas measurements. Body
temperature corrected values were within the normal ranges for both conscious (Hart et
al., 1984) and anaesthetized guinea pigs (Brown et dl., 1989; Bar-Ilan & Marder, 1980).
Arterial blood gas values were corrected for temperature (Kelman & Nunn, 1966) due
to the temperature difference between the arterial blood sample and the arterial blood

gas analyzer.
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Evans blue binds avidly to circulating albumin (Saria & Lundberg, 1983) and has been

used extensively to quantify plasma extravasation in the guinea pig airway (Rogers et
al., 1989a). Evidence suggests that mediators of MVL act directly on the endothelium
of post-capillary venules by contracting endothelial cells thereby opening intercellular
gap junctions leading to MVL (McDonald, 1994; Jofis et al., 1987; Majno et al., 1969).
The exact mechanism by which these cytokines are able to induce MVL in the guinea

pig trachea remains to be determined.

Vascular permeability is dependent on intracellular Ca™ mobilization and the activation
of a cascade of calcium-dependent mechanisms downstream from this initial rise in
[Ca™]; (Michel & Curry, 1999). That is phosphorylation of myosin light chains by
MLCK, increased tension developed by actin-myosin interactions and the formation of

intercellular gaps by endothelial cell contraction (McDonald, 1994; Joris ef al., 1987).

Research by others has demonstrated that Ca™ mobilization from internal stores is a
critical event in the initiation of microvascular permeability (Chetham et al., 1999), and
the magnitude of the initial peak in the [Ca'']; is proportional to the increase in
permeability (Michel & Curry, 1999). Furthermore, it has also been observed that
leukocyte-endothelium interactions, in cultured endothelial cell monolayers, induce
transient increases in [Ca™"]; and are associated with increased permeability (Huang et

al., 1993).

Dermal injection of IL-1p and TNFa in the rat, induce vascular leakage in post-
capillary venules (Yi & Ulich, 1992) with the accumulation of intra-and peri-vascular
neutrophils. Therefore it is tempting to speculate, in conjunction with my results

obtained in Chapter 7, that tracheal exposure to TNFa, and IL-1B may enhance internal
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Ca"™ mobilization in endothelial cells, disrupt endothelial cell-to-cell contacts (Del
Maschio er al., 1996), thereby increasing vascular permeability with plasma
extravasation. Histological examination of the isolated tracheal segment following

IL-1B and TNFa exposure may have provided evidence for such a mechanism.

In summary, the present study demonstrates that the pro-inflammatory cytokines, TNFo
and IL-1f induce significant MVL in the guinea pig trachea. The significance of this
finding is that, in acute exacerbations of life threatening asthma the release of
preformed TNFa and IL-1B from resident mast cells in the smooth muscle of small
airways (Carroll er al., 2001) may induce neutrophil transmigration with plasma
extravasation (Carroll et al., 1996) leading to an increase in airway wall mucosal
thickness. This being in addition to the long term proliferative actions of plasma borne
mediators on ASM (Roth et al., 2000) and its surrounding ECM (Johnson et al., 2000)

by repeated episodic plasma extravasation.

An acute increase in airway wall mucosal thickness by itself may have little effect on
airway resistance (Hogg er al., 1987), however, in the presence of smooth muscle
contraction will induce profound airway narrowing (Pare & Bai, 1995). This enhanced
narrowing may be so severe as to completely occlude the airway, a phenomenon

observed in sudden-onset fatal asthma (Sur et al., 1993).
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Chapter 9 Discussion and future directions

9.1 General discussion

Advances in the understanding of the pathophysiology of asthma and AHR have
occurred by employing various animal models, leading to the development of
innovative concepts and new therapeutic initiatives that can be applied to man.
However, as with all non-human species, differences in some aspects of airway

physiology and biochemistry from man will occur.

In our laboratory we have established the ovine model of allergic bronchoconstriction
described by Abraham and colleagues. Using this model we found evidence for a role
for C-fibre afferents and tachykinins in the mediation of the acute response to allergen.
Following that study, a systematic in vivo study of the effects of exogenously applied
tachykinins on ovine bronchoconstrictor responses was undertaken. This study begins
this thesis where the findings indicate that intravenous SP causes transient broncho-
constriction in sheep, that this is an NK; receptor mediated response acting via
cholinergic mechanisms, given the sensitivity of the SP bronchoconstrictor response to
an NK; antagonist and atropine (Rice et al, 2001). And furthermore, the
bronchoconstrictor response is rapidly abolished by SP degradation and the induction of
tachyphylaxis. No evidence was found for histamine or prostaglandin involvement in
the acute response, or any evidence to suggest a delayed increase in Ry, which may

implicate vascular or inflammatory cell responses.

The in vivo effects of SP in sheep appear at variance with those observed in humans. In

man it is generally perceived that in vivo tachykinin-induced bronchoconstriction is via
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a direct effect on ASM predominantly mediated by NKj receptors, as NKA is far more

potent than SP. However, on closer scrutiny of the published human data it is apparent
that very large doses of NKA were required to induce bronchoconstriction, being much
greater than that for SP (Evans et al., 1988a). Furthermore, in vivo NKA-induced
bronchoconstriction is partly inhibited by nedocromil sodium (Crimi et al., 1992; Joos
et al., 1989b) and antimuscarinic agents (Crimi et al., 1990; Joos et al., 1988), both
indicating an indirect effect. In vitro, tachykinins contract human bronchi
predominantly via NK receptors with NKA being more potent than SP (Advenier et al.,
1992; Naline ef al., 1989; Black et al., 1988). Therefore, in order to determine whether
these apparent discrepancies result from significant species differences between human

and ovine ASM, formal in vitro contractility studies were conducted.

Studies of in vitro ASM contractility provide valuable information on airway
pharmacology (Hulsmann & de Jongste, 1993). However, for this information to be
useful in determining significant differences between control tissue and that subjected to
various pharmacological interventions, formal baseline studies are required to assess the
reproducibility of contractile responses to various agonists i.e. the within and between
sheep variation. From the length-tension studies conducted in this thesis, the optimal
load required for ovine tracheal smooth muscle strips was between 2.5 and 3.5 grams,
while that for bronchial ring preparations was between 4 and 5 grams. These values are
in agreement with those determined by others in isolated ovine airways (Abraham e al.,
1996; Jackowski et al., 1993; Sheller & Brigham, 1982). In ovine parenchymal strip
preparations the load required to produce maximal isometric force was between 3.5 and

4.5 grams, again similar to published values for this species (Sheller & Brigham, 1982).
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Furthermore, the results obtained in Chapter 4 provide an insight into the reproducibility
of contractile responses in ovine ASM and the viability of the ovine tracheal smooth
muscle preparation. Reproducible contractile responses, both within and between
sheep, to various agonists were obtained in ovine ASM preparations provided Emax is
normalized to wet tissue weight or to a reference contraction, thus avoiding any
confounding effects introduced by non-uniform tissue size. Significant relationships
have also been demonstrated by others between smooth muscle volume and maximal
isometric force generation in bronchial strip preparations (Armour et al, 1988).
Moreover, ovine tracheal smooth muscle strips remain viable for several days following
storage in cold oxygenated buffered K-H solution. Given the minimal between and
within sheep variability in ASM responsiveness, the ovine smooth muscle preparation
provides a sensitive model in which detectable changes in contractile properties are

possible following pharmacological intervention.

In ovine tracheal smooth muscle tachykinin-induced contraction in vitro appear to be
predominantly mediated by tachykinin NK, receptors, although, tachykinin NK,
receptors also appear to be involved. Substance P and NKA contractions did not exhibit
tachyphylaxis and were not mediated by cholinergic mechanisms. However, a
significant cholinergic component was present in [Sarg,Met(Oz)“]—SP induced tracheal
smooth muscle contractions and exhibited tachyphylaxis. This may reflect the
activation of NK; facilitatory receptors at parasympathetic ganglia (Belvisi ef al., 1994)
or on post-ganglionic nerves (Watson et al., 1993). In ovine trachea, parasympathetic
ganglia are concentrated between tracheal cartilaginous rings and post-ganglionic
nerves pass into the trachealis muscle, the ganglia become less abundant in small

bronchi, being located near bronchial divisions (Smith & Taylor, 1971).
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In bronchial ring segments significant contractile responses were only obtained to SP
and the specific NK; receptor agonist, whereas NKA and NKB were relatively inactive.
The NK; receptor mediated contractions in bronchial smooth muscle were neither
tachyphylactic nor cholinergically mediated. In parenchymal tissue the ability of

tachykinins to induce any contractile response was negligible.

This regional shift in mechanisms mediating tachykinin-induced ASM contractions in
sheep may at first appear at variance with human in vitro data. Early studies on human
bronchial smooth muscle demonstrated that tachykinin-induced contractions were solely
mediated by tachykinin NK, receptors (Advenier et al., 1992; Naline et al., 1989),
however, with the advent of more specific NK; receptor agonists a later study by the
same authors, revealed NK; receptors mediated contractions in small diameter human
bronchial preparations. Moreover, their later study demonstrated that the contractile
responses were small in magnitude, subject to tachyphylaxis and were mediated by
prostanoids (Naline ef al., 1996). Marked regional sensitivity to tachykinins has been
demonstrated by others in isolated canine bronchial segments (McKay et al., 1992) and
parenchymal tissue in the guinea pig (Uchida ef al., 1987; Foreman et al., 1985) and

mouse (Brandolini et al., 2000).

In light of the present in vitro results, the lack of a direct NK, mediated broncho-
constrictor effect to SP in vivo, may simply reflect the relatively small amounts of SP
reaching tracheal NK; and bronchial NK; smooth ruscle receptors, since a significant
proportion of both the aerosol and intravascular SP doses would be inactivated by NEP
and angiotensin-converting enzyme (Joos et al., 1994). Moreover, intravascular SP may
induce bronchoconstriction by principally activating NK; in abundant tracheal

parasympathetic ganglia, ultimately resulting in the prejunctional release of ACh from
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postganglionic nerves (Belvisi et al., 1994; Watson et al., 1993), before the SP is

inactivated by NEP. The observed tachyphylaxis to SP in vivo may result from the
released ACh activating pre-junctional cholinergic M, autoreceptors providing a

“braking mechanism” for vagally mediated ACh release (Pendry, 1993).

Overall, tissue sensitivity as reflected by the pD, values for the various contractile
agonists studied in ovine tracheal smooth muscle are in closer agreement to those
determined in isolated human bronchi (Qian et al., 1994; Knight et al., 1990; Naline et
al., 1989; Cerrina et al., 1989) than for rabbit and guinea pig ASM (Goroumaru-Shinkai
et al., 1992; Devillier et al., 1988; Advenier et al., 1987) (Table 5.13). Given the
considerable similarity between ovine and human ASM pharmacology, in the absence
of available human tissue, the ovine tracheal smooth muscle preparation would be an
ideal animal model for examining the effect of pharmacological interventions on

bronchoconstrictor responses.

It is well recognized here, and by others that airway preparations of bronchial rings,
tracheal and parenchymal strips do not represent “pure” ASM preparations, as other
non-contractile and non-airway contractile elements are present, such as cartilaginous
tissue, small peripheral blood vessels (Drazen & Schneider, 1978),(Finney et al., 1984)
contractile interstitial cells (Kapanci et al., 1974), and alveolar ducts (Drazen &
Schneider, 1978). An abundance of cartilaginous structure in the airway may
underestimate the contractile force generated depending on the stimuli (Chitano et al.,
1993), whereas the presence and distribution of non-airway contractile elements may
lead to inconsistent responses within and between species (Hulsmann & de Jongste,
1993). However, given these confounding effects studies using these airway

preparations provide valuable additions to our current knowledge of airway function.
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Following the in vitro characterization of contractile responses in ovine airways there
was a shift in interest of this thesis from the role of tachykinins in AHR and
inflammation to a study of the mechanisms by which pro-inflammatory cytokines
induce AHR. As previously stated, the development of AHR has been linked to the
presence of airway inflammation (Hogg ef al., 1991). However, the mechanism by
which inflammation leads to AHR remains elusive. The remainder of this thesis is
devoted to an examination of the effects of the pro-inflammatory cytokines, TNFou and
IL-1B, on two mechanisms considered to be important in the development of AHR.
Namely, i) an increased contractility of ASM and ii) the development of MVL.
Although it is likely a number of cytokines are able to induce AHR and different
cytokines may assume greater importance in different subsets of asthma, TNFa and

IL-1P will be the cytokines of choice to study this phenomenon.

Tumour necrosis factor-o. is a ubiquitous cytokine in inflammation, and has been
postulated to have a fundamental role in airway inflammation in asthma and the
development of AHR (Shah ef al., 1995; Kips et al., 1993a). In vivo AHR has been
demonstrated in sheep following TNFa infusion (Wheeler et al., 1990). Whether this
AHR results from a direct effect of the cytokine on ASM contractility, or via changes in
airway wall structure leading to exaggerated airwéy narrowing was not determined.
Using the considerable expertise gained thus far in my studies of bronchoconstrictor
responses in ovine airways, experiments were designed to examine the effect of TNFa
and IL-1P on ovine ASM contractility, in vitro. A range of concentrations for both
IL-1p and TNFo were used, based on what may be considered to be effective in various

biological systems (Hakonarson et al., 1996; Horie ef al., 1996; Anticevich et al., 1995;
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Tamaoki et al, 1994; Wills-Karp et al, 1993b). The results of this series of

experiments clearly demonstrate that TNFo enhances ACh contractility in ovine
tracheal smooth muscle and that this effect is synergistic in the presence of IL-1p,
which by itself has no effect on ASM contractility. Synergism becomes apparent when

optimised concentrations of TNFa are in excess (10 to 100-fold) of those for IL-1p.

In subsequent investigations in this thesis, attention was directed towards elucidating
the mechanisms by which TNFo and IL-1B enhance ovine in vitro smooth muscle
contractility. Once again ovine tracheal strips were incubated in media containing
IL-1p and TNFa at concentrations considered to be maximally effective. Following
incubation the strips were prepared for in vitro studies of isometric contraction in
response to the cumulative addition of ACh, NKA and histamine. Pre-incubation with
TNFa and IL-1P caused an increase in both the responsiveness (increased Epa) and
sensitivity (decreased pDy) of ASM to ACh and NKA, whereas, histamine contractility
remained unchanged following cytokine incubation. Neurokinin A contractility in the
presence of phosphoramidon indicated that the enhanced contractility following

cytokine exposure was not due to a reduction in endogenous NEP activity.

The enhanced contractility to ACh and NKA may result from an alteration in M3 or
NK, receptor function or an increase in expression of these cell surface receptors. In
the case of the former, the present study demonstrated no differences in M3 and NK,
receptor antagonist affinity values between control and cytokine treated tissue. As for
cytokine treatment increasing cell receptor numbers, several research groups have
demonstrated that incubation of tracheal smooth muscle IL-1p or TNFa either caused a

decrease or no change in muscarinic receptors (Hakonarson et al., 1996). Thus the
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occurrence of either mechanism being responsible for enhanced muscle contractility

appears unlikely.

Removal of extracellular Ca™ attenuated the contractile response to low concentrations
of ACh in control and cytokine pretreated tissue. However, enhanced contractility
following TNFa and IL-1p pretreatment was still present, providing evidence that the
mechanism involves an augmentation in intracellular Ca'™ mobilization. The
observation of diminished contractile responses fo ACh, especially at low agonists
concentrations, in calcium-free K-H is not surprising as this has previously been
described by others in bovine and guinea pig tracheal smooth muscle (Creese &

Denborough, 1981; Kirkpatrick et al., 1975b).

In calcium-free K-H solution the contractile response to histamine in tracheal muscle
strips was virtually abolished. This suggests that histamine contractions in ovine ASM
are predominantly mediated by extracellular Ca”™ influx, an observation that has been
made in other species including man (Black et al., 1986; Creese & Denborough, 1981;
Kirkpatrick, 1975a).  Furthermore, the lack of an enhancement to histamine
contractility following cytokine pretreatment appears to reflect agonist-specific

differences in post-receptor signalling pathways that mediate ovine ASM contraction.

The present results seem at variance to a recent study by Sukkar and colleagues (Sukkar
et al., 2001). In their study co-incubation of isolated human bronchi with TNFa and
IL-1B abolished the in vitro AHR observed following TNFa incubation, rather than
demonstrating synergism. Although these differences may be species related, variations

in methodologies are apparent. In the present study isolated ASM preparations were

obtained from healthy sheep in the absence of anaesthetic agents. Whereas for the
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human study, bronchial tissue (albeit non-sensitised) was obtained from lung
transplantation and surgical resections for lung carcinoma, the latter known to be
hyperresponsive to cholinergic agonists (Armour et al., 1996). Furthermore, volatile
anaesthetics are known to attenuate increases in [Ca'"']; evoked by contractile agonists
predominantly by attenuating Ca'" release from the SR rather than extracellular Ca™
influx (Karaki et al, 1997). Differing cytokine concentrations were employed.
Whether human ASM incubated with higher concentrations of TNFa. produced further
hyperresponsiveness was not evident. Perhaps valuable nutrients required to elicit
synergism were missing as the human ASM was incubated in a physiological salt
solution rater than in tissue culture medium. Therefore, it remains to be determined
whether these differences in the induction of in vitro AHR following cytokine

incubation are species, disease or methodologically related.

The results of this thesis clearly demonstrate that IL-1p and TNFa act synergistically to
enhance smooth muscle contractility to particular agonists, by affecting signal
transduction pathways that mediate ASM contraction. Nevertheless, it remains to be
determined whether pro-inflammatory cytokines can also affect airway microvascular
permeability. This may be important during acute exacerbation of asthma, where
peribronchial oedema may induce rapid airway instability by unlinking the airways
from the parenchyma, leading to life threatening brdnchoconstriction (Macklem, 1990).
With this in mind, an isolated section of guinea pig trachea was challenge with an
aerosol of TNFa and IL-1B in order to replicate local cytokine release, and determine

their effect on vascular permeability in the extensive subepithelial microvascular plexus.

In this surgical mode, EB extravasation was quantitated in the ITS, in anesthetised

mechanically ventilated guinea pigs. The advantage of this model is that it allows
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prolonged exposure of this segment to various agents without causing adverse systemic
effects. The present study is the first to demonstrate that an aerosol of IL-1B and TNFa
induces airway MVL in the guinea pig trachea. However, due to time constraints the
mechanism by which this occurs was not determined. Vascular permeability is
dependent on intracellular Ca"™" mobilization and the activation of a cascade of calcium-
dependent mechanisms downstream from this initial rise in [Ca™); (Michel & Curry,
1999), ultimately leading to increased tension developed by actin-myosin interactions
and the formation of intercellular gaps by endothelial cell contraction (McDonald, 1994;
Joris et al., 1987). Furthermore, others have demonstrated that Ca"™ mobilization from
internal stores is a critical event in the initiation of microvascular permeability
(Chetham et al., 1999), and the magnitude of the initial rise in [Ca™); is proportional to
the increase in permeability (Michel & Curry, 1999). Therefore, in view of the results
obtained in the ASM contractility studies, it is tempting to speculate that tracheal
exposure to TNFa and IL-1B may enhance internal Ca™ mobilization in endothelial
cells, triggering intercellular gap formation, and thereby increasing microvascular

permeability with plasma extravasation.

The findings of the present thesis clearly demonstrate that the pro-inflammatory
cytokines, TNFo and IL-1pB, modulate two aspects of airway function considered to be
important in the development of AHR. These being i) enhancing ASM contractility and
ii) increasing MVL, and that in the former the mechanism involves an augmentation in
intracellular Ca™ mobilization. The above effects being in addition to any diminution
in ASM relaxation responses (Hakonarson et al., 1996; Koto et al., 1996; Munakata ef
al., 1996; Wills-Karp et al., 1993b). While the simultaneous effect of these pro-

inflammatory cytokines on AHR and MVL was not determined in vivo, functional
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correlates between the degree of plasma extravasation and AHR have been documented

in both human and animal studies (Kimura ef al., 1992; Van de Graaf ef al., 1991).

Although the heightened in vitro contractility appears minimal, one would predict even
greater ASM shortening in vivo, (and hence airway narrowing) due to the ASM being
loaded auxotonically. And while an acute increase in airway wall mucosal thickness by
itself has little effect on airway resistance (Hogg ef al., 1987), in the presence of smooth
muscle contraction will induce profound airway narrowing (Pare & Bai, 1995). The
ability of TNFa and TL-1p to induce MVL is of potential clinical significance in cases
of sudden-onset fatal asthma. In these individuals there is much accumulated evidence
to suggest an involvement of the microvasculature in the fatal outcome. In sudden
death asthma the airway submucosa contains increased numbers of neutrophils, both
intravascular and extravasated, (Carroll et al., 1996; Sur et al., 1993) with the
inflammatory infiltrate being polarized to the vascular adventitia adjacent to airways
(Saetta et al., 1991). Therefore, the localized release of TNFa and IL-1p in acute
severe exacerbations of asthma (Tillie-Leblond ef al., 1999) may induce marked airway
wall oedema that uncouples the airway from the parenchyma to such an extent that
ASM contraction can be so severe as to completely occlude the airway (Macklem,

1990), a phenomenon often observed in sudden-onset fatal asthma (Sur et al., 1993).

9.2 Future directions

In ASM contraction, agonist-receptor binding results in the hydrolysis of PIP; to IP3
which in turn binds to specific IPsR on intracellular Ca™ stores (such as the SR) leading
to the release of Ca™" and ultimately contraction (Schramm & Grunstein, 1992). In the

contractile compartment of smooth muscle cells, [Ca™]; is primarily determined by the
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balance between the release of Ca’ from the SR and the re-uptake via the sarco-

endoplasmic reticulum Ca""-ATPase pump (SERCA) (Karaki et al., 1997).

Of particular significance in the present study is the finding that TNFa and IL-1B
enhance ASM responsiveness to agonists that induce contraction via a mechanism not
solely dependent on extracellular Ca"™ influx. It had long been suspected that an
alteration in Ca"™" mobilization may mediate AHR, principally by enhanced Ca"" influx
(Black et al., 1989; Middleton, 1984). The .present results demonstrate that
cytokine-induced AHR involves an alteration in intracellular Ca"™ mobilization,

possibly by either an enhanced release of Ca'™ from the SR or a sustained elevation in

[Ca++] i.

Amrani and colleagues demonstrated, in cultured tracheal smooth muscle cells, that
agonist-induced increases in [Ca™]; were enhanced by TNFa and IL-1B pretreatment
(Amrani ef al., 1997), and in the case of TNFa, this augmentation was mediated by
increased IP; accumulation (Amrani ef al., 1997) and a decreased Ca™" re-uptake by
SERCA pumps (Amrani ef al., 1996). While a variety of physiological responses are
mediated by signal transduction pathways that involve the release of Ca'™" following IP3
binding to specific IP;R on the SR, little is know about IP3R regulation. Therefore, it is
tempting to speculate that IL-1p and TNFo may also affect intracellular Ca™

mobilization by altering IPsR function.

The IPsR is encoded by 3 different genes resulting in the production of 3 receptor
subtypes or isoforms, (IP;R-1, IP;R-2 and IP3R-3). The relative abundance or
expression of each receptor subtype appears to be tissue- and development-specific

(Wojcikiewicz, 1995; Newton ef al., 1994). The IPsR subtypes form a heterotetrameric
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protein complex in the SR membrane, which act as Ca™ channels (Monkawa et al.,
1995) (Figure 9.1). While all receptor subtypes exhibit similar specificity for inositol
phosphates, each differs in its affinity for IP; (Newton ef al., 1994). More recent studies
have demonstrated that the ability of IP; to release Ca"™ from intracellular stores is
determined by the differential expression of the IP3R subtypes in the heterotetrameric

IP;R complex (Miyakawa et al., 1999; Wojcikiewicz & Luo, 1998).

Therefore, one possible mechanism for the enhanced intracellular Ca™ mobilization
following TNFo and IL-1p exposure may result from their ability to modulate the
differential expression of IP3R subtypes within the cell. This aspect is perhaps best
studied by employing molecular biology techniques. Using quantitative reverse
transcriptase-polymerase chain reaction techniques; experiments can be conducted in
cultured cells of interest, such as ASM and vascular endothelial cells, to determine the
effect of IL-1B and TNFa incubation, alone or in combination, on the differential
expression of IP3R-1, [P3R-2 and IP3R-3 mRNA. Follow these studies, Western blot
analysis using specific antibodies against the IP3R—1; IP;R-2 and IP;R-3 proteins, should
be performed to confirm that any change in the differential expression IP3R subtypes
mRNA, induced by these cytokines, does in deed translate to an altered expression at

the protein level.

Presently, the physiological significance of an alteration in the differential expression of
IPsR subtypes remains to be determined, however, it is thought that it may modulate
intracellular Ca'™ release (Miyakawa et al., 1999). Therefore, the above studies should
be extended to include functional studies to characterize the effect of an altered IP;R
subtype expression, induced by cyfokine treatment, on intracellular Ca'™" releasability.

Calcium ion mobilization studies first involve loading the intracellular Ca'™ stores by a
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Figure 9.1 Diagrammatic representation of the inositol triphosphate receptor,

illustrating the Ca™ channel formed by a combination of the three IP;R subtypes

(IPsR-Ts) into an heterotetrameric complex.
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brief incubation period with either radiolabelled #Ca*™" or fluorescent-labeled Ca'™, such
as Fura-2 or Indol-1. Then exposing the cells to agonists of interest, in the present case
IP; the intracellular agonist for the IP;R, and finally determining the amount of labeled
Ca'™ released into the cytoplasm. Loading intracellular stores with $Ca™ being
preferable since fluorescent monitoring of [Ca™); is limited by various factors such as,
interference in the fluorescent signal by endogenous fluorescent substances and rapid

leakage of Fura-2 from the cell (Karaki et al., 1997).

Following *’Ca™ loading in cells of interest (e.g. cultured ASM and vascular
endothelial cells of known IP;R subtype expression) formal dose-response studies of IP;
concentration on Ca'" release would be conducted. The results of which would provide
evidence as to whether an alteration in the differential expression of IP3R subtypes
confers a change in sensitivity of the IP3 receptor to release Ca'™ from intracellular
stores. In view of the results of the present thesis, such an increase in sensitivity of the
IP;R to the second messenger IP3, in both vascular and ASM cells may result in the
augmentation of agonist-induced responses, including increased MVL and enhanced
smooth muscle contractility. Moreover, in an asthmatic this may predispose the
individual, during acute exacerbations, to exaggerated life threatening broncho-
constrictor responses following exposure to a variety of stimuli. However, this remains

to be established.
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Appendix A Enlarged cytokine incubation graphs
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