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ABSTRACT

INVESTIGATION OF ARACHIDONIC ACID

METABOLISM IN CHRONIC OBSTRUCTIVE

PULMONARY DISEASE (HEAVES) OF PONIES AND HORSES

By

Peter Royston Gray

Chronic obstructive pulmonary disease, or "heaves," is a spontaneously

occurring pulmonary disease of horses and ponies characterized by repeated episodes

of airway obstruction and airway hyperresponsiveness. To determine whether there

are alterations in arachidonic acid metabolism during the occurrence of this disease,

I first measured plasma and bronchoalveolar fluid concentrations of the arachidonic

acid metabolites, 15-hydroxyeicosatetraenoic acid (15-HETE), thromboxane(Tx) A2

(as Tsz), prostaglandin(PG) I2 (as 6-keto-PGF1a), and PGD2 (as 9a,113-PGF2).

Plasma lS-HETE and TxA2 concentrations increased significantly in the affected

ponies during airway obstruction. To determine the potential importance of the

increase in plasma Tsz in development of airway obstruction and hyperresponsive-

ness, I measured pulmonary function and airway responsiveness in affected and

control ponies prior to and following cyclooxygenase inhibition with flunixin

meglumine. Inhibition of TxB2 production did not prevent the development of airway

obstruction or hyperresponsiveness. I concluded from these data that plasma TxAz,

although increased, was not important in the development of the disease. To

determine whether the lung was the source of the lS-HETE measured in jugular

blood samples, I simultaneously collected blood samples from the right ventricle and



carotid artery. Fifteen-HETE concentrations in carotid artery blood samples were

significantly greater than those in right ventricular blood samples, and carotid artery

blood 15-HETE concentrations were significantly greater in affected ponies compared

to controls. I concluded that the lung was a source of 15-HETE production and that

this production was increased in affected ponies compared to controls. I next at-

tempted to determine the site of the increased production of 15-HETE within the

lung. Evidence from experiments with human tissue suggested that tracheal

epithelium is a major source of 15-HETE, especially in asthmatics, so I developed an

in-vitro technique for determining the profile of arachidonic acid metabolites

produced by equine tracheal epithelium. In the final experiment, I utilized this

technique to measure 15-HETE and PGE2 production by tracheal epithelium

collected from affected horses during clinical disease and from control horses housed

in the same environment. Tracheal epithelium was not a significant source of 15-

HETE in either group of horses. Prostaglandin E2 production by airway epithelium

was similar in both groups, but PGEZ production by subepithelial connective tissue

stimulated with 50 uM bradykinin was significantly greater in control animals. I

concluded from this that the tracheal epithelium was not the source of the increased

concentrations of 15-HETE measured in carotid blood samples from affected ponies.

The significance of the decreased PGEZ production by subepithelial tissues in

principal horses remains to be determined.
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INTRODUCTION

Chronic obstructive pulmonary disease of horses and ponies is not a new

disease, having been first described by Aristotle in 333 BC. It is an important

disease for the equine industry both financially, due to the cost of treating

affected animals, and emotionally, due to its tendency to affect older animals

and to shorten the careers of otherwise sound performance animals. Its

importance to the equine industry is matched by its potential importance in the

area of comparative pulmonary pathophysiology.

Equine and human lungs are anatomically similar, and chronic

obstructive pulmonary disease is a naturally occurring disease of domestic

animals that has the potential to serve as a model for human asthma.

Characteristics shared by both diseases include the natural occurrence,

intermittent episodes of airway obstruction, non-specific airway hyper-

responsiveness, the presence of pulmonary inflammation and excessive mucus

production during disease episodes, and the response of affected individuals to

treatment with corticosteroids, anticholinergic drugs such as atropine, and some

beta agonists.
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While equine COPD is potentially a useful model for asthma in humans,

human asthma has, in turn, served as a model for directing and focusing

research into COPD of horses. Much of the information contained in the

literature review that follows has been derived from studies in human

asthmatics, as has the impetus to investigate the potential involvement of

arachidonic acid metabolites in the pathogenesis of equine COPD. The

expectation of this research was that, if similar alterations in arachidonic acid

metabolism occurred in both species, equine COPD could serve as a useful

model for determining the potential significance of those changes in human

asthmatics.

The possible involvement of inflammatory mediators, and arachidonic

acid metabolites in particular, in the pathogenesis of asthma has received a

great deal of attention. Lung tissues collected from asthmatics show marked

airway inflammation, with disruption of airway epithelium, and increased

numbers of inflammatory cells are present in bronchoalveolar lavage fluid

samples collected during disease episodes. Similar changes have been reported

in lung tissue and bronchoalveolar lavage fluid samples collected from horses

and ponies with COPD. Altered arachidonic acid metabolism has also been

reported in human asthmatics, with increased production of both lipoxygenase

and cyclooxygenase metabolites during disease episodes, but as yet, no

equivalent studies have been performed in ponies or horses with COPD. The

purpose of my work was to begin this examination of arachidonic acid

metabolism in equine COPD, using the results of human asthma research as a
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guide. My initial objective was to determine whether any measurable

alterations in arachidonic acid metabolism could be detected during the acute

disease phase. If changes were detected, the next step was to attempt to block

production of the identified metabolite and determine what effect this had on

the occurrence of the disease. If no suitable antagonist or inhibitor was

available, the alternative was to identify the source of the altered arachidonic

acid metabolism to determine whether production of that particular metabolite

at that site could account for any of the observed symtoms.

During the course of my research, increasing attention began to focus on

the possible role of airway epithelium and its metabolites in the pathogenesis

of human asthma. Tracheal epithelium was shown to produce factors that

modulated airway smooth muscle responsiveness (as measured by a left shift in

the dose response curve), and in some species, these substances appeared to be

arachidonic acid metabolites. Since human airway epithelium was a source of

one of the metabolites which I had shown to be increased in ponies with COPD,

the final part of my research was directed towards developing a method for

examining arachidonic acid metabolism in equine tracheal epithelium to see

whether this was the source of that particular metabolite, or of other epithelial-

. derived arachidonic acid metabolites that had been shown to alter airway

smooth muscle responsiveness.



CHAPTER]

LITERATURE REVIEW

In this review I will initially discuss the clinical and histological features

of chronic obstructive pulmonary disease in horses and ponies. Since non-

specific airway responsiveness is a feature of both equine COPD, and human

asthma, I will then discuss potential mechanisms by which this hyperresponsive-

ness is thought to occur, focusing finally on the possible contribution of

inflammatory mediators. In the next section I will briefly describe the

inflammatory mediators and cells that have been postulated to play a role in

the pathogenesis of asthma, before covering in greater detail arachidonic acid

metabolites and their possible role in allergic airway disease. The review will

then conclude with a discussion of airway epithelium and its potential role in

modulating airway smooth muscle reactivity.

Heaves/Chronic Obstructive Pulmonary Disease

Heaves is a term applied to a complex of clinical signs rather than to a

specific disease.“ It is used to describe a horse or pony with a chronic

respiratory disorder exhibiting some or all of the following: exercise intolerance,
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intermittent or chronic purulent nasal discharge, cough, and dyspnea character-

ized by an accentuated abdominal effort at end expiration?"284 A variety of

synonyms for the condition exist, including chronic obstructive pulmonary

disease, recurrent airway obstruction, broken wind, chronic bronchitis, chronic

bronchiolitis, equine pulmonary emphysema, and chronic alveolar emphy-

sema.3‘"55'284 I have chosen to use the term chronic obstructive pulmonary

disease (COPD) in this section since it most accurately describes the disease

present in the ponies and horses used in my studies. These animals exhibited

repeated episodes of dyspnea and exaggerated respiratory effort when housed

in a barn and these signs were accompanied by evidence of airway obstruction

and airway hyperresponsiveness.

Epidemiology. Chronic obstructive pulmonary disease is associated with

housing or confinement. It is common in countries where horses are fed hay

and stabled for long periods of time and rare in warmer areas where animals

are able to be kept outside on grass year round.“ The disease incidence

increases with age, but there appears to be no breed, sex, or genetic predisposi-

tion to the condition.238

Etiology. The causes of COPD are unknown, but proposed factors

include exposure to allergens, prior respiratory infection, and pneumotoxin

ingestion}4 Although it is unlikely that any one factor is responsible for the

disease, the strongest evidence supports an allergic basis to the disease in many

cases, while the evidence for other contributing factors such as pneumotoxin

ingestion or viral infection is largely circumstantial.
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Allergen exposure. Lowell was the first to show a relationship between the

occurrence of acute disease and the feeding of hay, and he suggested that the

disease was precipitated by the inhalation of "heaves producing factors" in

hay.215

Horses with COPD have a significantly greater percentage of positive

reactions to aerosol or intradermal challenge with extracts of common

environmental thermophilic moulds and fungi than do unaffected animals!“239

The two most commonly implicated antigens are Micropolyspomm faeni and

Aspergillus fumigatus,141 and the greatest number of reactions are associated with

M. faeni challenge. M. faeni has been associated with farmers lung in humans,

a form of hypersensitivity pneumonitis.“ Factors that increase environmental

contamination with these antigens, such as inadequate ventilation or feeding

poor quality (dusty/mouldy) hay, are associated with an increased incidence of

COPD.238 A similar association between COPD and environment was seen with

‘35 Airway obstruction, exhibited asthe affected animals used in my studies.

increased pulmonary resistance and decreased dynamic compliance, airway

hyperresponsiveness to aerosol histamine, and hypoxemia could be repeatedly

induced by placing these animals in the barn and feeding them poor-quality

hay. Remission of symptoms occurred when they were returned to pasture and

not exposed to hay or dust. The same response has been observed in previous

studies utilizing a similar group of affected animals.‘5"“"82’29‘S

However, an allergic response to environmental antigens is unlikely to

be the sole cause of the disease. Lawson et al. demonstrated that precipitins to
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M. faeni andA. fumigatus are not restricted to animals with heaves, while animals

without precipitins develop clinical signs of heaves.203 In addition, experimental

sensitization of ponies with M. faeni followed by aerosol challenge results in

airway inflammation but does not reproduce the characteristic changes in

pulmonary function.”88

Infection. Prior infection with influenza virus is associated with an

increased incidence of chronic pulmonary disease in Swiss horses,121 while other

authors report increased levels of hemagglutination inhibiting activity against

influenza A equine 1 in serum and tracheal mucus samples from horses with

COPD?” Abnormal airway function following viral infection occurs in

humans,“209 rats,’0 and dogs.210 These effects may be due to induction of airway

smooth muscle hyperreactivity,“210 epithelial hyperplasia with consequent

73 or altered production ofairway narrowing,” impaired epithelial function,1

inflammatory mediators.186 Viral infection is unlikely to be a major factor in

the ponies used in my studies, since these animals were all vaccinated against

equine influenza and most had been utilized by the laboratory for over four

years, during which time their disease status has not changed. In addition, if

viral infections were an important factor in the pathogenesis of COPD, control

ponies should have also been affected, since they share the same environment

and are in constant close contact with the affected ponies.

Pneumotoxin ingestion. Ingestion of 3-methylindole, a metabolite of dietary

L—tryptophan, has been suggested as a possible cause of COPD.” Oral

administration of 3-methylindole (0.1 to 0.2 gm/kg bodyweight) to ponies induces
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obstructive lung disease characterized by necrotizing bronchiolitis and alveolar

emphysema.” Similar lesions were reported by Derksen et al. in ponies treated

orally with 0.1 gm/kg.“ Treated animals become dyspneic, and respiratory rate,

minute ventilation, functional residual capacity, and total lung resistance

increase significantly. There is a significant decrease in dynamic compliance

and PaCO2 but no change in PaOz. Although these changes reflect the presence

of pulmonary dysfunction, they are not typical of those seen with COPD, where

the changes in dynamic compliance and pulmonary resistance are more marked,

tachypnea is less evident, and there is a significant decrease in Pa02 but no

change in PaCOz.‘"°'8m A role for 3-methylindole in causing disease in the

animals that I studied appears unlikely, because tryptophan is found on pasture

where affected ponies remain in remission, and the experimental design, which

pairs heavey and control ponies to ensure the same environmental exposures,

would make it unlikely that only affected animals would be exposed to any

potential pneumotoxin. However this does not preclude a possible role for this

substance in producing COPD in other horses or ponies.

Pathophysiology. Pulmonary function changes in animals with COPD

include hypoxemia, decreased dynamic compliance, increased pulmonary

resistance, and prolongation of nitrogen washout, which together refleCt the

presence of diffuse airway obstruction.m’m'356 Broadstone et al. demonstrated

that a major component of the increased resistance is atropine responsive and

40
therefore mediated via muscarinic receptors. Atropine administered

intravenously or by aerosol does not affect pulmonary resistance, dynamic
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compliance, or airway responsiveness to histamine in control or affected ponies

during remission or in control ponies during barn exposure, but in the principal

ponies during barn exposure it significantly decreases pulmonary resistance

without affecting dynamic compliance or responsiveness to histamine. Factors

apart from parasympathetic activity must contribute to the alterations in

pulmonary function in principal ponies, because atropine is unable to return

pulmonary resistance to baseline values and also does not reverse the decrease

in dynamic compliance or reduce the responsiveness to histamine.

During disease episodes, affected ponies exhibit airway

hyperresponsiveness to stimuli other than histamine. Aerosol saline, histamine,

methacholine and citric acid, and intravenous histamine can all produce

exaggerated bronchoconstriction in affected ponies6'82'87'135 This

hyperresponsiveness is accompanied by a significant increase in the number of

neutrophils present in bronchoalveolar lavage fluid. in affected ponies, but there

is no significant Change in circulating neutrophil numbers, which suggests a

localized inflammatory response.86 This response is different to that seen with

hypersensitivity pneumonitis in humans, where the acute phase is characterized

by a leukocytosis with marked left shift.“ When ponies are removed from the

barn and kept at pasture,“5 neutrophil numbers and airway responsiveness

return to control levels within 14 days The involvement of inflammation in the

pathogenesis of equine COPD is indirectly supported by the effectiveness of

corticosteroid therapy in resolving clinical signs in affected animals.18
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Histological lesions. The main histological lesions in lungs from affected

animals is a bronchiolitis characterized by diffuse epithelial hyperplasia, mucous

plugging of airways and neutrophilic, lymphocytic, and plasmacytic infiltrates.

Peribronchial eosinophilia may be prominent in some animals and absent in

others. A degree of acinar overinflation is usually present, but emphysema with

destruction of alveolar septae is uncommon.3"328 Epithelial damage with loss

of ciliated cells, goblet cell metaplasia, and increased numbers of undifferentiat-

ed cells with superficial microvilli are also observed in electron micrographs of

tissues from affected horses.”363

In summary, COPD is a chronic airway disease of horses and ponies

associated with housing and exposure to dusty/mouldy hay. Disease episodes are

characterized by an inflammatory response in and around airways, epithelial

injury, and airway hyperresponsiveness to a variety of non-specific agonists.

Knowledge about the mechanisms involved in this airway hyperresponsiveness

is important, not only for establishing appropriate treatment regimens for

affected animals, but also because airway hyperresponsiveness to a variety of

specific and non-specific agonists is one of the important clinical features of

human asthma. Knowledge gained about COPD in horses may help to establish

mechanisms of hyperresponsiveness in the human disease.

Airway Hyperresponsiveness

Airway responsiveness ‘is the term used to define the sensitivity with

which airways narrow in response to a variety of stimuli. These stimuli can be
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classified as non-specific or specific. Non-specific stimuli include drugs such as

methacholine, air pollutants such as ozone, and physical stimuli such as cold air

or water, dust, and exercise. Specific stimuli include allergens and occupational

agents such as toluene diisocyanate and western red cedar dust. As discussed

in the previous section, an increase in airways responsiveness to such stimuli is

a characteristic feature of asthma and also of equine COPD. The mechanism

by which this heightened responsiveness occurs has not been determined, but

research has focused on four broad areas. These are:

i) Abnormalities of neurohumoral control of airway caliber;

ii) Altered intrinsic airway smooth muscle responsiveness;

iii) Altered mechanical properties of the airways; and

iv) Cellular dysfuntion and inflammation with altered mediator release.

WWW. Innervation of the lung is

provided by the sympathetic (adrenergic) and parasympathetic (cholinergic)

branches of the autonomic nervous system and the nonadrenergic—noncholiner-

gic system.

Pamsympathetic nervous system. The parasympathetic system is the major

bronchoconstrictor network in the lung. Preganglionic fibers arise in the dorsal

motor nucleus and descend in the vagus nerve to ganglia located around

airways and blood vessels in the lung. Postganglionic fibers then innervate

airway smooth muscle, bronchial glands, and blood vessels. Vagal stimulation

causes airway constriction, pulmonary circulatory vasodilation, and increased

secretion by bronchial glands.
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A role for the parasympathetic nervous system in equine COPD was

supported by Broadstone et al., who studied the effect of aerosol or intravenous

atropine on pulmonary resistance, dynamic compliance, and airway

responsiveness to aerosol histamine challenge in control ponies and ponies with

COPD.40 They found that atropine administered intravenously or by aerosol

significantly reduces the increase in pulmonary resistance seen in affected

ponies during an episode of COPD but has no consistent effect on dynamic

compliance. Derksen et al. reported a similar effect in an investigation of vagal

mechanisms in equine COPD. They found that vagal cooling causes a

significant decrease in pulmonary resistance, but no change in dynamic

compliance.84 These data suggest that a large portion of the increased

pulmonary resistance resistance in affected animals is mediated via muscarinic

receptor activity in larger airways. Mechanisms other than parasympathetic

activity contribute to the altered pulmonary function in affected ponies, since

atropine does not return pulmonary resistance to baseline values,40 has no effect

on dynamic compliance,‘“”84 and also fails to alter the dose-response curve to

aerosol histamine."0 Broadstone et a1. could not determine whether the increase

in pulmonary resistance was due to augmented vagal reflex activity, enhanced

reactivity of airway smooth muscle to a normal level of vagal activity, or loss

of inhibitory factors that normally oppose vagally mediated

bronchoconstriction. Derksen et a1. suggested that increased sensitivity of

airway smooth muscle to normal vagal tone rather than augmented vagal reflex

activity could play a role in ovalbumin-induced airway obstruction in ponies,
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since ovalbumin challenge of one lung does not alter pulmonary resistance

measured in the other lung.84

Parasympathetic mechanisms have been reported to be involved in other

experimental and spontaneous lung diseases. Drazen et al. reported that in

guinea pigs sensitized to ovalbumin, like in the pony, cholinergic mechanisms

are involved in regulating the changes in large and central airway tone

following antigen challenge.92 They found that antigen challenge significantly

decreases dynamic compliance and pulmonary conductance, and that atropine

prevents the change in conductance but not the changein dynamic compliance.

Gold et al. studied pulmonary function in dogs sensitized to T. canis, A. suum,

and mixed grass pollen. They found that airflow resistance increases

significantly after antigen aerosol, and that this change is abolished by complete

vagal blockade (vagotomy or vagal cooling to 0°C), efferent blockade with

atropine, and afferent blockade (vagal cooling to 740°C). Unlike the results of

Derksen et al. in ponies, unilateral challenge of one lung in these sensitized dogs

causes bilateral bronchoconstriction, which is inhibited by cooling the vagus

nerve supplying the challenged lung. These data suggest that vagally mediated

reflex bronchoconstriction is a major component of acute antigen-induced

canine asthma.131 In humans, Gross et al. reported that in patients with COPD,

anticholinergics given at usual clinical doses are more effective than adrenergic

agents at increasing airflow and decreasing lung volumes, and that the effect

of anticholinergics is predominantly on central airways.139

W ‘ov—
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Sympathetic nervous system. Sympathetic nerves originate from the upper

thoracic segments of the spinal cord with postganglionic fibers arising from the

cervical and upper thoracic ganglia. These postganglionic fibers enter the lung

at the hilum together with the vagus nerves.”2 Compared to the distribution

of cholinergic nerves, sympathetic innervation is relatively sparse with

considerable species variation. Sympathetic stimulation results from activation

of alpha or beta receptors either by sympathetic nerves or by circulating

catecholamines. Sympathetic stimulation can cause bronchial relaxation,

constriction of pulmonary blood vessels and inhibition of glandular secretions.140

However, the degree of bronchodilation in response to sympathetic stimulation

can depend on the degree of pre-existing vagal tone.” Cabezas et al. studied the

quantitative relationship between sympathetic and parasympathetic effects on

canine airway smooth muscle. They found that sympathetic stimulation causes

maximum relaxation when vagal tone is moderate but could never completely

inhibit constriction induced by vagal stimulation. Following vagotomy,

sympathetic stimulation has no effect on airway dimensions.” These data

suggest that some degree of pre-existing airway tone must be present for

sympathetic stimulation to produce bronchodilation.

Possible abnormalities of sympathetic function that can result in

bronchoconstriction include:

i) Decreased circulating catecholamines;

ii) Partial beta adrenoceptor blockade; and

iii) Increased alphazbeta adrenergic activity.
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Circulating catecholamine levels have not been measured in ponies with

COPD, but in human asthmatics, catecholamine levels are in the normal range

even during severe attacks. Ind et al. measured plasma catecholamines in 15

patients with acute severe asthma and found a 2-3 fold increase in noradrena-

line concentrations, but no change in plasma adrenaline concentrations.169

Similar results are reported for asthmatics during exercise and hyperventilation-

induced asthma.10 In this study, control subjects had a 55 fold increase in

noradrenaline and a 32-fold increase in adrenaline plasma concentrations

during exercise, while asthmatics had only a 2-fold increase in noradrenaline

and no change in plasma adrenaline concentrations. All of the asthmatics

developed bronchoconstriction following exercise. The importance of these

changes in plasma concentrations of adrenergic agents in modulating

bronchoconstriction was questioned since hyperventilation also produces

bronchoconstriction in the asthmatics, with no change in circulating

catecholamines in either group.10 These results were interpreted to mean that

circulating catecholamines do not have a direct role in exercise-induced

bronchospasm.

It has been proposed that asthma may be associated with partial blockade

of beta adrenoceptors, making affected individuals insensitive to endogenous

and exogenous beta agonists.323 Such a theory is not supported by the

observation that normal subjects treated with beta adrenergic antagonists do not

develop asthma, whereas asthmatics are normally very sensitive to beta agonists.

In ponies with COPD, the beta adrenergic system appears to be involved in the
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control of central airway caliber during disease episodes. Scott et al. showed

that treatment with propranolol, a beta antagonist, does not alter pulmonary

resistance, dynamic compliance, or airway responsivenes to histamine in control

ponies or affected ponies in remission, but it significantly increases pulmonary

resistance in affected ponies during disease episodes.296 This propranolol-

induced bronchoconstriction is prevented by atropine, suggesting that it results

from unopposed cholinergic activity.296

Alpha adrenergic receptors may mediate bronchoconstriction, so alpha

receptor stimulation in excess of beta stimulation has been proposed as a cause

of asthma and bronchial hyperresponsiveness};323 Barnes et al. studied alpha

and beta receptor populations in lung homogenates from guinea pigs sensitized

to ovalbumin following daily aerosol challenge with ovalbumin for 4 weeks.

There is a significant increase in alpha and a small but significant decrease in

beta receptor binding in sensitized versus control guinea pigs, and the ratio of

alphazbeta receptors is 1:30 in control versus 1:12 in sensitized guinea pigs.12 No

equivalent binding studies have been performed on lung tissue from ponies

with COPD, but Scott et al. studied the response of ponies with COPD to

aerosol challenge with alpha-adrenergic agonists. They pretreated ponies with

atropine and propranolol to decrease cholinergic and beta-adrenergic effects,

then challenged the ponies with phenylephrine, an alpha-adrenergic agonist.

Phenylephrine has no effect on control ponies, but decreases dynamic

compliance and increases pulmonary resistance in the affected ponies during

both remission and disease episodes. This response suggests that ponies with
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COPD have increased density and/or activity of alpha receptors relative to

control animals, but alpha receptor involvement in bronchoconstriction is

thought to be minimal since treatment with prazosin, an alpha 1 antagonist,

produces no significant improvement in pulmonary function?” This lack of

response to treatment with an alpha adrenergic antagonist is similar to that

reported by Utting in a study of 39 chronic asthmatics. These patients were

treated with indoramin, a long-acting alpha-antagonist, and no difference was

found between drug and placebo treatment.333 These results suggest that altered

alpha/beta receptor activity is unlikely to be a primary problem in asthma or

COPD.

Non-adrenergic non-cholinergic nervous system. This system incorporates

neural mechanisms that are neither cholinergic nor adrenergic. Non-adrenergic

inhibitory nerves relax airway smooth .muscle, whereas non-cholinergic

excitatory nerves cause contraction. Non-adrenergic inhibitory nerves have

been demonstrated in vitro in in several species, including humans, guinea pigs,

and ponies.“1’282'324 Taylor et al. studied human bronchial strips and guinea pig

tracheal chains, and found that electrical field stimulation induces relaxation

in tissues pretreated with atropine. This relaxation is slightly diminished by

propranolol in guinea pig but not human tissue, suggesting that the relaxation

may be due to a neurally mediated factor(s)32" Electrically mediated relaxation

is also reported by Richardson for human airway smooth muscle precontracted

with histamine. This relaxation is blocked by treatent with tetrodotoxin but

unaffected by adrenergic blockade.282 Similar results have been found in airway
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1.41 Muscle from trachea andsmooth muscle from ponies by Broadstone et a

third generation airways were treated with atropine and propranolol and

precontracted with histamine. Electrical field stimulation induces relaxation

in tracheal muscle from affected and control ponies and in third-generation

muscle from control ponies. There is no relaxation of third-generation airway

muscle from affected ponies, suggesting that non-adrenergic non-cholinergic

innervation is absent in these ponies.

The neurotransmitter in the non-adrenergic, non-cholinergic system is

thought to be a peptide, with substance P and vasoactive intestinal peptide

being the most likely agents A functional defect in this system may develop

as a result of inflammatory processes in the airway wall during disease.

Increased degradation of peptide transmitters by inflammatory cell peptidases

could disrupt the the modulating action of the non-adrenergic inhibitory system

on cholinergic nerves and lead to exaggerated bronchoconstrictor responses.9

Airway inflammation is reported in ponies with COPD during acute episodes

of airway obstruction, and this inflammation could result in degradation of

peptide neurotransmitters and thus explain the lack of non-adrenergic non-

cholinergic relaxation in tissues from these animals. However, the significance

of the absence of a non-adrenergic non-cholinergic inhibitory system from third-

generation airways of ponies with COPD awaits further study.

W.Alterations in the intrinsic

physiological properties of airway smooth muscle has been suggested as a cause

of the airway hyperresponsiveness seen with asthmatics.4 This suggestion is
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made on the basis of research performed on airway smooth muscle collected

from ovalbumin-sensitized dogs and challenged in vitro with ovalbumin. There

were no differences between tissues from control and sensitized dogs in

response to electrical field or carbacol stimulation, but muscle from some of the

sensitized dogs demonstrated increased velocity and amount of shortening when

stimulated.4 These conclusions are not supported by more recent experiments

that examine responsiveness of airway smooth muscle from the same patient in

vivo and in vitro. Vincenc et al. compared the responsiveness in vitro of

parenchymal and bronchial tissue from surgical specimens with presurgery in

vivo responsiveness of patients to aerosol histamine. They found no correlation

between the dose of histamine required to decrease the one second forced

expiratory volume by 20%, and the histamine concentration that contracts

airway smooth muscle to 50% of maximum in vitro.342 Similar results were

reported by Armour et al., but in addition to determining histamine responsive-

ness, they quantitated airway smooth muscle morphometrically. They found no

correlation between the provocative concentration of histamine required to

decrease the one second forced expiratory volume by 20%, and reactivity in

vitro or percentage of smooth muscle.’ These results are consistent with those

reported for ponies with COPD, in which tracheal smooth muscle from affected

ponies is hyporesponsive to acetylcholine stimulation in vitro compared to

control horses, yet affected ponies are hyperresponsive to aerosol methacholine

challenge.“41 These data suggest that the hyperresponsiveness seen in asthmatics

and ponies with COPD is unlikely to be due to intrinsic hyperresponsiveness of
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airway smooth muscle. To assume that such a defect could comprise the

primary abnormality also fails to account for other features of asthma and

COPD such as mucosal edema, airway inflammation, and increased airway

secretions.

WWChanges in mechanical

properties of the airways can potentially result in an exaggerated degree of

airway narrowing in response to normal degree of smooth muscle contraction.

Such theories are based on physical models and mathematical calculations of the

changes in pulmonary function that would result from altering physical

properties of the airways, rather than on actual experimental data.

Moreno et al discussed a number of such factors, which can be broadly

divided into those that decrease preload, permitting increased shortening of

airway smooth muscle with consequent exaggerated airway narrowing, and

those that decrease airway diameter, resulting in exaggerated airway narrowing

in response to a normal degree of muscle shortening. Softening of airway

cartilage via the action of enzymes released during inflammatory reactions, or

loss of the airway tethering effect of lung parenchyma in conditions such as

emphysema can both decrease the preload that airway smooth muscle must

overcome during contraction. This will then permit a greater degree of muscle

shortening and airway narrowing in response to normal stimuli. Factors that

can result in decreased baseline airway caliber include increased airway wall

thickness as a result of edema, cellular infiltration or hyperemia, and increased
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airway secretions. These factors can result in a greater decrease in airway

diameter for the same degree of muscle shortening?”

These theories are not supported by experimental results. Cartier et al.

examined the relationship between the magnitude of the late asthmatic

response and the magnitude and duration of histamine responsiveness in 7

asthmatics. They measured the concentration of histamine required to decrease

the one second forced expiratory volume by 20% before and after allergen

challenge. Four of the 7 subjects were still hyperresponsive to histamine when

their airway caliber, as documented by total lung capacity, residual volume, one

second forced expiratory volume, and maximum expiratory flow rate, had

returned to within i 10% of control levels. These data suggest that the

increased responsiveness of these asthmatics to histamine is due to factors apart

from a decrease in baseline airway caliber.48 A similar conclusion was reached

by Broadstone et al. in a study of ponies with COPD. They found that atropine

treatment can reverse the airway narrowing present in affected ponies, but that

this increase in airway caliber does decrease the airway hyperresponsiveness to

aerosol histamine challenge.4o
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Several studies have suggested that inflammation may play an important role

in the hyperresponsiveness seen in asthma and COPD. Histologic studies of

lung tissue collected from patients who have died during asthma attacks show

marked airway inflammation with infiltration by inflammatory cells, disruption

of airway epithelium, and plugging of the airway lumen with viscous secre-
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tions.94 Similar changes have been described in bronchial biopsy specimens

collected from asthmaticsm. Horses with COPD also exhibit airway

34528 and evidence of epithelial injury.93 Bronchoalveolar lavageinflammation

samples from both asthmatics and ponies with COPD have increased numbers

of inflammatory cells during disease episodesf’fi’m'241 and there is evidence in

these and other species that the presence of these inflammatory cells or their

mediators is important in the pathogenesis of airway hyperresponsiveness.

Ferguson et al. reported that histamine hyperresponsiveness in 22

children with chronic, stable asthma is closely correlated with increases in

eosinophils and alveolar macrophages in bronchoalveolar fluid samples. There

is no correlation between hyperresponsiveness and neutrophil or lymphocyte

numbers, or between the degree of airway obstruction and any cell type.104 A

similar association between eosinophils and human asthma was reported by

Demonchy et al. in a study of inflammatory cell populations in bronchoalveolar

lavage fluid samples from 19 asthmatics and 5 controls. They found a

significant increase in bronchoalveolar fluid eosinophil numbers in samples

collected 6-7 hours after inhalation challenge in asthmatics that developed a late

response.81

Murphy et al. studied the relationship between inflammation and airway

reactivity to histamine in rabbits sensitized to ragweed.”1 They found that

antigen challenge produces a significant decrease in specific airway conductance

and hyperresponsiveness to histamine challenge. This increased responsiveness

can be eliminated by neutrophil depletion with nitrogen mustard, and restored
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by neutrophil repletion, suggesting that neutrophils play a direct role in the

development of hyperresponsiveness to histamine. In another study using

rabbits, Larsen et al. reported that antigen challenge results in edema within

large airways accompanied by neutrophil and eosinophil infiltration. These

changes are accompanied by increased airway reactivity that is also abolished

by granulocyte depletion and restored by granulocyte repletion.202

Several studies have suggested that it is not the presence of inflammatory

cells per se, but mediators released by these cells, that are important in the

development of airway hyperresponsiveness. O’Byrne et al. studied hyperre-

sponsiveness in dogs induced by aerosol LTBJ”9 or ozone exposure?“261 and

found that both challenges result in airway hyperresponsiveness accompanied

by significant increases in neutrophil numbers in bronchoalveolar fluid samples.

Neutrophil depletion prevents the hyperresponsiveness?"51 but treatment with

indomethacinz‘so or OKY 046, a thromboxane synthase inhibitor?” prevents the

hyperresponsiveness without stopping the neutrophil influx. These data suggest

that it is a neutrophil-derived mediator that is the cause of the

hyperresponsiveness. A similar result is reported for guinea pigs sensitized to

ovalbumin, in which repeated aerosol challenge results in increased numbers of

eosinophils in bronchoalveolar fluid samples and in airway hyperresponsiveness

to acetylcholine. Pretreatment with SDZ 64-412, a PAF antagonist prevents the

hyperresponsiveness without stopping the increase in eosinophils.171

While many studies like these have demonstrated a correlation between

hyperresponsiveness and the presence of inflammatory cells, others have shown
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that the presence of inflammatory cells per se does not necessarily result in

airway hyperresponsiveness.88’1°5"123"25o Gibson et al. compared sputum cell counts

in 7 non-smokers with steroid responsive productive cough and 8 smokers with

COPD, with those from asthmatics collected during an asthmatic attack They

found no difference in total cell count and percentage of eosinophils in sputum

samples from asthmatics and non-smokers, despite a marked increase in airway

responsiveness in the asthmatics.123 In guinea pigs challenged with endotoxin,

there is a significant increase in bronchoalveolar fluid neutrophil numbers and

airway hyperresponsiveness, but there is no relationship between neutrophil

numbers and changes in pulmonary function.109 Similar results in guinea pigs

exposed to ozone were reported by Murlas et al. Ozone exposure causes

neutrophil infiltration of the airway mucosa and hyperresponsiveness to

acetylcholine challenge, but the changes in pulmonary function and airway

responsiveness precede the neutrophil influx.”0

An alternate hypothesis that has been proposed is that the involvement

of inflammatory mediators in airway responsiveness is not merely a function

of the amount of these mediators released into the airways, but also of the

ability of mediators once released to gain access to underlying nerves and

smooth muscle. Increased epithelial permeability could allow greater access of

mediators to airway smooth muscle or irritant receptors located in the

epithelium, resulting in increased airway responsiveness. Although such a

hypothesis seems logical, there is little experimental evidence showing a

relationship between alterated airway epithelial permeability and airway
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hyperresponsiveness. Kennedy et al. studied the effect of epithelial permeabili-

ty and airway reactivity to histamine in 10 smokers and 8 non-smokers.“ They

found increased airway permeability in smokers, with no evidence of altered

responsiveness to histamine. Elwood ct al. performed a similar study in

asthmatics and non-asthmatics. Compared with the non-asthmatics, the

asthmatics are hyperresponsive to aerosol methacholine, but there is no

demonstrable difference in mucosal permeability between the two groups.102

An absence of epithelial permeability changes in ponies with COPD is

supported by the observation that albumin concentrations in bronchoalveolar

lavage fluid samples from control ponies and ponies with COPD are not

significantly different and there is no difference in albumin concentrations in

BAL fluid samples from affected animals in remission and during disease

episodes.86

The experiments discussed above provide evidence that in many species,

inflammatory cells or the mediators that they release are involved in the

pathogenesis of airway hyperresponsiveness. Because my thesis deals with the

potential role on inflammatory mediators in equine COPD, I will now

concentrate of the inflammatory cells and mediators that have been proposed

to play a role in the pathogenesis of reactive airway disease in a variety of

species.
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Pulmonary Inflammation - Cells and Mediators

Airway inflammation has long been recognized as a prominent feature

of asthma in humans?“ and chronic obstructive pulmonary disease in

S343” A tremendous volume of research has since focused on thehorse

involvement of individual cells and specific mediators in the pathogenesis of

airway obstruction and airway hyperresponsiveness. Much of the early research

on the contribution of airway inflammation to human asthma focused on the

role of mast cells and histamine, since antihistamines are effective in treating

the early, but not the late asthmatic response. Eosinophils and their metabolites

are currently attracting a great deal of attention in asthma research, but there

is also evidence to support a role for other inflammatory cells such as

neutrophils, lymphocytes, and macrOphages in allergic airway disease. While

there is an association between the presence of airway inflammation and the

occurrence of allergic airway disease, it is likely that no one cell or class of

mediator is the sole cause. Inflammation is a dynamic process, and interactions

between different inflammatory cells or between inflammatory cells and other

cell types present in the lung have been shown to occur in vitro and could

potentially occur in vivo. The outcome of such interactions is difficult to

predict.

In an attempt to present a concise overview of pulmonary inflammation,

I will cover the various cell types and mediators that have been studied with

suggestions as to how each may contribute to the pathogenesis of allergic

airway disease. Most of this information is obtained from research into the
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mechanisms of human asthma, since, apart from observations documenting the

presence of inflammatory cells in equine COPD, there is little information

concerning inflammatory cell function or mediator release in the disease.

Where such information is available, I will refer to it specifically.

The cell types I will discuss are:

i) Mast Cells

ii) Neutrophils

iii) Eosinophils

iv) Macrophages

v) Lymphocytes

vi) Epithelial Cells

vii) Platelets

Mediators of inflammation I will discuss are:

i) Histamine

ii) Kinins

iii) Adenosine

iv) Complement

v) Sensory neuropeptides

vi) Oxygen Radicals

vii) Platelet Activating Factor

viii) Cytokines

ix) Eicosanoids



Cells

i) Mast Cells. Mast cells are found throughout the lung in the connective

tissue beneath the airway basement membrane, near submucosal blood vessels,

in interalveolar septa, and in the airway lumen.”2 The term "mast cell" comes

from the German "mast," meaning excessively well-fed or fattened,” which

refers to their prominant cytoplasmic granules. These granules contain a

variety of preformed mediators, including histamine, serotonin, and neutrophil/-

eosinophil chemotactic factors.” Cell activation and release of granule contents

to the exterior can be classically induced by binding of antigen to adjacent

membrane bound IgE molecules,” but a variety of other factors can trigger

mast cell degranulation. Opiates such as morphine and codeine can induce

degranulation by binding to specific mast cell receptors,49 whereas human

neutrophils activated with zymosan or phorbol myristate acetate release a

factor(s) that stimulates histamine release from cutaneous mast cells.”3 The

eosinophil-derived mediators, major basic protein and eosinophil cationic

protein also stimulate histamine release from rat peritoneal mast cells,“54

whereas human lung macrophages maintained in culture release a soluble, non-

dialyzable factor (molecular weigh < 2000 daltons) that stimulates histamine

release from human lung mast cells.294

In addition to the release of preformed mediators, activated mast cells

can generate a range of eicosanoids. Human mast cells incubated with

antihuman IgE or A32187 show a 14-fold increase in PGD2 release and a 7-fold

increase in TxB2 release,”8 whereas Peters et al. showed that human mast cell
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incubated with [3H]arachidonic acid and stimulated with anti-human IgE release

LTC4/LTD4 and S-HETE in addition to PGD2 and TxBrm

Much of the evidence for the involvement of mast cells in asthma comes

from studies on the effects of histamine in asthmatics, which will be discussed

in the mediator section. However, Wardlaw et al. studied human mast cells

isolated from asthmatics and control subjects by bronchoalveolar lavage and

reported a significant increase in mast cell numbers in the asthmatics,

accompanied by a significant increase in spontaneous histamine release, which

is greatest in patients with marked airway reactivity?“ No similar increase in

bronchoalveolar lavage fluid mast cell numbers was reported by Derksen et al.

when they examined changes in bronchoalveolar lavage fluid cytology during

the occurrence of COPD.86

ii) Neutrophils. Neutrophils form part of the initial host defense against

injurious stimuli migrating in the vasculature to the focus of an insult in

response to the release of various chemotactic factors. Once there, they

emigrate from the blood vessels into the extravascular space where they

phagocytize and degrade bacteria, immune complexes, and necrotic debris.

Neutrophils possess large azurophil (or primary) granules, which contain pro-

inflammatory mediators, including cationic proteins, acid hydrolases, and

neutral proteases.‘58 De novo synthesis and release of superoxide anions,

leukotriene B4, thromboxane A7, and platelet activating factor also occur in

activated neutrophils.110
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Neutrophil infiltration is associated with impaired pulmonary function

and airway hyperresponsiveness in a variety of animal species. Derksen et al.

reported significantly increased numbers of neutrophils in bronchoalveolar

lavage fluid samples collected from ponies with COPD during episodes of acute

airway obstruction and airway hyperresponsiveness.“5 However, conflicting

evidence for the role of neutrophils in equine COPD is provided by the same

researchers in a subsequent study where they attempted to reproduce the

natural disease by challenging affected and control ponies with aerosol M. faeni.

Both groups of ponies develop a similar increase in bronchoalveolar lavage fluid

neutrophil numbers, but only affected ponies exhibit evidence of impaired

pulmonary function.83 In rabbits sensitized to ragweed extract, aerosol

challenge causes increased reactivity to histamine, which is accompanied by

increased numbers of polymorphonuclear leukocytes (neutrophils/eosinophils)

in bronchoalveolar lavage fluid.230 O’Byrne et al. administered LTB4 to dogs by

aerosol and produced increased airway responsiveness to acetylcholine that is

accompanied by increased neutrophil numbers and Tsz concentrations in

bronchoalveolar lavage fluid.”9 Administration of a thromboxane synthase

inhibitor (OKY 046) blocks the increase in airway responsiveness and

bronchoalveolar lavage fluid TXB2 but not the neutrophil influx. A similar

effect is seen in dogs challenged with aerosol PAP.” There is an increase in

airway responsiveness to acetylcholine that persists for 6 hours, a 23-fold

increase in pulmonary resistance, and an 8-fold increase in bronchoalveolar

lavage fluid neutrophil numbers. Treatment with OKY 046 prevents the
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increase in pulmonary resistance and acetylcholine responsiveness without

affecting neutrophil numbers. Further experiments by the same group studying

ozone-induced hyperresponsiveness to acetylcholine in dogs again demonstrate

increases in bronchoalveolar lavage fluid neutrophil numbers temporally

associated with the occurrence of airway hyperresponsiveness. Treatment with

indomethacin, or neutrophil depletion with hydroxyurea, prevents the increase

260’“ These data suggest thatin airway reactivity induced by ozone exposure.

in the dog, release of a cyclooxygenase metabolite, most probably TxAz, by

neutrophils attracted to the airways is involved in the observed airway

hyperresponsiveness. However, in guinea pigs the presence of neutrophils does

not correlate with airway hyperresponsivenessm In these studies, guinea pigs

exposed to ozone demonstrate an increase in airway reactivity to acetylcholine

within 2 hours of exposure, which corresponds to an increase in mucosal mast

cells and a decrease in mucosal goblet cells.”0 Neutrophil influx into airways

occurrs later than 2 hours and persists beyond the remission of

hyperresponsiveness. In human asthmatics, eosinophils rather than neutrophils

appear to be the more important inflammatory cell. Wardlaw et al. examined

neutrophil and eosinophil numbers in bronchial washings and bronchoalveolar

lavage fluid samples from mildly affected asthmatics and control subjects. They

found a greater number of eosinophils in samples from asthmatics, but no

difference in neutrophil numbers compared to controls. Interestingly, they

reported a significant increase in neutrophil numbers in bronchial washings

compared to bronchoalveolar lavage in both asthmatics and controls, with
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neutrophils comprising up to 50% of the total cell count in bronchial washes

from nonatopic controls. They interpreted these data to mean that neutrophils

are normal inhabitants of airway mucosal surfaces and that the small volume

(20 ml) bronchial wash collects a greater proportion of airway cells than does

the large volume (180-240 ml) bronchoalveolar lavage.344

These data suggest that the potential importance of neutrophils in

allergic airway disease varies from species to species, and that even in ponies

and dogs where they appear to play a role in pulmonary disease, their potential

state of activation rather than their mere presence may be the important factor.

iii) Eosinophils. Compared with neutrophils, eosinophils are relatively

ineffective at phagocytosis and rely primarily on extracellular release of

cytotoxic compounds to destroy microbes and parasites.76 Preformed mediators

are contained within prominent cytoplasmic granules, and include eosinophil

cationic protein, major basic protein, eosinophil peroxidase and eosinophil

protein X. Of these, major basic protein has been studied most extensively. Its

concentration in bronchoalveolar lavage fluid increases during allergen-induced

late phase reactions,” and it is cytotoxic to respiratory epithelium. Studies

using guinea pig tracheal epithelium in vitro found that major basic protein

damages ciliated cells in a dose-related fashion. Low doses slow, and higher

doses stop cilia beating. Histological evidence of cell damage occurrs at

concentrations as low as 9 x 107 M, and superficial cells are destroyed at

concentrations of 3.4 x 10" M, leaving underlying basal cells exposedus

Concentrations of major basic protein in sputum samples from asthmatics
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approximate or exceed these concentrations, suggesting that major basic protein

has the potential to cause epithelial injury in vivo.125

In addition to these granule proteins, activated eosinophils can generate

large quantities of membrane-derived mediators, including 15-HETE, LTC4,

platelet activating factor, and superoxide anions.2°5'27“'3°°’332 The state of

activation of eosinophils and hence their ability to secrete these inflammatory

mediators can change rapidly when exposed to various cytokines Veith et al.

showed that supernatants from cultured monocytes of individuals with activated

eosinophils significantly enhance the ability of eosinophils from normal subjects

to kill Schistosoma mansoni larvae in vitro?‘41 Incubating eosinophils with tumor

necrosis factor also enhances their ability to kill S. mansoni larvae in a dose-

dependent manner.304

Eosinophils, rather than neutrophils, appear to be the important

inflammatory cell associated with airway hyperresponsiveness in humans.

DeMonchy et al. examined the late asthmatic reaction to mite dust inhalation

in 19 asthmatics and 5 controls.81 They found no change in bronchoalveolar

lavage neutrophil numbers, but an increase in eosinophil numbers and the

eosinophil cationic protein/albumin ratio in patients with a late asthmatic

response. In another study, circulating eosinophil numbers are significantly

elevated 24 hours after allergen exposure in late phase asthmatics, and the

magnitude of the changes in eosinophil numbers is correlated with airway

reactivity to methacholine.” Similar results were reported by Horn et al., who

measured blood eosinophil counts in 53 asthmatics and found a significant



34

eosinophilia in 52 of them during active disease.” In this study there are

significant correlations between the eosinophil count and specific conductance,

forced expiratory volume, and maximum mid-expiratory flow rate. Eosinophils

figure prominently in histological sections obtained from asthmatics dying in

status asthmaticus94 and also in some horses with COPD,328 but changes in blood

eosinophil numbers are not seen in ponies with COPD during episodes of

airway obstruction?‘5

Despite these reports associating increased eosinophil numbers with

airway hyperresponsiveness in humans, Gibson et al.123 report a series of cases

in which patients exhibit increased numbers of eosinophils in their airways

without evidence of airway hyperresponsiveness. Therefore, as was the case

with neutrophils in ponies, the mere presence of inflammatory cells in the

airways is not the only requirement for the occurrence of airway hyperreactiv-

ity.

iv) Macrophages. Three types of macrophages are present throughout the

respiratory tract. Alveolar macrophages are present in the airspaces, while

interstitial macrophages are emeshed in the connective tissue of the lung

parenchyma,” and intravascular macrophages are located in the lumen of

capillaries in alveolar walls of several specieszm Most attention has been

directed at the alveolar macrophage and its role in allergic airway disease.

Mature alveolar macrophages phagocytize and remove bacteria and other

particulate matter from the airways and alveoli and, depending on their state

of activation, also secrete degradative enzymes and reactive oxygen metabo-
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lites.122 Activated alveolar macrophages can produce platelet activating factor3

and eicosanoids, including PGFZa, PGDz, TxAv LTB4, and 5- and 12-HETEZ"219

Apart from these pro-inflammatory mediators, macrophages can release factors

which modulate the function of other cells. These factors include CSa,”4 tumor

necrosis factor, and interleukin 1.329 They are also involved in the processing

and presentation of antigen to immunocompetent T lymphocytes, which is

necessary for the induction of cell-mediated immunity?” Because of their

location at the epithelial surface, their ability to be activated by immunological

stimuli, and their ability to produce a wide variety of chemoattractants and

inflammatory mediators, macrophages are well suited to play a central role in

orchestrating the inflammatory response in airways.280

v) Lymphocytes. Lymphocytes play an integral part in the body’s ability

to mount an immune response. The two main types of lymphocytes are B cells,

which are involved in antibody production, and T cells, which give rise to cell-

mediated immunity. For B cells to respond to antigen requires the coordinated

actions of specific macrophages to process antigen and present it to the B cell

while fixed to the macrophage surface, and helper T cells, which secrete

cytokines such as interleukin 2 to enhance the response of B cells to the

presented antigen.330 Once activated, the B cell begins to divide, forming

antibody-secreting plasma cells and memory cells. T cells display greater

heterogeneity than do B cells, with some responding to antigen as part of the

cell-mediated immune response while others enhance (T helper) or suppress (T

suppressor) the response of other T and B cells to antigen. Like B cells, the
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response of T cells to antigen is regulated by interleukins released by

macrophages and T helper cells. Antigen-sensitive T cells respond to antigen

by dividing and generating memory cells and effector cells. The effector cells

secrete a wide range of antigen-specific and non-antigen-specific proteins,

including chemotactic factors for neutrophils, eosinophils, and macrophages,

interleukins, interferon, and a variety of factors that regulate macrophage

function.330 As an example, Parish et al. reported that T lymphocytes isolated

from bronchial mucus of patients with extrinsic asthma spontaneously release

a factor(s) of molecular weight 30-60,000 that stimulates chemotaxis and

chemokinesis and enhances chemotactic response to activated complement in

eosinophils from control subjects.269

The normal immune response is a complex process that requires

interaction between a number of different cells. If these regulatory processes

are disrupted, the body could mount an inappropriate response to a normal

antigenic challenge. In some asthmatics there are alterations in the type and

number of lymphocytes present as well as in their state of activation. Large

numbers of lymphocytes of unspecified type are present in the airways of

asthmatics,94 and atypical or activated lymphocytes are reported in bronchial

biopsies from mild asthmaticsm Corrigan et al. examined T lymphocyte subsets

and lymphocyte activation markers in patients with severe asthma. They found

increased numbers of activated T helper cells in peripheral blood of patients

with acute severe asthma, and these cells decrease in number with treatment

and clinical improvement.” A similar increase in circulating T helper cells is
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reported in early responder asthmatics following inhalation challenge with

antigen.132 These authors also reported a decrease in T helper and an increase

in T suppressor cells in bronchoalveolar lavage fluid samples from early, but

not late responders. They suggested that mobilization of suppressor cells into

the lung after the allergen-induced early response may be important in

preventing a subsequent late-phase reaction. There have been no equivalent

studies on alterations in lymphocyte population in ponies or horses with COPD.

vi) Epithelial Cells. Epithelial cells will be discussed in a separate section,

starting on page 57.

vii) Platelets. Platelets are a major source of TXAZ, which has been

proposed to be an important contributor to bronchoconstriction in allergic

airway disease?“ Initial interest in the involvement of platelets in airway

disease was prompted by the presence of platelets in bronchoalveolar lavage

fluid from asthmatics after allergen challenge,241 and increased plasma

concentrations of platelet factor 4 in atopic asthmatics, suggesting platelet

activation.189 These results have since been questioned.138 Whereas platelets

may have a role in the pathogenesis of the Adult Respiratory Distress

Syndrome,”1 their importance in diseases such as asthma is being increasingly

questionedm

Mediators

i) Histamine. Histamine is probably the best characterized of all mediators

of asthma. It can induce many of the physiological alterations characteristic of

asthma, including bronchoconstriction, edema formation and increased mucus
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secretion. Aerosol histamine administration produces bronchoconstriction in

ponies, measured as a decrease in dynamic compliance and an increase in

pulmonary resistance,‘32 and a similar response in humans is reported by

Woolcock et al.361 Propst et al. studied changes in pulmonary alveolar

membrane permeability in dogs challenged with intravenous histamine and

found that histamine increases alveolar permeability to substances with a

molecular weight of 10,(XX) daltons or less.278 Exogenous histamine administra-

tion stimulates increased release of mucous glycoproteins from human

bronchioles in vitro, and this action is blocked by cimetidine, an H2-receptor

antagonist.301

Further evidence for the role of histamine in allergic airway disease is

provided by the observation that asthmatics and ponies with COPD appear

more sensitive than control subjects to the bronchoconstrictor action of

histamine. In the study by Derksen et al., the dose of histamine required to

decrease dynamic compliance to 65% of baseline values is significantly lower in

ponies with COPD compared to controls,82 while Woolcock et al. reported that

the provocative dose of histamine required to reduce the one second forced

expiratory volume by 20% is significantly lower in asthmatics than in normal

subjects.“51 A similar increased sensitivity was reported as long ago as 1946 by

Curry, who studied the action of histamine on vital capacity in normal patients,

patients with "severe allergic tendencies," and asthmatics/bronchitics. Only the

asthmatics show increased sensitivity to histamine, and this sensitivity correlates

with the degree of asthma present.70 Not only are asthmatics more sensitive to
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the action of histamine, but there is also evidence that histamine release occurs

during asthmatic attacks. Durham et al. measured plasma histamine

concentrations in asthmatics and found a significant increase in plasma

histamine, which parallels the decrease in the one second forced expiratory

volume.96 Despite this evidence for histamine’s potential involvement in COPD,

treatment of affected horses or ponies with antihistamines is relatively

ineffective, suggesting that other factors are involved in the pathogenesis of the

disease.“

ii) Kinins. Bradykinin is generated from alpha-2-globulins (kininogens) in

plasma by the action of kininogenases such as plasma or tissue kallikrein.

Bradykinin produces bronchoconstriction in guinea pigs when administered by

aerosol,”6 causes vasodilation and increased airway mucosal thickness in dogs,198

and stimulates chloride ion transport and PGE2 production by cultured canine

tracheal epithelium.“

Dolovich et al. reported the presence of bradykinin-like activity in nasal

secretions from asthmatics challenged with local administration of ragweed

antigen, and also in sputum specimens from subjects with asthma and

bronchiolitis.91 To investigate a possible role for bradykinin in asthma, Fuller

et al. studied the effects of bradykinin aerosol challenge in asthmatics and

controls. They found that bradykinin is ten times as potent as histamine or

methacholine at inducing bronchoconstriction, and that asthmatics are more

117
sensitive to its effects. Aerosol administration of ipratropium, an anticholin-

ergic drug, significantly attenuates the bronchoconstriction caused by
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bradykinin, suggesting that bradykinin is acting in part through a cholinergic

mechanism. In the same study these researchers examined the effect of

bradykinin on isolated human bronchial smooth muscle and found that

bradykinin is only a weak contractile agonist in vitro, suggesting that the

bronchoconstriction seen with bradykinin in vivo is not due to a direct effect

on airway smooth muscle. A similar study of bradykinin in asthmatics and

controls revealed no effect in controls but a decrease of up to 30% in vital

capacity in 13 of the 15 asthmatics studied.156 These results contrast with those

of Simonsson et al., who found no difference between normal and asthmatic

subjects in the bronchoconstrictor response to aerosol bradykinin. However,

within the asthmatic group there were individuals who were extremely sensitive

to bradykinin, and in these individuals, atropine reverses the

bronchoconstriction.” These data are interpreted to mean that bradykinin

stimulates reflex vagal bronchoconstriction. No similar studies have been

performed in ponies with COPD.

iii) Adenosine. Adenosine is a purine nucleoside released by a number of

cells, including rat serosal mast cells stimulated with A23187 or compound

48/80229 and mixed populations of human leukocytes stimulated with A23187?“

Aerosol administration of adenosine induces bronchoconstriction in

asthmatics but not normal subjects, with a potency of one-third that of

histamine.72 Mann et al. reported that adenosine, adenosine monophosphate,

and adenosine diphosphate all produce concentration-related bronchoconstric-

23
tion in asthmatics.2 In the same study, there was a significant increase in
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plasma adenosine concentrations in asthmatics following allergen challenge,

which occurs within 2 minutes and precedes peak bronchoconstriction.

Adenosine’s mechanism of action is uncertain, but may involve selective

enhancement of histamine release from airway mast cells, since Rafferty et al.

report that the time course of adenosine monophosphate-induced bronchocon-

striction in asthmatics parallels that for histamine and can be prevented by

treatment with terfenadine, an H1 receptor antagonist.279 It has been suggested

that adenosine acts as a secondary mediator in asthma and that release of

endogenous adenosine may exacerbate asthma rather than initiate it.”

Theophylline is a cyclic nucleotide phosphodiesterase inhibitor that also

acts as an adenosine receptor antagonist. It inhibits bronchoconstriction in

asthmatics induced by adenosine inhalation,71 and is a bronchodilator in ponies

with COPD?” Fredholm et al. demonstrated that theophylline blocks

adenosine-potentiated histamine release in rat mast cells at a concentration

below that needed to inhibit cyclic nucleotide phosphodiesterase. They

attribute this inhibition to adenosine receptor antagonism and propose that this

may be the-mechanism by which theophylline acts to prevent asthma attacks.114

However, enprofylline, a xanthine derivative practically devoid of adenosine

antagonistic effects, is 3-4 times more potent that theophylline as a

bronchodilator in asthmatics,217 so some other mechanism must be responsible

for theophylline’s bronchodilator action.

iv) Complement. Complement was first reported in 1895, and acts as the

principal effector arm of antibody-mediated allergic reactions.”5 The
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complement cascade consists of a complex series of interacting proteins

triggered directly by interaction with damaged tissue, viruses, or bacterial

products, and indirectly by the interaction of antibody with antigen. It provides

a general amplification system for inflammatory reactions following such a

"trigger response!“5 The complement pathway consists of nine central plasma

protein components produced primarily by macrophages and hepatocytes,

together with a number of ancillary factors and control proteins that help to

regulate the cascade. Two products of the complement cascade with document-

20,170,318 These productsed airway effects are the anaphylatoxins C3a and C5a.

can cause bronchoconstriction, increased vascular permeability, and inflammato—

ry cell chemotaxis. Irvin et al. reported that aerosolization of C5a des Arg into

rabbits causes neutrophil influx, decreased compliance, increased resistance, and

increased responsiveness to aerosol histamine.”0 These respiratory effects are

prevented by prior neutrophil depletion with nitrogen mustard,170 or treatment

with indomethacin.20 Vascular permeability changes require C3a or C5a, a

vasodilator prostaglandin such as PGE2 or PGIz, and neutrophils for a full

effect.”'179'355 C5a and C5a des Arg have neutrophil chemotactic activity equal

to or greater than that of LTB4 130349 and can also stimulate lysozomal enzyme

release, oxygen-free radical production, and arachidonic acid metabolism in

human neutrophils’9 and rabbit alveolar macrophages?”

Despite these many pro-inflammatory actions, the role of complement in

asthma and airway hyperresponsiveness is unclear. The complement pathway

can be activated by cotton dust, extracts of house mite dust, and plicatic acid,
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which is responsible for asthma induced by western red cedar woodsmls In

a study of biopsy samples collected from 50 cases of severe adult onset asthma,

Molina et al. reported that there is consistent evidence of association between

IgA, IgG, and IgM, and the C3 component of complement localized mainly in

the superficial portion of the basement membrane beneath the bronchial

mucosa.244 However, in a series of studies of circulating complement

components in asthmatics during allergen-induced asthmatic attacks, no

evidence for complement activation is found.9"1‘58’182’316 There have been no

equivalent studies on complement activation in cases of equine COPD.

v) Sensory Neuropeptides. Sensory neuropeptides such as vasoactive

intestinal peptide and substance P are localized to afferent C-fibers in the

airways. They are synthesized in sensory neurones in the nodose and jugular

ganglia and transported peripherally.“s The precise physiological role of these

peptides is not yet known, but in addition to their possible role as neurotrans-

mitters in the non adrenergic-non cholinergoc nervous system, they are

proinflammatory and potent secretagogues. Payan et al. showed that

intradermal injection of substance P could induce a wheal and flare reaction,

which is partially blocked by treatment with an H1 receptor blocker,”2 while

Coles et al. demonstrated that canine tracheal explants treated with substance

P have a dose-dependent increase in secretion of high molecular weight proteins

predominantly from submucosal glands.‘54 The wheal and flare reaction induced

by intradermal administration of substance P, calcitonin gene-related peptide,
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and neurokinin A is reduced by pretreatment with aspirin, suggesting that

cyclooxygenase metabolites may be involved in the reaction.11

Sensory neuropeptides may be involved in neurogenic inflammation and

amplification of the inflammatory response in airways of asthmatics, but direct

evidence for such involvement awaits the development of specific antagonists

suitable for clinical use.13

vi) Oxygen Radicals. Oxygen-derived molecules include superoxide anion

(02'), perhydroxyl radical (H02), hydrogen peroxide (H202) and hydroxyl radical

(OH). These molecules can interact with cell proteins, lipids, and sugars,

damaging membranes, receptors, and enzymes, and altering cell function.”6 Of

these, hydrogen peroxide (H202) and superoxide anions (02') are produced

enzymatically by neutrophils, eosinophils, and macrophages7 Production of

these metabolites is enhanced during inflammatory reactions in the lungs and

can result in further inflammation, epithelial injury, edema, and connective

tissue deposition.37

There is no direct evidence for involvement of oxygen radicals in asthma

or equine COPD, although these metabolites have been shown to affect airway

smooth muscle in vitro. Hydrogen peroxide contracts canine lung parenchymal

strips and bovine trachealis muscle, and these contractions are blocked by

indomethacin and partially reversed by oxygen radical scavengers such as

dimethylsulphoxide, reduced glutathione, and ascorbic acid.317 In guinea pigs,

H202 contracts tracheal strips to 50% of maximum carbachol contraction, and

this action is inhibited by indomethacin." Engels et al. studied isoproterenol-
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induced relaxation of guinea pig tracheal rings exposed to supernatant from

stimulated alveolar macrophages. They found that addition of macrophage

supernatant significantly decreases isoproterenol-induced relaxation and that

this effect is blocked by adding catalase or a hydroxyl radical scavenger.103

These data suggest that beta receptors could have been damaged by oxygen

radicals released from the alveolar macrophages. Whether such damage could

occur with airway inflammation in vivo and result in increased airway

responsiveness remains to be shown.

vii) Platelet Activating Factor. Platelet activating factor is an ether-linked

phospholipid produced by many cell types including human eosinophils“ and

neutrophils,214 rat alveolar macrophages,3 rabbit platelets,” vascular endothelial

cells," and mouse bone-marrow cells.240

Platelet activating factor is able to reproduce many of the pathological

changes associated with asthma, including bronchoconstriction, airway

hyperresponsiveness, increased vascular permeability and edema formation, and

activation of inflammatory cells. Intravenous injection of platelet activating

factor in guinea pigs causes bronchoconstriction,” while in rabbits, 0.6 ug/kg of

platelet activating factor/mg administered intravenously increases respiratory

“2 Cuss et al.rate and pulmonary resistance and decreases dynamic compliance.

administered platelet activating factor by aerosol to normal humans and

reported a dose-dependent bronchoconstriction and increased responsiveness to

methacholine challenge that persists for 7-28 days,73 while Chung et al. reported

that aerosolized platelet activating factor administered to dogs increases
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pulmonary resistance 2-3 fold and significantly increases airway responsiveness

to acetylcholine. Both of these effects are blocked by OKY 046, a platelet

activating factor antagonist.” In rhesus monkeys, the threshold for platelet

activating factor-induced bronchoconstriction is 1/600 and 1/20,000 that for LTD4

and histamine, respectively,270 which indicates the potency of this compound.

Abraham et al. showed that prior treatment with WEB-2086, a platelet

activating factor antagonist, significantly decreases the late response to aerosol

A. sum antigen in sensitized sheep,1 suggesting that platelet activating factor

is involved in this response. Intradermal injection of as little as 52 picogram of

platelet activating factor induces increased vascular permeability in guinea

pigs,166 and this action is potentiated by vasodilators such as PGErm'm

Platelet activating factor aggregates and degranulates rabbit platelets and

neutrophils,”53 while human eosinophils incubated with 10'9 to 10’7 platelet

activating factor show dose-dependent enhancement of cytotoxicity to

”0 Wardlaw et al. report that platelet activatingSchistosoma mansoni larvae.

factor in doses of 10‘8 to 10.5 induces directional locomotion in human

eosinophils in a time- and dose-dependent fashion?” and that this effect is much

greater than that seen with histamine and LTB4.

Despite its ability to induce airway inflammation, bronchoconstriction,

and airway hyperresponsiveness, there is little direct evidence for the

involvement of platelet activating factor in human asthma. Developing more

effective antagonists, and more accurate methods for quantitating platelet
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activating factor concentrations in blood and tissue samples will help to resolve

the question of its involvement in both asthma and equine COPD.

viii) cytokines. These are part of a rapidly increasing number of mediators

that includes the interleukins, interferon-gamma, tumor necrosis factor, and

stimulating factors, such as granulocyte/monocyte colony stimulating factor.

These substances are important for cell-cell communication or interaction and

their production and release can have marked effects on the capacity of

inflammatory cells to synthesize and release mediators. Pretreatment of

neutrophils with granulocyte/monocyte colony stimulating factor is essential if

they are to produce LTB4 when stimulated with C5a,” while interleukin-3

pretreatment markedly increases histamine release from human basophils

195 Cytokines are also involved in communicationstimulated with allergens.

between inflammatory cells and connective tissue cells such as fibroblasts.

Here, inflammatory cells regulate fibroblast function, and fibroblasts in turn

regulate inflammatory cell function.“ In this complex network, the effect of

an individual cytokine varies with the state of activation of the target cell, the

presence of other cytokines in the local microenvironment, and the ability of

the target cell to produce bioactive autocoids such as prostaglandins‘m

Summary. As can be seen from the above brief description, there are a

tremendous variety of inflammatory cells and mediators that could potentially

play a role in the pathogenesis of airway disease. The mere fact that so many

cells and mediators have been considered suggests that no single cell or

mediator is likely to be responsible for airway obstruction and
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hyperresponsiveness in any situation, but rather that the development of an

inflammatory response is the product of extensive communication and

interaction between inflammatory cells and other cell types in their immediate

environment. If one mediator or class of mediators were to play a central role

in such a process, then a strong candidate would be the metabolites of

arachidonic acid. They are mediators produced by all of the cell types

mentioned above, as well as by most other cells in the body, and appear to

occupy a central role in the regulation of cell-cell interaction and normal or

pathological processes in the body. Because of this, I have chosen to discuss

them in greater detail in the next section.

Arachidonic Acid Metabolites

Arachidonic acid (5,8,11,14-eicosatetraenoic acid) is a long chain fatty acid

found esterified at the 2 position of cell membrane phospholipids, particularly

phosphatidyl inositol, phosphatidyl choline, and phosphatidyl ethanolamine.62

Arachidonic acid can undergo a series of oxygenation reactions to yield 20-

carbon oxygenated metabolites called eicosanoids, which have a wide range of

am Eicosanoid synthesis requires the free, nonesterifiedphysiological action

form of arachidonate since the oxygenating enzymes will not act on substrate

bound to phospholipid.201 Release of arachidonic acid from membrane

phospholipids can occur via the activation of phospholipase A2 or the combined

activation of phospholipase C and a diacylglycerol lipase. This release step is

the primary site for regulation of eicosanoid synthesis.
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Once released, free arachidonate can undergo three possible fates:

1. Diffusion out of the cell,314 with subsequent binding to albumin,312 or

incorporation and metabolism by other cells.98

2. Reacylation into membrane phospholipids via the actions of an

arachidonoyl coenzyme A synthetase and an acyltransferase.199'357

3. Metabolism via the cyclooxygenase or lipoxygenase pathways.

W. The cyclooxygenase pathway is substrate

limited in that the enzymes are always active but substrate is lacking unless

released from membrane lipids. The initial steps in the pathway are catalyzed

by prostaglandin endoperoxide synthase, a single protein with cyclooxygenase

and peroxidase activity. The cyclooxygenase activity catalyzes the addition of

two 02 molecules to arachidonate, producing PGGZ, an unstable cyclic

endoperoxide. The peroxidase activity then reduces P662 to PGH” its 15-

hydroxy analogue?” Generation of oxygen radicals during the peroxidase step

results in enzyme inactivation, which may serve to limit in vivo prostaglandin

synthesis?“ The cyclooxygenase enzyme is also inhibited by aspirin-like

drugs,338 and this inhibition is limited to the cyclooxygenase activity.243 The

aspirin effect involves acetylationm of a single serine residue?“ PGH2 can be

metabolized to thromboxane A2 (TxAZ), and prostaglandins D2 (PGDZ), E2

(PGEI), F2“ (PGFh), and 12, or prostacyclin (PGIZ) Both TxA2 and P612 are

extremely labile in aqueous solution and are rapidly hydrolyzed to their

inactive forms (TxB2 and erto—PGFM respectively).zoo



50

WW. Lipoxygenases catalyze incorporation of one

oxygen molecule into polyunsaturated fatty acids containing a l,4—cis,cis-

pentadiene system to yield a l-hydroperoxy-2,4—trans,cis-pentadiene product?”

The regional specificity of the lipoxygenase is designated by the number of the

carbon bearing the hydroperoxy group. The hydroperoxy group thus formed

can then be reduced to its hydroxy analogue. A large number of lipoxygenases

have been described, but in this review I will concentrate on metabolites of the

S- and 15-lipoxygenases that are thought to have a role in pulmonary disease and

in asthma in particular.

i) 5-Iipoxygenase. This is a calcium requiring enzyme that catalyzes the

initial peroxidation of arachidonic acid to form S-hydroperoxy-eicosatetraenoic

acid (S-HPETE), a key intermediate in the formation of leukotrienes.291 5-

HPETE is metabolized to leukotriene A4 (LTA4), an unstable epoxide that can

be metabolized to leukotriene B4 (LTB4) by an epoxide hydrolase. An alternate

pathway involves the addition of glutathione to the C-6 position of LTA4 by a

glutathione transferase, resulting in the formation of a group of sulfidopeptidal

leukotrienes. The first of these is leukotriene C4 (LTC4) Removal of glutamic

acid by gamma-glutamyl-transpeptidase converts LTC4 to LTD4 and removal of

glycine by a different dipeptidase converts LTD4 to LTE4.211 These three

leukotrienes together constitute slow reacting substance of anaphylaxis (SRS-

A)?”

ii) 15-Lipoxygenase. This enzyme initially catalyzes the formation of a 15-

hydroperoxy-eicosatetraenoic acid (IS-HPETE), which can then undergo three
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possible reactions. The first is a reduction to the 15-hydroxyeicosatetraenoic

acid (15-HETE), the second is a dehydration to 14-15 LTA4, and the third

involves the formation of lipoxins A and B, which are trihydroxylated

compounds with a conjugated tetraene structure?”

I 1' . 1 l I l l I.

i) PGDZ. Prostaglandin D2, released from human lung mast cells293 and

alveolar macrophages219 is a potent constrictor of human airways, in vivo149 and

in vitro.28 On a molar basis, PGD2 is about 10 times more potent than histamine

as a bronchoconstrictor. “9 PGD2 also potentiates the bronchoconstrictor

response to histamine and methacholine in asthmatics,118 as well as histamine-

and carrageenan-induced skin edema.107 Mucus secretion is significantly

227

increased in human airway tissue explants exposed to PGDZ. Increased

concentrations of PGD2 are reported in bronchoalveolar lavage fluid during the

acute asthmatic response.”3

ii) PGan. PGFZ‘,I contracts human airway smooth muscle in vitro,28 and

aerosol administration of PGan in humans causes bronchoconstriction, which

is more marked in asthmatics.232 Sensitivity to PGF,‘ in asthmatics challenged

with antigen is positively correlated with the degree of bronchial responsiveness

present.233 Increased plasma concentrations of 15-keto-13,14-dihydro-PGF2“, a

metabolite of PGFZ‘, are reported to occur in asthmatics during bronchocon-

strictionm PGFZ‘, can also stimulate increased mucus production in vitro281 and

in vivo.213 In dogs, subthreshold doses of PGFZ‘, increase airway responsiveness

to acetylcholine aerosol challenge. This effect is inhibited by treatment with
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hexamethonium, a ganglionic blocking agent that blocks sympathetic and

parasympathetic nerve pathways,”8 implying that PGFZ‘, is acting by affecting

nervous pathways.

iii) m, Thromboxane A2 is released from human lung tissue during

anaphylaxis303 and can cause bronchoconstriction in vitro.321 This contractile

action may be the result of potentiation of cholinergic neurotransmission, since

a TxAz mimetic (U46619) potentiates cholinergic neurotransmission in canine

airways?6 Allergen stimulation of atopic asthmatics results in increased levels

of TxAz metabolites in urine, but inhibition of TxA2 synthesis with

indomethacin does not prevent the bronchoconstrictor response to allergen.308

An increase in TxA2 concentrations in plasma and bronchoalveolar lavage fluid

samples from ponies with COPD has also been reported)” but here again,

cyclooxygenase inhibition blocks TxAz production but does not improve

pulmonary function. In contrast to this, treating asthmatics with a thrombox-

ane synthetase inhibitor reduces bronchial hyperresponsiveness to acetylcholine

without affecting baseline pulmonary function.116

iv) P612. P612 is synthesized predominantly by macrophages and

pulmonary vascular endotheliumfm’225 and its production is increased after

anaphylactic challenge of human and guinea pig lung fragments.”303 It causes

relaxation of vascular and bronchial smooth muscle from humans, dogs, and

guinea pigs in vitro,”9'18°’3‘7 and can protect against bronchoconstriction induced

by PGD2 and methacholine,“149 although it has little effect on normal airway

caliber in monkeys271 or normal and asthmatic humans.148
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v) PGEz. PGEZ is synthesized by airway epithelium,”'52'58's9'""35‘ alveolar

macrophages?” eosinophils,” and fibroblasts100 in response to a variety of

mediators. It is a bronchodilator in both normal and asthmatic humans,”183

although a bronchoconstrictor action has also been reported.232 PGE2

administration reverses bronchoconstriction caused by administration of

PGFZG,” and it relaxes isolated human322 and equine124 tracheal smooth muscle,

possibly by inhibiting acetylcholine release at a prejunctional site.” Decreased

production of PGE2 by tracheal epithelium is associated with endotoxin-induced

hyperreactivity in guinea-pig isolated trachea.108 In addition to its actions on

smooth muscle, PGE2 has an anti-inflammatory action, regulating production

of tumor necrosis factor and interleukin 1 by macrophagesm'194 This may form

part of a negative feed-back system for regulating the inflammatory response,

since both tumor necrosis factor and interleukin 1 stimulate production of

PGEra’100 A similar anti-inflammatory action is reported during endotoxin

challenge of sheep lungs, in which PGE2 infusion attenuates pulmonary

dysfunction, possibly by preventing endogenous release of other eicosanoids.38

Sulfur dioxide-induced pulmonary inflammation and eosinophilic pneumonia

are associated with increased bronchoalveolar lavage fluid concentrations of

PGE2,25"'264 whereas enhanced PGE2 synthesis is reported from fibroblasts

stimulated after exposure to mononuclear cell products191 and from tracheal

epithelium exposed to eosinophil-derived major basic protein,174 PAP, and

bradykinin?“
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vi) 15-HETE. 15-HETE is produced by tracheal epithelial cells,167

pulmonary endothelial cells,176 polymorphonuclear leukocytes,336 eosinophils,332

lymphocytes,128 and alveolar and pulmonary intravascular macrophages.21 It is

a major metabolite in homogenates of human lung tissue and is produced in

greater quantities in tissues from asthmatics.""’“3’192 There is also a marked

increase in bronchoalveolar lavage fluid IS-HETE concentrations collected from

asthmatics following aerosol challenge with specific antigen.”3 Results from in

vitro and in vivo experiments show that 15-HETE is a potent secretagogue,178'228

causes neutrophil chemotaxis178 and can activate” or inhibitm the 5-

lipoxygenase enzyme, depending on the cell type. A 15-HETE metabolite,

SSJSS-diHETE is also chemotactic for canine neutrophils in airways.187

vii) Leukotrienes. These consist of the sufidopeptide leukotrienes (LTC‘,

LTD4, LTE4) and the dihydroxy-eicosatetraenoic acid LTB4, They are produced

by a variety of cells, including lung tissue,“ mast cells,283 eosinophils,”1 alveolar

macrophages,231 and neutrophils.289 LTB4 is a potent neutrophil chemotactic and

chemokinetic agent in vitro,112 which can also induce attachment of leukocytes

to vascular endothelial surfaces162 and thus assist in migration of inflammatory

cells from the vasculature to the tissues. LTB‘ has some smooth muscle

constricting activity in vitro, but this action appears to be due to the production

of thromboxane.“ The sulfidopeptide leukotrienes are now known to

constitute the biological activity previously known as slow-reacting substance

of anaphylaxis (SRS-A). Allergen challenge is a potent stimulus for their

78
release from sensitized human and animal lung tissue. They can produce
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increased vascular permeabilityzm and smooth muscle contraction.”144 LTC,

and LTD4 are at least 1000 times more potent than histamine at causing

bronchial smooth muscle contraction in vitro,”144 and 600 to 9500 times more

potent bronchoconstrictors than histamine when administered by aerosol to

humans.”0 LTE4 is approximately one-tenth as potent as LTD4 and has a longer

duration of action.80 Both LTC4and LTD4 are potent stimuli for mucus

secretion from human airways in vitro,“226 and dog tracheal"

A number of observations suggest that the sulfidopeptide leukotrienes

have a role in the pathogenesis of asthma. Polymorphonuclear leukocyte 5-

lipoxygenase activity is increased in cells from asthmatics,242 and asthmatics are

hyperresponsive to inhaled leukotrienes.2""°'310 Several studies report increased

leukotriene concentrations in plasmam’z” and urine” from asthmatics

following an attack. However, experiments performed with currently available

leukotriene antagonists in vivo have produced conflicting results. Treatment

with a selective LTD4/LTE4-receptor antagonist improves pulmonary function

in patients with mild, chronic asthma,60 whereas L-649,923, a LTD4 antagonist,

has no significant protective effect against bronchoconstriction following

allergen challenge.39 The S-lipoxygenase inhibitor/leukotriene receptor

antagonist REV 5901 also fails to antagonize LTD4-induced bronchoconstriction

in asthmatics.334 It appears that definitive proof of a role for leukotrienes in

asthma awaits the development of more selective leukotriene antagonists.

WW.As presented above, the capacity

for individual cell types to generate eicosanoids has been well defined.
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However, in the body, cells do not usually exist as pure populations isolated

from other cell types, and there is growing evidence that when different cell

types are mixed, transcellular transfer and metabolism of endogenous

arachidonic acid can occur.""53’9"'z21 In addition to this, it appears that

communication between cells can result in enhanced synthesis of normally

produced eicosanoids.“188 These data suggest that cell-to—cell interaction is an

important factor in determining the type and quantity of eicosanoids that are

produced, and may be potentially important in inflammatory diseases such as

asthma and COPD. One potentially important interaction that is receiving

increasing attention is that between airway epithelium and inflammatory cells

or airway smooth muscle. Airway epithelium is able to synthesize several

eicosanoids, and in the final section of this review I will present some of the

information currently available that supports the potential role of epithelium

and epithelial-derived arachidonic acid metabolites in reactive airway disease.

Airway Epithelium

One of the characteristic features of both bronchial asthma in humans

and COPD in horses is loss of, or damage to, airway epithelial cells. Histological

examination of airway epithelial biopsies from asthmatics during remission197

and following death in status asthmaticus94 shows widespread epithelial damage,

affecting principally ciliated epithelial cells. A relationship between epithelial

damage and bronchial hyperreactivity is supported by reports that exposure to

agents, such as ozone, which are known to damage the airway mucosa results
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in increased bronchial reactivity. In guinea pigs, this hyperreactivity is related

to signs of airway mucosal injury and preceeds neutrophil infiltration.”0

Possible mechanisms by which epithelial damage may result in bronchial

hyperresponsiveness include the following. Noxious stimuli could more readily

interact with superficially located sensory nerve endings, which terminate in the

epithelial layer, resulting in exaggerated vagal reflexes. Also, epithelial damage

may cause release of chemotactic factors, resulting in an influx of neutrophils

into the airways. Inflammatory mediators released by these cells may then

result in tracheal smooth muscle hyperresponsiveness. Alternatively, epithelial

cells may synthesize and release an epithelium-derived relaxant factor that

normally modulates the response of tracheal smooth muscle to contractile

stimuli. Epithelial cell destruction could decrease production of such a factor,

with a consequent increase in tracheal smooth muscle responsiveness. Finally,

epithelial cells may possess metabolic pathways for inactivating inflammatory

mediators released into the airway lumen. For example, epithelial cells contain

enzymes such as enkephalinase, which break down inflammatory peptides.

Reduced levels of these enzymes during influenza infection have been

associated with airway hyperreactivity.173

The identity or existence of an epithelium-derived relaxant factor is the

subject of much debate. In the rabbit, mechanical removal of the epithelium

from bronchial segments increases the sensitivity of bronchial smooth muscle

to bethanecol."4 In the guinea-pig, relaxation of tracheal smooth muscle exposed

to arachidonate is converted to contraction following epithelium removal,331
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while in ovalbumin-sensitized animals, epithelium removal causes a greater

increase in sensitivity to antigen than to either methacholine or histamine.”0

In humans, contractile responses of bronchial smooth muscle to acetylcholine,

histamine, and PGFZC are significantly increased following epithelium removal,

while subsequent addition of chopped epithelium to the muscle bath significant-

ly decreases the contractile response to acetylcholine.2 Contractile responses of

dog tracheal smooth muscle to electrical field stimulation are significantly

inhibited when the supernatant from bradykinin-stimulated epithelial cell

cultures is added to the muscle bath.”

Immunoperoxidase staining of lung sections with a monoclonal antibody

for cyclooxygenase shows intense staining in the epithelium, indicating that this

cell layer possesses the capacity to synthesize prostaglandins.“4 In several

preparations, the effects of epithelial removal can be reproduced by treating

tissues with indomethacin, a cyclooxygenase inhibitor.15'“'331 PGE2 is a major

arachidonic acid metabolite produced by intact epithelium and has properties

similar to those described for epithelium-derived relaxant factor. Its production

can be stimulated by a variety of substances, including eosinophil major basic

7‘ neutrophils and reduced oxygen molecules,181 bradykinin, plateletprotein,1

activating factor, and calcium ionophore (A23187)354 PGE2 relaxes respiratory

airway smooth muscle and inhibits contractile responses evoked in intact and

epithelium-denuded tracheal preparations.32 Endotoxin—induced airway

hyperreactivity in guinea-pigs coincides with decreased PGE2 production by the

epithelial layer, which is thought to be due to decreased mobilization of
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arachidonic acid from membrane phospholipids rather than reduced activity of

the cyclooxygenase enzyme.108 PGE2 inhibits the initiation of excitatory

junction potentials and contractile responses to electrical field stimulation in

tracheal smooth muscle. It also depresses responses to acetylcholine but to a

significantly lesser extent, which is consistent with a major presynaptic and

lesser postsynaptic inhibitory action.”’“3 It is possible that a decreased

production of PGE2 by airway epithelium from ponies with COPD could

remove this modulating action on acetylcholine release and increase the

responsiveness of airway smooth muscle to stimuli that act via parasympathetic

mechanisms and stimulate acetylcholine release.

Based on my understanding of the literature, there was evidence for

altered arachidonic acid metabolism in human asthma as well as other animal

models of airway hyperresponsiveness. Metabolites of particular interest for

human asthma were TxAz, PGD2 and 15-HETE, whereas in the dog, TxA2

appeared to be an important mediator. My initial aim was to determine

whether similar alterations could be detected in ponies and horses with COPD.

If such alterations were detected, I intended to try and identify the site of the

altered eicosanoid production, and also to study the significance of these

changes by using appropriate inhibitors to block eicosanoid production where

possible. Experiments designed to help achieve these aims are presented in the

next five chapters.



CHAPTER 2

MEASUREMENT OF PLASMA AND BRONCHOALVEOLAR FLUID

CONCENTRATIONS OF EICOSANOIDS IN PONIES WITH

CHRONIC OBSTRUCTIVE PULMONARY DISEASE (HEAVES)

Introduction

Arachidonic acid is a ubiquitous, esterified fatty acid found in cell

membranes. It is a precursor for a large group of C20 fatty acids or eicosanoids

311
that have a broad range of biologic actions. Eicosanoids are produced by lung

tissue,” and their actions include smooth muscle contraction,“321 leukocyte

chemotaxis?"178 stimulation of mucus secretion,m'178'226’227 and increased vascular

permeability.222 In addition, eicosanoids can produce bronchoconstriction when

inhaled by animals or human volunteers.”'1“9’309 Because these alterations are

all characteristic features of asthma, it has been proposed that eicosanoids may

play a role in the pathogenesis of this disease.111 However, reports documenting

the isolation of eicosanoids during episodes of clinical disease are less common,

as are reports correlating alterations in eicosanoid concentrations with the onset

or severity of asthma.”2 Elevated leukotriene (LT) C4 concentrations have been

reported in plasma from children during acute asthma attacks,295 and an
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increase in 15-hydroxyeicosatetraenoic acid (IS-HETE) and prostaglandin (PG)D2

concentrations occurs after antigen challenge in asthmatics.”3 Asthmatics also

have increased concentrations of PGDZ, PGFZa, and 9a,]13-PGF2 in samples

obtained by bronchoalveolar lavage when compared with non-asthmatics.212

The similarities between human asthma and COPD in ponies have been

well documented with reference to the occurrence of airway obstruction and

non-specific airway hyperresponsiveness.“"“"82’87'296 There had been no studies

to determine whether the association between altered eicosanoid concentrations

and pulmonary dysfunction seen in humans asthma was also present in ponies

with COPD.

To test this possibility, I elected to measure plasma and bronchoalveolar

lavage fluid concentrations of the lipoxygenase metabolite, 15-HETE, and the

cyclooxygenase metabolites, thromboxane (Tx)A2, P617, and PGDZ.

Studies using lung tissue from asthmatics have shown that TxA2 and

P612 are the major cyclooxygenase products formed, and that PGEZ, PGD,, and

78
PGFZa occur in lesser concentrations. TxA2 contracts guinea pig bronchial

smooth muscle in vitro and in vivo,321 and inhibition of TxAz synthesis

decreases bronchial hyperresponsiveness to inhaled acetylcholine in asth-

matics.116 In a series of experiments studying airway hyperresponsiveness in

dogs, O’Byrne et al. showed that neutrophil-derived TxA2 was responsible for

the increased responsiveness that occurred following ozone exposure or aerosol

challenge with PAP and LTB,,.2’}5"7"5°’2‘51 PGI2 relaxes bronchial smooth muscle

in vitro,119 but its effects in studies performed in vitro are less conclusive. It has
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little effect on dynamic compliance or airway resistance when administered by

aerosol to rhesus monkeys271 and no consistent effect on airway caliber when

administered as an aerosol to normal and asthmatic subjects.148 9a,113-PGF2 is

a metabolite of PGD2 in human lung,298 and a contractile agonist of isolated

guinea pig and human airways. It also produces bronchoconstriction in humans

when inhaled." 15-HETE, a major metabolite produced in homogenates of

3 is produced in greater quantities in tissues fromhuman lung tissue,14

asthmatics-’8'“;192 A marked increase in 15-HETE concentrations in broncho-

alveolar lavage fluid from asthmatics following aerosol challenge with specific

antigen was reported by Murray et al.”3 15-HETE is a potent secretagogue,m'228

causes neutrophil chemotaxis,178 and is involved in regulation of leukotriene

synthesismm

My hypothesis was that the airway obstruction and hyperresponsiveness

measured in ponies with COPD is associated with increased production of 15-

HETE or a bronchoconstrictor eicosanoid such as TxAz and PGD2, or decreased

production of a bronchodilator prostaglandin such as PGIz. To test this

hypothesis I measured plasma and bronchoalveolar lavage fluid concentrations

of these substances or their stable metabolites.

Methods

Five mixed-breed ponies with a history of heaves (principals) were

matched for age and sex with five ponies with no history of heaves. Each pony

had a chronic tracheostoma created in the midcervical region and a carotid
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artery that had been relocated to a subcutaneous site in the neck. Ponies were

paired (principal and control) and each pair was fed, housed, and transported

together to ensure that they received the same environmental exposures.

W.Baseline pulmonary function was measured when

ponies had been kept at pasture for 2 months with no exposure to hay, straw,

or a barn environment (Period A) They were then housed in a barn, bedded

on straw, and fed hay. Hay was shaken beside the ponies 3 times daily to

increase airway exposure to hay dust. When the principal pony developed

clinical signs of airway obstruction, pulmonary function tests were repeated on

both ponies (Period B). In addition to pulmonary function measurements,

plasma and bronchoalveolar lavage fluid samples were collected at Periods A

and B, and concentrations of 15-HETE were measured. Concentrations of the

stable metabolites Tsz, 6-keto-PGF1a, and 9a,1lfi-PGF2 were also measured as

estimates of TxAp P612, and PGD2 concentrations, respectively.

WEach pony was tranquilized with

intravenously administered xylazine (Rompun; Haver Lockart, Shawnee

Missions, KS) (0.5 mg/kg) and restrained in stocks. A 45-cm-long, cuffed

endotracheal tube (20-mm internal diameter) was inserted into the trachea via

the tracheostoma. A pneumotachograph (Fleisch No. 4; Dynasciences, Blue Bell,

PA) and associated pressure transducer (DP45-22; Validyne, Northridge, CA)

were attached to the end of the endotracheal tube. The pneumotachograph

transducer system produced a signal proportional to flow that was electronically

integrated to give tidal volume. Prior to each experiment, this system was
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calibrated by forcing a known volume of air through the pneumotachograph

using a 2-L syringe (Super syringe; Hamilton Syringe Co., Warminster, PA) An

esophageal balloon (10-cm length, 3.5-cm perimeter, 0.06-cm wall thickness) was

sealed over the distal end of a polypropylene catheter (3-mm internal diameter,

4.4-mm outer diameter, 140-cm length) that had several spirally arranged holes

in the portion covered by the balloon. The balloon volume was adjusted to 05

ml with room air, and the catheter was inserted via the nares until the balloon

was positioned in the midthoracic esophagus. The external end of the catheter

was then connected to a pressure transducer (DP45-34; Validyne) for measure-

ment of esophageal pressure.

Transpulmonary pressure was defined as the pressure difference between

atmospheric and esophageal pressure. Transpulmonary pressure, tidal volume,

and airflow were recorded on light-sensitive paper (VR12; Electronics for

Medicine, White Plains, NY) Dynamic compliance, pulmonary resistance,

minute ventilation, and frequency were calculated by a pulmonary function

computer (Model 6; Buxco Electronics, Sharon, CT) and data logger (Model

DL12; Buxco) Blood samples were collected from the exteriorized carotid

artery and analyzed for arterial oxygen tension and arterial carbon dioxide

tension using an automated blood gas analyzer (Model ABL 3; Radiometer,

Copenhagen, Denmark).

Brow. A l-m-long, 12-mm-diameter, fiberoptic

endoscope (American Cytoscope Makers, Pelham Manor, NY) was inserted

through the tracheostoma. Three ml of 2.0% lidocaine were used to desensitize
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the airways, and the endoscope was wedged in a left or right ventral lobe

bronchus. Three 100-ml aliquots of room-temperature, phosphate-buffered saline

were infused through the biopsy channel and gently aspirated. An average of

50% of the infused fluid was recovered. The recovered fluid was filtered

through a double layer of gauze into a chilled graduated cylinder that contained

sufficient indomethacin to provide a final concentration of 10 uM/ml in 300 ml

of bronchoalveolar lavage fluid. The lavage fluid was centrifuged (800 g for 15

min) at 4°C, the supernatant was drawn off, and lipid extractions were

performed.

WSixty mls of blood were collected from the external

jugular vein into three 20-ml syringes via a 14-gauge needle. Each syringe

contained 200 uL of a 15% EDTA solution, 0.3 mg of indomethacin, and 100 “L

of eicosatetraynoic acid solution (48 mg in 2 ml of dimethylsulfoxide) To

minimize the problem of iatrogenic eicosanoid formation, we used a standard-

ized collection technique. The external jugular vein was occluded until it

became visibly distended, then a 14-gauge, 4-cm-long hypodermic needle was

inserted into the center of the distended vein. When blood flowed freely from

the end of the needle, a syringe was connected to the needle and gentle suction

was applied. Using this technique, 20-ml of blood syringe could be withdrawn

in 15 seconds. After blood collection, each syringe was gently inverted to mix

the blood with anticoagulant, indomethacin, and eicosatetraynoic acid; the

syringe was then placed in an ice-bath. Blood samples were combined and

centrifuged (8(1) g for 10 min) The plasma was drawn off, recentrifuged (11(1)
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g for 10 min) to ensure that no further cells remained, and lipid extractions

were performed

WWExtraction of Tsz and 6-

keto—PGFI‘ was performed using the method of Powell?" Plasma (5 ml) and

bronchoalveolar lavage fluid (40 ml) samples were acidified to pH 3.0 to 3.5 with

1 N HCl. The acidified sample was centrifuged (800 g for 5 min) and the

supernatant placed on a preconditioned Sep-Pak C18 column, washed sequential-

ly with distilled water, ethanol:water (15:85), petroleum ether, and then eluted

with methyl formate. A similar extraction technique was used for 9aJlB-PGF7,

except that the ethanol:water step was followed with elution in ethyl acetate.

Samples for 15-HETE extraction were acidified to pH 4.0-4.5 with 1 N H3PO4

before being placed on the Sep-Pak, then washed with 20 ml of distilled water,

and eluted with 20 ml of ethyl acetate. Eluates were dried under a stream of

nitrogen at room temperature and stored under nitrogen at -70°C until ready

to be assayed.

Samples for 15-HETE and 901,1],8-PGF2 measurement were resuspended

in 500 pl of methanolzwater (70:30) and duplicate 100 ML aliquots were subjected

to radioimmunoassay. Tritiated 15-HETE (New England Nuclear, Boston, MA)

(35-40Ci/mM) diluted to 12200 to give approximately 5000 cpm, and rabbit anti-15-

HETE antibody (The Upjohn Company, Kalamazoo, MI) were used for the 15-

HETE assay. '

Tritiated 9a,]13-PGF2 was obtained from New England Nuclear and

rabbit anti-9a,]JB-PGF2 antibody from The Upjohn Company. Samples
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containing Tsz were dissolved in 50 [LL of methanol and then 950 nL of

distilled water was added. The samples were centrifuged and duplicate 100-uL

aliquots taken for radioimmunoassay. A similar technique was used for samples

containing 6-keto—PGFM, except that ethyl acetate was used to dissolve the

samples. Antibodies and standards for the Tsz and 6-keto-PGF1a assays were

obtained from Amersham (Arlington Heights, IL) and tritiated Tsz and 6-

keto—PGFh from New England Nuclear. Incubations were performed at room

temperature for 60 minutes, then at 4°C for 20 hours. Separation of bound from

unbound trace or sample/standard was achieved by adding 1 ml ice-cold dextran-

coated charcoal (5 mg Norit A and 0.5 mg Dextran T-70 per ml of 0.1 M

phosphate buffered saline) to each tube, allowing the tubes to stand on ice for

10 minutes, then centrifuging at 0°C (1200 rpm for 12 min) One ml aliquots of

supernatant were then added to 15 ml of Safety Solve radioimmunoassay

scintillation cocktail and counted in a liquid scintillation counter (Beckman,

Palo Alto, CA)

WMeasured values for individual animals at Periods

A and B were compared using Student’s t test for paired values, while values

for principal and control animals at each time period were compared using

Student’s t test for unpaired values. Significance was set at p < 0.05.

Results

Wants At Period A, pulmonary function

measurements were similar in control and principal ponies, except for
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pulmonary resistance, which was significantly greater in the principals (Table

2-1) After barn exposure (Period B), there was no change in lung function in

the control group, but in the principal group there was a significant decrease

in arterial oxygen tension and dynamic compliance and a significant increase

in pulmonary resistance and respiratory frequency.

WPlasma and bronchoalveolar lavage fluid

concentrations of 15-HETE, Tsz, 6-keto-PGF1a, and 9a,113-PGF2 were similar

in control and principal ponies at period A (Table 2-2) At period B, plasma 15-

HETE and Tsz concentrations increased significantly in the principals, but no

other significant changes were found. The increase in plasma 15-HETE was

consistent for each of the principal ponies (Fig 2-1)
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Table 2] Pulmonary function measurements in principal and control ponies

at pasture (A) and when principal ponies had acute airway

obstruction (B) (n = 5)

 

 

Principal Control

A B A B

Pa02 927 i 4.2 68.3 i 3.8"+ 90.9 i 4.1 99.6 i 66

(mmHg)

PaCOz 40.4 i 1.1 39.1 i 15 391 i 1.7 37.8 i; 1.4

(mmHQ

Cdyn 0.62 i 0.13 0.13 i 0.03"+ 100 i 0.20 0.94 j; 0.18

(L/cmHZO)

RL 1.32 i 021+ 581 i 1.58*+ 050 1; 0.05 059 i 0.05

(cmHZO/L/sec)

f 14.5 i 1.7 238 : 2.7‘*+ 11.6 i 1.4 12.1 i 1.3

(breaths/min)

VT 2.31 i 035 163 i 0.20 2.20 i 0.27 2.14 3; 024

(L

Va 314 i 2.8 39.4 i- 78 23.5 i 2.0 24.6 :1; 1.8

(L)
 

Cdyn = dynamic compliance, RL = pulmonary resistance. Values are means i

SEM. ‘ Significant difference from period A (p < 0.05) + Significant difference

from control group at period B (p < 0.05)
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Table 2-2 Plasma and bronchoalveolar lavage (BAL) fluid concentrations of

Tsz, 6-keto—PGF1a, and 9a,].IB-PGF2 in principal and control

ponies at pasture (A) and when principal ponies had acute airway

obstruction (B) (n = 5)

 

 

Principal Control

PLASMA

A B A B

Tsz 1020 i 47.0 3148 i 64.6" 85.0 i 26.2 1726 i 47.3

(pg/ml)

6-k-PGFlo: 33.0 i 230 38.3 i 7.7 21.3 i 5.6 28.0 i 7.6

(pg/ml)

901,1113-PGF2 3.4 i 3.5 2.8 i 1.8 3.0 i 1.8 2.8 i 21

(ng/ml)

15-HETE 1010 +152 463.0 i163.0‘ 206.3 i 510 107.2 i 426

(ng/ml)

BALELLHD

Tsz 165 i 9.7 375 i 14.5 18.1 i 48 25.4 _+_ 5.9

(Pg/m1)

6-k-PGFla 6.1 i 3.6 75 i 2.2 2.8 i 1.2 5.7 i Ll

(pg/ml)

9cr,11,B-PFG2 1.2 :1; 05 0.9 i 0.3 1.2 i 0.3 1.4 i 05

(ng/ml)

15-HETE 93 :1; 20 8.4 i 27 5.4 _+_; 1.0 64 3; 0.7

(ng/ml)

 

Values are means 3; SEM. "' = Significant difference from period A (p < 0.05)
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INDIVIDUAL PLASMA ilS’HETE CONCENTRATIONS
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Figure 2-1 Immunoreactive 15-HETE concentrations in plasma samples from

individual principal and control ponies collected at pasture

(Period A) and when principal ponies had acute airway obstruc-

tion (Period B)
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Discussion

A significant increase in plasma Tsz and 15-HETE occurred in the

principal ponies at Period B, which coincided with the development of airway

obstruction. No other significant changes in eicosanoid concentration were seen

in either group of ponies at either Period A or B.

Platelets are a major source of TxA2,311 but other cells capable of

synthesizing TxA2 include macrophages, monocytes, neutrophils, and intrapul-

monary endothelial cellsm’z” Plasma TxB2 can be an imprecise indicator of

endogenous TxAz synthesis, particularly because of artifactual formation of

thromboxane during sample collection.‘33'134 This iatrogenic Tsz formation can

be reduced by using a cyclooxygenase inhibitor in the collection container, free-

flowing collection techniques rather than vacutainer tubes, and adequate

amounts of anticoagulant in the collection container to prevent activation of

134 My sampling method was designed to minimize thisthe clotting process.

problem, but despite these precautions some artifactual TxB2 production could

have occurred during sample collection. In this study, I was examining relative

changes in plasma eicosanoid concentrations. If alterations in plasma TxB2

were the result of iatrogenic formation, I would have expected a random dis-

tribution of such error between Periods A and B. However, all 5 principal

ponies showed an increase in plasma Tsz at Period B relative to Period A,

suggesting that the alteration in plasma Tsz was related to barn exposure.

A similar uniform increase in plasma 15-HETE occurred between

Periods A and B in principal ponies. Previous experiments using affected
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ponies have shown that airway hyperresponsiveness as well as airway

obstruction is present at period B. Airway hyperresponsiveness and airway

obstruction are also characteristics of human asthma, and several studies have

reported an association between asthma and 15-HETE production in hu-

mans.""'1°3'192’253 Hamberg et al. identified 15-HETE as a major arachidonic acid

metabolite in homogenates of human lung. Samples of lung tissue from

asthmatics and non-asthmatics were studied, and it was found that conversion

of arachidonic acid to 15-HETE was greatest in lung tissue from asthmatics.143

Similar results have been reported in vitro by other investigators-'7'192 Murray

253
et al. reported increased 15-HETE production in vivo in asthmatic subjects.

15-HETE can be produced by tracheal epithelial cells,1°°'1°1’l°7 pulmonary

176 332
endothelial cells, polymorphonuclear leukocytes,33° eosinophils,

lymphocytes,128 and alveolar and intravascular macrophages.21 The changes in

15-HETE production that we measured in this study provide another character-

istic shared by both equine COPD and human asthma.

While there was a consistent increase in i15-HETE between periods A

and B with each of the principals, the quantities of i15-HETE measured were

very high (greater than 200 nanograms per ml of plasma in some ponies) This

suggested that there could be some other factor present in the plasma that was

cross-reacting with the anti-15—HETE antibody. If this were so, then high

performance liquid chromatographic separation of samples would be needed to

establish a more accurate estimate of plasma i15-HETE concentrations.
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The first step in demonstrating the possible involvement of a mediator

in a disease such as equine COPD is to show that measurable increases in the

proposed mediator occur during disease episodes. The second is to block the

action of the mediator, either by preventing its production, or by blocking its

action with a receptor antagonist. O’Byrne et al and Chung et 21155359261 showed

that airway hyperresponsiveness and airway obstruction in dogs is associated

with increases in neutrophils and Tsz concentrations in bronchoalveolar

lavage fluid. This hyperresponsiveness could be prevented by prior administra-

tion of the cyclooxygenase inhibitor indomethacin, or a specific thromboxane

synthase inhibitor, OKY 046.

Having shown that Tsz production was increased in principal ponies

at Period B, I therefore sought to determine whether, as in the dog, TxA2

contributed to the airway obstruction and hyperresponsiveness by blocking its

production and determining whether this altered pulmonary function in any

way.



CHAPTER 3

EFFECT OF CYCLOOXYGENASE INHIBITION ON PULMONARY FUNCTION

AND AIRWAY REACTIVITY IN PONIIB WITH CHRONIC OBSTRUCTIVE

PULMONARY DISEASE

Introduction

The first step in demonstrating the possible involvement of a mediator

in a disease such as heaves is to show that increases in the proposed mediator

occur during disease episodes. In the first experiment I determined that plasma

concentrations of Tsz and 15-HETE were increased in principal ponies during

the occurrence of acute airway obstruction.

The next step is to block the action of the mediator, either by preventing

its production, or by using a receptor antagonist, and seeing whether this

prevents the disease. No specific 15-lipoxygenase inhibitor was currently

available for in vivo use, but TxA2 production could be blocked with either

cyclooxygenase or thromboxane synthase inhibitors. I therefore sought to

determine the significance of the increased TxA2 production measured in the

first experiment by blocking its production and determining what effect this

had on the development of airway obstruction or airway hyperresponsiveness

75
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during the acute disease phase. In humans, cyclooxygenase inhibitors may

exacerbate339 or lessen190 the symptoms of asthma, but in the majority of cases

they have no effect on either the severity or duration of these symptoms}20 No

equivalent studies have been performed on the effect of cyclooxygenase

inhibition on heaves in horses.

The inhibitor that I chose for this second experiment was flunixin

meglumine, a non-steroidal cyclooxygenase inhibitor commonly used in horses

and ponies,20° which effectively blocks TxA2 production without adverse side

effects at clinically used dosages.1“°’299 The problem with using a broad inhibitor

such as flunixin meglumine was that it was not possible to examine the role of

any single cyclooxygenase metabolite in isolation. While blocking production

of bronchoconstrictor eicosanoids such as TxA2 it also blocked production of

PGE2 and PGIZ, which may function to counteract the effects of TxAz. The use

of a specific thromboxane synthase inhibitor could have overcome this problem,

but a safe, effective inhibitor was not currently available for use in the horse.

In the one reported use of a thromboxane synthase inhibitor in horses, the

inhibition that resulted lasted less than two hours after intravenous administra-

tion, and was markedly less effective than that produced with flunixin

meglumine.14°

The hypothesis that I set out to test in this experiment was that TxA2

production is important in the pathogenesis of heaves and that inhibition of its

production with flunixin meglumine would prevent or ameliorate the airway
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obstruction and/or airway hyperresponsiveness to histamine that develops when

affected ponies are housed in a barn.

Methods

WWI used the same five pairs of ponies that had

been used in the first experiment in a crossover experimental design. After

baseline pulmonary function was measured, and a histamine dose-response curve

was generated (Period A Baseline), each pair of ponies was treated with either

flunixin meglumine (Banamine; Schering, Kenilworth, NJ) (1.1 mg/kg intra-

muscularly, 3 times daily) or a similar volume of 0.9% sodium chloride solution.

Treatment continued while the ponies remained at pasture for 48 hours, then

the pulmonary function tests and histamine dose-response challenge were

repeated to identify any effect of flunixin meglumine on baseline airway

reactivity or pulmonary function (Period A Treated) The ponies were then

placed in the barn as described in the first experiment and drug treatment was

continued until the principal pony developed clinical signs of heaves. At this

time, pulmonary function and histamine dose-response measurements were

again performed (Period B) Each pair was returned to pasture for an

additional two months, after which the protocol was repeated using the

alternate treatment.

At a dose of 1.1 mg/kg or less, flunixin meglumine is an effective

cyclooxygenase inhibitor."°'2” To confirm that this dose was effective in

inhibiting cyclooxygenase under our experimental conditions, two ponies were
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treated with either flunixin meglumine (1.1 mg/kg intramuscularly, 3 times

daily) or a similar volume of 0.9% sodium chloride solution for 48 hours. At the

end of the treatment period, blood samples were collected for Tsz measure-

ment, then both ponies were challenged with intravenously administered

endotoxin (Escherichia coli 055:BS; Sigma Chemical Co., St. Louis, MO) (10

rig/kg), a potent stimulus for arachidonate release and metabolism in ponies.299

Blood samples were collected for Tsz measurement 30 minutes after endotoxin

administration.

WEThese were performed using the

same methods as those reported in Chapter 1.

Went;Airway reactivity was determined by

generating dose-response curves to aerosol histamine. Histamine diphosphate

(Sigma) was dissolved in sterile 0.9% NaCl, and solutions of 0.001, 0.01, 0.1, 0.3, 1.0,

3.0, and 10.0 mg of histamine diphosphate/ml were prepared. These solutions

were aerosolized using an ultrasonic nebulizer (Model 65; DeVilbiss, Somerset,

PA) that delivers a particle size of 0.5-3.0 pm. The nebulizer was connected to

a two-way nonrebreathing valve that was then attached to the endotracheal

tube. Ponies breathed the aerosol spontaneously for two minutes, then the two—

way valve was disconnected from the endotracheal tube and replaced with the

pneumotachograph. Beginning one minute after the end of each aerosol

challenge, transpulmonary pressure, tidal volume, and airflow were recorded for

two minutes and used to calculate dynamic compliance and pulmonary

resistance. Exactly four minutes after the end of each challenge, another
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aerosol challenge was begun. The measurement sequence consisted of a baseline

reading followed by saline aerosol, then successive doses of histamine diphos-

phate solution. Increasing concentrations of histamine were administered until

dynamic compliance decreased to 50% of the baseline value.

Dose-response curves of dynamic compliance and pulmonary resistance

were plotted as a function of histamine concentration in the aerosol. By

interpolation between points on the dose-response curve, I calculated the dose

of histamine required to decrease dynamic compliance to 65% of the baseline

value (ED65Cdyn) I also calculated the change in pulmonary resistance induced

by administration of 0.1 mg/ml histamine (ARL[0.1])

WWBlood samples were collected

from the external jugular vein using an 18-gauge needle and 20-ml plastic

syringe containing 0.2 ml of 15% EDTA solution and 0.3 mg of indomethacin.

Syringes were capped, gently inverted to mix inhibitor and anticoagulant, and

then placed in ice. Extractions and radioimmunoassay were performed as

described in Chapter 1.

mm.The effects of treatment, barn exposure, and pasture

were analyzed using a split-plot factorial analysis of variance. When F values

were significant at p < 0.05, means from each measurement period were

compared using Tukey’s omega procedure.
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Results

Wt; Pulmonary resistance, dynamic

compliance, and arterial oxygen tension were not significantly different in

principals and controls at A baseline (Table 3-1) Treatment with flunixin

meglumine of saline for 48 hours while ponies were kept at pasture produced

no alteration in pulmonary resistance, dynamic compliance, or arterial oxygen

tension (A treatment) (Table 3-1) The increase in pulmonary resistance and

decreases in dynamic compliance and arterial oxygen tension seen in principal

ponies housed in the barn were similar for saline- and flunixin meglumine-

treated ponies (Table 3-1) Although the magnitude of the pulmonary function

changes was not affected by flunixin meglumine treatment, the speed with

which these changes developed was increased by cyclooxygenase inhibition. The

average time taken for principal ponies to develop clinical signs was reduced

from 12.2 to 5.1 days. This reduction, while marked, was not significant due to

the small sample size.
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Figure 3-1 Log dose of histamine resulting in a decrease in dynamic compli-

ance to 65% of baseline value (ED65Cdyn) in saline- or flunixin

meglumine-treated ponies. Measurements were made at pasture

(A Baseline), after treatment at pasture for 48 hours with either

flunixin meglumine or saline (A Treated), and when principal

ponies had acute airway obstruction (B).

Values are mean _-|_- SEM, n = 5.

" = significant difference from A Baseline and A Treated (p <

mm

+ = significant difference from control ponies (p < 0.05)
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Figure 3-2 Change in pulmonary resistance in response to an aerosol of 01

mg/ml histamine diphosphate (ARL[01]) in saline— and flunixin

meglumine-treated ponies. Measurements were made at pasture

(A Baseline), after treatment at pasture for 48 hours with either

flunixine meglumine or saline (A Treated), and when ponies had

acute airway obstruction (B)

Values are mean i SEM, n = 5.

* = significant difference from A Baseline and A Treated (p <

0.05).

+ = significant difference from control ponies at B (p < 0.05).
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Aitway Reaetjyity Measneement; No significant differences in

ED65Cdyn and ARL[0.1] between principal and control ponies were seen at the

A baseline or A treated time periods. Within each group, there were no

significant differences in ED65Cdyn or ARL[0.1] after 48 hours of treatment with

either flunixin meglumine or saline. At Period B, EDgstyn decreased

significantly in the principal group but was unchanged in the control group

(Figure 3-2) A significant increase in ARL[0.1] occurred in the principals but not

in the controls (Figure 3-3). Treatment with flunixin meglumine did not alter

these results.

W.In the control

pony, plasma Tsz increased from 140 pg/ml at baseline to greater than 5,000

pg/ml at 30 minutes after endotoxin administration. In the flunixin meglumine-

treated pony, plasma Tsz was 100 pg/ml at baseline and 78 pg/ml 30 minutes

after endotoxin challenge.

Discussion

Increased plasma Tsz concentrations were associated with the

occurrence of heaves in the first experiment, but in this second experiment,

ponies treated with a cyclooxygenase inhibitor to prevent Tsz production still

developed airway obstruction and hyperresponsiveness to histamine when

housed in the barn. The alterations in pulmonary function and reactivity that

occurred at period B were similar to those previously reported,°"‘°'32 and were

unaffected by cyclooxygenase blockade. These results are different from those
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reported for the dog, where TxAz inhibition with both a cyclooxygenase

inhibitor and a thromboxane synthase inhibitor reversed airway hyperrespon-

siveness to acetylcholine induced by ozone exposure or aerosol challenge with

platelet activating factor or LTB‘.°5'2”'2°°

Thromboxane A2 is said to be one of the most important bronchoconstric-

tive arachidonic acid metabolites in human lung.365 My results do not support

such a role for TxAz in the airway hyperreactivity and obstruction seen in

heaves, because treatment with flunixin meglumine did not alter the occurrence

of these signs. It is possible that in heaves, TxA2 is acting as a non-specific

indicator of an activation process that releases several mediators, and that

TxAz. although increased, is not involved in development of the disease.

Platelets are a major source of TxA2 and there is evidence that platelets and

substances affecting them, such as platelet-activating factor, may be involved

in the pathogenesis of pulmonary disease.2°°'2°°'3"‘9 Platelet activating factor

infusion into isolated guinea pig lungs stimulates release of Tsz and PGE2,

while administration of a specific platelet activating factor antagonist can

inhibit the release of TxB,, PGEz, LTB4, and LTD4 from ovalbumin-challenged

guinea pig lungs.” Horse platelets are extremely sensitive to platelet

activating factor, with maximal platelet aggregation observed at concentrations

as low as 3.58 x 1014 M3”, so the increase in plasma Tsz could be an indicator

for the involvement of platelet activation or platelet activating factor in the

pathogenesis of heaves
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The failure of flunixin meglumine to prevent the development of heaves

could result from increased production of bronchoconstrictive 5-lipoxygenase

metabolites such as leukotrienes C4 and D4, since allergen stimulation in the

presence of cyclooxygenase inhibition has been associated with enhanced release

of leukotrienes.” I did not measure plasma concentrations of leukotrienes in

this study and so cannot rule out this possibility. However, a recent study in

humans showed that urinary Tsz concentrations were increased in asthmatics

following allergen challenge, but inhibition of TxB2 production with a

cyclooxygenase inhibitor did not alter the course of the disease. Urine LTE4

concentrations were measured in that study as an estimate of 5-lipoxygenase

activity, and there was no increased production associated with cyclooxygenase

inhibition.308

The failure of cyclooxygenase blockade to inhibit the development of

airway obstruction or airway hyperresponsiveness suggests that TxA2 does not

play a primary role in the development of heaves. However, the ability of

cyclooxygenase inhibition to decrease the time taken for affected ponies to

develop clinical signs of disease raises several possibilities. As discussed above,

one explanation for this action could be that cyclooxygenase inhibition

permitted increased metabolism of released arachidonic acid via the 5-lipoxyg-

enase pathway resulting in production of bronchoconstrictive leukotrienes. An

alternate explanation is that a cyclooxygenase metabolite/s may have a role in

preventing or delaying the onset of heaves. One possible candidate would be

PGEz, which is synthesized by airway epithelium,15'°9'354 is a bronchodilator in
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124 airwaynormal and asthmatic humans,”183 and relaxes human,322 and equine

smooth muscle in vitro. It attenuates endotoxin-induced pulmonary dysfunction

in sheep,38 and endotoxin induced airway hyperreactivity in guinea pigs is

associated with decreased epithelial PGE2 production.10°

Having determined that TxAz production did not appear to play a major

role in the pathogenesis of equine COPD, I sought to determine the importance

of the increase in plasma 15-HETE concentrations measured in principal ponies

during acute airway obstruction in the first experiment.



CHAPTER 4

INCREASED PULMONARY PRODUCTION

OF IMMUNOREACTIVE lS-HYDROXYEICOSATETRAENOIC ACID

IN PONIES WITH CHRONIC OBSTRUCTIVE PULMONARY DISEASE

Introduction

In the first experiment I demonstrated a significant increase in plasma

immunoreactive 15—HETE (i15-HETE) concentrations in jugular blood samples

from principal ponies during an episode of acute airway obstruction. While

there was a consistent increase in plasma i15-HETE concentrations in the

affected animals in these experiments, the actual values were large (in excess

of 200 ng/ml plasma for some ponies), suggesting that substances other than 15-

HETE might be interfering with the radioimmunoassay. In addition, sampling

from the jugular vein did not permit speculation as to the source of the

increased i15-HETE production. I reasoned that if 15-HETE had a role in the

pathogenesis of equine COPD, the source of this increased production should

lie within the lung, and consequently, i15-HETE concentrations in blood

draining the lung would be greater than i15-HETE concentrations in blood

entering the lung. To approximate pulmonary blood inflow and outflow, I



89

collected blood samples simultaneously from the right ventricle and carotid

artery. To increase the specificity of the assay, all samples were processed by

high-performance liquid chromatography prior to radioimmunoassay.

Methods

As in the previous studies, five mixed-breed ponies with a history of

heaves (principals) were matched for age and sex with five ponies with no

history of heaves (controls) The ponies were fed, housed, and transported

together, and studied on the same day.

W.Pulmonary function tests were performed on

ponies following 2 months at pasture, with no exposure to hay, straw, or a barn

environment (Period A) They were then housed in a barn, bedded on straw,

and fed hay. When the principal ponies developed clinical signs of airway

obstruction, pulmonary function tests were repeated in both ponies (Period B).

Ponies were then returned to pasture for a minimum of two weeks, and

pulmonary function was monitored until it had returned to pre barn-exposure

values (Period C) Blood samples for i15-HETE measurement were collected at

each time period.

RnlmenemEnnetjenMeaennement; These were performed as described

in the first experiment.

WW.Forty ml of blood was collected from the right

ventricle and carotid artery of each animal after pulmonary function

measurements had been performed. To obtain blood from the right ventricle,



90

a skin incision was made over the external jugular vein, a 10-gauge sterile

needle was inserted into the vein and a 7 french, 120-cm, end-hole cardiac

catheter (USCI; Billerica, MA) passed through the needle into the jugular vein.

The external end of the catheter was connected to a pressure transducer (DP45-

34;Validyne) and physiograph (VR12; Electronics for Medicine) via a three-way

stopcock. The catheter flushed with sterile heparinized saline then advanced

down the jugular vein and into the right ventricle. Correct positioning of the

catheter tip was confirmed by the presence of the characteristic right

ventricular pressure trace on the oscilloscope. Twenty ml of blood was then

withdrawn and discarded, and two, 20-ml blood samples were collected into

syringes containing 0.2 m1 of a 15% EDTA solution. One hundred microliters

of eicosatetraynoic acid solution (48 mg in 2 ml dimethylsulfoxide) was added

to each 20 ml of blood, and the syringes were capped and placed on ice.

Arterial blood samples were obtained from the exteriorized carotid artery via

a 20-gauge needle and handled in the same way.

W The pairs of 20-ml blood samples were pooled,

centrifuged (800 g for 10 min) in a refrigerated centrifuge at 4°C, and the

plasma was drawn off and centrifuged (1100 g for 10 min) to ensure that no

further cells remained. Samples were acidified to pH 4.0-4.5 with 1 N H3PO4

injected onto a preconditioned Sep-Pak C13 column (Waters, Milford, MA),

washed with 20 ml of distilled water, and eluted with 20 ml of ethyl acetate.

The eluate was dried under nitrogen at room temperature, dissolved in

methanol (6 ml), divided into three, 2 ml aliquots and stored under nitrogen at
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minus 70°C until high-performance liquid chromatographic separations and

radioimmunoassay could be performed.

WWWReverse-phase

high-performance liquid chromatography was used to separate arachidonic acid

metabolites prior to quantitation of 15-HETE by radioimmunoassay. High-

performance liquid chromatography was performed using dual Waters pumps

(Model 510, Waters) operated through an automated gradient controller (Model

680, Waters) at a constant flow rate (1 ml/min) Separations were achieved on

an Altex 4.6 mm x 250 mm, 5—p.m C13 octadecylsilane column contained within

a Rainin column heater set at 25°C. A Waters C18 precolumn protected the

analytical column. The initial mobile phase used was methanolzwater'acetic

acid, buffered to pH 6.2 with NH4OH; 60400.08 (vol/vol/vol) for the first forty

minutes then 7030008 for the remainder of the run. Effluent was monitored

by ultraviolet absorption at 229 nm (Waters LC Spectrophotometer, model 481)

One-minute fractions (1 ml each) were collected (Gilson FC-80 Micro-

Fractionator) into separate polypropylene centrifuge tubes and stored at -80°C

until further analysis by radioimmunoassay.

Each Sep-Pak extract was individually subjected to reverse phase high-

performance liquid chromatography. The extracts were dried under vacuum

in a Speed Vac Concentrator (Savant Instruments, Hicksville, NY), resuspended

in 300 uL mobile phase, and injected onto the column.

To establish the elution position of 15-HETE, unlabeled 15-HETE (Biomol

Research Labs, Plymouth Meeting, PA) and radioactive 15-HETE (New England
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Nuclear, Boston, MA) were injected onto the column in separate runs, with

appropriate ultraviolet monitoring and liquid scintillation spectrometry.

Chromatographic peaks and retention times were displayed by a Waters 740

Data Module. In this system, the elution time for tritiated 15-HETE was 58.8 i

05 min. Although the elution times for biologically derived 15-HETE generally

parallel the elution profile of 15-HETE standards, variability in

chromatographic conditions can cause the biological samples to deviate -_I; 2

fractions. To allow for this, two or three fractions on either side of the fraction,

corresponding to the retention times of 15-HETE standards (determined on

separate runs), were collected (total of 6 fractions per run), pooled, dried under

vacuum, and 15-HETE quantitated by radioimmunoassay.

Went. Fifteen-HETE was quantitated using a

commercial radioimmunoassay kit (Amersham, Arlington Heights, IL) The

assay was performed according to the manufacturers instructions. Each dried

fraction was resuspended in assay buffer (phosphate buffered saline/gelatin) and

duplicate 100 p.L aliquots were assayed. Specificity of the assay antiserum at

50% B/Bo was 15-HETE 100%, 15-HPETE 41%, 5,15-diHETE 20%, all other

HETEs < 0.1%. The lower limit of detection for the assay was 8 picogram/tube.

WPlasma 15-HETE concentrations in arterial and

mixed venous blood from individual animals were compared using Students t-

test for paired values, while results from principal and control animals for each

site and time were compared using Students t—test for unpaired values.

Correlations between i15-HETE and pulmonary resistance, dynamic compliance,
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and arterial oxygen tension were performed using the Pearson correlation

procedure. Significance was set at P < 0.05. Pulmonary function data and 15-

HETE concentrations for heavey and control ponies at periods A, B, and C

were compared using a single factor repeated measures analysis of variance.

Where F values were significant at p < 0.05, means from each measurement

period were compared using the LSD test.

Results

Wt; At Period A and Period C,

pulmonary function measurements were similar in control and principal ponies,

except for pulmonary resistance, which was significantly greater in principals

at period C (Table 4—1) At Period B, there was no change in pulmonary

function in the control group, but in the principal group arterial oxygen tension

and dynamic compliance were significantly decreased and pulmonary resistance

was significantly increased relative to principals at periods A and C and

controls at period B. These changes were consistent with those previously

reported.°'°°'°2

WPlasma i15-HETE concentrations were

increased in samples from the carotid artery (arterial) relative to samples from

the right ventricle (venous) in principals and controls (Table 42) This increase

was significant at periods A, B, and C for the principals and at period A for the

controls, suggesting that the lung was a source of i15-HETE production.
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No significant differences in venous i15—HETE concentrations between

principals and controls occurred at any time period, but arterial i15-HETE

concentrations and the difference in arterial and venous (A-V) ilS-HETE

production were significantly greater in principals than in controls at periods

A and B. At period C, arterial i15-HETE concentrations and A-V i15—HETE

were also greater in the principals, but not significantly so. In the principals,

mean (A-V) i15-HETE increased when animals developed airway obstruction (p

= 0.08) and decreased significantly when animals were returned to pasture.

Arterial and venous i15-HETE concentrations, but not (A-V) i15—HETE, were

significantly reduced in principal animals at period C relative to period A.

Period A Period B Period C
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Figure 4—1. Plasma immunoreactive 15-HETE concentrations (pg/ml plasma) in

right ventricle and carotid artery samples collected from principal

and control ponies prior to (Period A), during (Period B), and

following (Period C) acute airway obstruction (n = 5) Solid line =

principal, broken line = controls.



98

There was a significant correlation between changes in i15-HETE

production and changes in dynamic compliance measured between Period A and

period B (r = —0.78), but no significant correlation with changes in pulmonary

resistance or arterial oxygen concentration (Fig. 4-2).
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Figure 42 Change in dynamic compliance (ACdyn) versus the change in i15-

HETE concentration (AilS-HETE) between Period A and Period B

for principal and control ponies (n = 9). C] = control; I = principal



99

Discussion

In this experiment I demonstrated that the equine lung was a source of

i15-HETE and that pulmonary i15-HETE production was significantly greater

in lungs of ponies with COPD compared to control animals. There was also a

significant correlation between the change in (A-V) i15-HETE production and

alterations in dynamic compliance in ponies at Periods A and B. Previous

studies of ponies with heaves have consistently shown that the airway

obstruction I measured in this study is accompanied by non-specific airway

hyperresponsiveness.°'°°’°2'13°

Airway hyperresponsiveness and airway obstruction are characteristics

of human asthma, and several studies have reported an association between

asthma and 15-HETE."7'1°°'192’253 Hamberg et al. identified lS-HETE as a major

metabolite of arachidonic acid in homogenates of human lung. Samples of lung

tissue from asthmatics and non-asthmatics were studied and it was found that

conversion of arachidonic acid to 15-HETE was greatest in lung tissue from

“3 A similar result was reported by Dahlen," while other studiesasthmatics.

identified airway epithelium as the most likely source of 15—HETE in human

lung.1°"'1"2 A greater than three-fold increase in bronchoalveolar fluid lS-HETE

concentrations has been reported in asthmatics given a local aerosol challenge

with D. pteronyssinus antigen, but this increase was found to be not significant

due to the large variability in measured concentrations and the small sample

size.”3
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The role of 15-HETE in the pathogenesis of heaves or asthma is presently

unknown. However, in vitro, 15-HETE can potentiate histamine-induced

contraction of bronchial smooth muscle°° and stimulate mucus secretion in the

tracheam"228 In addition, it can inhibit“ or activate?’37 other lipoxygenase

pathways and may act to regulate leukotriene biosynthesis. A 15-HETE

metabolite (88,15S-diHETE) causes neutrophil chemotaxis in an in vivo assay

system,187 and Samuelsson et al. have shown that 15-HETE can also be

metabolized via the neutrophil 5-lipoxygenase pathway to yield lipoxin A, a

recently identified arachidonic acid metabolite with spasmogenic and

chemotactic properties.292

My observation that pulmonary i15—HETE production is significantly

increased in principal animals relative to controls during both remission and

clinical disease suggests that if 15-HETE does play a role in the pathogenesis of

this condition then it is not as a primary mediator. One mechanism by which

15-HETE could be involved in the pathogenesis of heaves is through its ability

to modulate the activity of other cell types335'337 Airway inflammation is seen

in ponies with heaves,“'°°’215’32° but inflammation per se does not result in

altered pulmonary function. Derksen et al. were able to induce a similar

inflammatory response in both principal and control ponies challenged with

aerosol M. faenii, but only principals exhibited impaired pulmonary function.83

If 15-HETE were able to modulate the activity of inflammatory cells attracted

to the airways during disease episodes, or alternatively to alter the

responsiveness of airway smooth muscle to inflammatory mediators released by
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these cells,66 this could help explain why elevated pulmonary ilS-HETE

production during disease remission is not associated with pulmonary

dysfunction. The significant difference in plasma ilS—HETE concentrations in

principal ponies at periods A and C in the absence of significant differences in

pulmonary function further supports my suggestion that if i15-HETE is

involved in the pathogenesis of heaves, it is not as a primary mediator. When

I designed this study I expected that mediator production would follow a

similar pattern to the pulmonary function measurements, which are not

different at these two periods. It is possible that following an episode of airway

obstruction, there is downregulation of ilS-HETE production that requires

longer to return to pre-barn levels than I allowed.

Possible sources for the observed increase in ilS-HETE include

160,161,167
eosinophils)“332 airway epithelium, alveolar and intravascular

macrophages,21 and polymorphonuclear leulrocytes.23‘5’336 Of these, eosinophils

and airway epithelium are major sources, at least in humans.161 Increased

eosinophil numbers or activation of eosinophils during sample collection could

lead to increased ilS-HETE production in vivo or ex vivo and account for the

observed changes. However, unlike human asthma, airway obstruction in ponies

with heaves is not associated with increased numbers of eosinophils in blood or

bronchoalveolar fluid samples.“5 To minimize potential ex vivo production of

15-HETE, a lipoxygenase inhibitor was used, and samples were immediately

placed in ice and centrifuged within 15 minutes in a refrigerated centrifuge.

Airway epithelium is a source of 15-HETE in human$1604“1’16"”;234 but not in



102

other species)“160 so this is a potential source of 15-HETE in the pony that

needs to be examined.

The augmented ilS-HETE production seen in principal ponies

during episodes of acute airway obstruction may result from stimulation of cells

responsible for the basal i15-HETE production, from cells such as neutrophils

recruited into the airways, or as a consequence of cell injury. Fifteen-HETE

production by neutrophils236 and bronchial epithelial cells234 increases following

94,197 and

cell injury, and epithelial injury is a feature of both human asthma

heaves in horses.93 Alternatively, if this damage resulted in increased epithelial

permeability, metabolites such as 15-HETE produced by neutrophils in the

airway lumen could more readily gain access to the subepithelial tissues and the

bloodstream.

The observed correlation between changes in i15-HETE production from

Period A to Period B and changes in dynamic compliance, while interesting,

does not necessarily imply a cause and effect relationship. Heaves is described

as affecting primarily small airways,82'328 and changes in dynamic compliance

tend to reflect predominantly changes in small airway caliber. Fifteen-HETE

is a potent secretagoguefm’228 so the changes in dynamic compliance could be

the result of increased mucus secretion by epithelial cells lining smaller airways.

Such an explanation fails to account for the lack of a significant difference in

dynamic compliance between principals and controls at period A despite a

significantly greater (A-V) i15-HETE production in the principals, unless
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stimulation of mucus secretion in vivo by 15-HETE requires another factor,

such as the presence of inflammatory cells.

There is considerable variation in the profile of eicosanoids produced by

tissues from different species,“5'1‘° but to my knowledge, this was the first study

to report in vivo ilS-HETE production in a species other than humans. My

results were especially interesting because I showed the lung to be a source of

15-HETE production in ponies, and also that 15-HETE production is increased

in animals affected by a disease with similarities to human asthma. The 1000

fold decrease in plasma ilS-HETE concentrations measured in this experiment

compared to those from the first experiment confirmed my suspicion that there

had been some interfering substance present in the earlier samples.

In the next study, I attempted to identify the source of 15-HETE

production within the lung. Eosinophils do not appear to be involved in the

pathogenesis of equine COPD, so I chose to study the airway epithelium, since

human airway epithelium is a source of 15-HETE, and epithelium from

asthmatics produces greater quantities of 15-HETE than does epithelium from

control subjects. To do this it was necessary to develop an in vitro technique

for studying arachidonic acid metabolism in equine tracheal epithelium, and in

Chapter 5 I describe the technique that I developed.



CHAPTER 5

EPITHELIAL STRIPS: A TECHNIQUE

FOR EXAMINING ARACHIDONATE METABOLISM

IN EQUINE TRACHEAL EPITHELIUM

Introduction

The histological lesions of bronchial asthma are characterized, in part, by

airway inflammation, epithelial injury, and mucosal edemam'204 The precise

factors involved in the genesis of this inflammatory response, however, are yet

to be elucidated. Because airway epithelial cells can produce several bioactive

arachidonic acid metabolites, a large body of work has focused on the pro-

duction of these metabolites by epithelial cells from various species, and their

potential role in modulating airway inflammation.58’13‘5'1"545345“359161367'35"362 The

most common methods for assessing arachidonic acid metabolism by tracheal

epithelium utilize suspensions of enzymatically dispersed tracheal epithelial

cells,136’145"53’154’1”161467 or such cells cultured for various periods of time.”'354'362

Substantial differences exist in the eicosanoid profile obtained using these two

methods and there is debate about which better represents their metabolism in

vivo. Several potential problems have been described for each method,

104



105

145 and

including recent exposure to proteolytic enzymes with cell suspensions

alterations in arachidonic acid metabolism over time with cell cultures?“52 I

therefore sought an alternate method for examining epithelial arachidonic acid

metabolism that would circumvent these problems.

In this chapter I describe such a method, which consists of obtaining a

strip of equine tracheal epithelium attached to a thin elastic lamina, mounting

this strip on a glass support, and studying it within 24 hours of removal from

the animal. Using this technique I delineated the release and metabolism of

endogenous arachidonic acid from normal tracheal epithelial cells in response

to calcium ionophore A23187, as well as to the physiological agonists histamine

and bradykinin. I also compared these results with those for cell suspensions

obtained from the same animal and studied in parallel.

Methods

WTracheas were obtained from 4 ponies euthanized

with pentobarbital (100 mg/kg administered intravenously) Tissues were

collected and processing begun within 20 minutes of administering the

pentobarbital. Twelve-cm lengths of trachea were placed in ice-cold balanced

salt solution (NaCl 118.5 mM, KCl 4.7 mM, KH2P04 L2mM, glucose 11.0 mM,

NaHCO3 24.9 mM), which was bubbled with 02/C02 (955) and contained

antibiotics (penicillin G 1(1) U/ml, streptomycin 0.1 mg/ml, amphotericin 0.25

pg/ml - antibioticantimycotic, Sigma, St. Louis, MO) Tracheal segments were

kept in this solution and bubbled with 02/C02 until ready for further
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processing. Each segment was divided in half longitudinally, pinned to a

dissecting board with the mucosal surface uppermost, and rinsed with balanced

salt solution to remove any blood or mucus and to keep the mucosal surface

moist. A transverse incision was made through the epithelial layer into the

underlying elastic lamina, taking care to remain superficial to the deeper

submucosal tissues. The epithelium was teased back using Allis forceps until

3-mm long tags of epithelium were obtained. Several tags were grasped using

half-curved iris dressing forceps (Jarit, Hawthorne, NY) and pulled gently

downwards producing strips of epithelium 150-200 pm thick, 15 cm wide, and 12

cm long. The strips were placed in chilled Dulbecco’s MEM/F-12 HAM medium

(D/F12) (Sigma) containing 10% newborn calf serum (Sigma) and antibiotics and

kept on ice.

Epithelium-on strips: Strips of epithelium were transferred to a fresh petri

dish and divided into 1.2 cm lengths, each of which was then sutured to a

cylindrical glass support. Each mounted strip was transferred to a well of a 24-

well culture plate (Gibco, Grand Island NY) and 15 ml of M199 (Sigma)

containing L-glutamine (Sigma), 10% newborn calf serum, and antibiotics was

added to each well. The culture plate was then placed in an incubator until the

strips were labelled or stimulated.

Epithelium-017' (control) strips: These consisted of strips made from tracheal

segments that had had the epithelial cell layer removed by first scraping across

the mucosal surface with the flat edge of a scalpel blade and then rubbing
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firmly with a gauze swab. The resulting denuded strip was handled in the same

manner as the intact epithelial strip.

Cell suspensions: Strips of epithelium were chopped into 2 x 2 mm pieces,

rinsed 3 times with balanced salt solution, and incubated in D/F12 containing 1

mg/ml pronase E Type XIV (Sigma) and 10% newborn calf serum for 16 hours

at 4°C. The enzyme solution was decanted, replaced with enzyme-free D/F12

warmed to 37°C, and the epithelial pieces gently agitated for 10 minutes at 37°C

in a heated water bath. The resultant cell suspension was filtered through a

triple layer of gauze to remove cell clumps, centrifuged, and resuspended in

fresh D/F12 with 10% newborn calf serum. Cells were counted using a

hemocytometer and viability assessed by trypan blue dye exclusion. The cell

suspension was placed on ice until the agonist or label was added.

WWWEpithelium-on and epithelium-

off strips were placed in buffered 4% glutaraldehyde for 6 hours, then

transferred to 0.1 M phosphate buffer. Tissues were post-fixed in osmium,

dehydrated in ethanol, embedded in epon-araldite, and one micron sections were

cut and mounted for examination by light microscopy. Aliquots of the cell

suspensions were cytocentrifuged (Cytospin; Shandon Southern Instruments,

Sewickley, PA) The preparations were stained with Wright-Giemsa stain and

cell types identified by their morphological characteristics under light

microscopy. Percent distribution of cell types was based on counts of 300 cells.

The epithelial origin of these cells was confirmed using immunofluorescent

staining for cytokeratin. Cytospin preparations were fixed in methanol (—20°C)
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for 20 minutes, blocked with non-immune goat serum (Sigma) at a 1:10 dilution,

incubated with monoclonal anti-cytokeratin K813 (Sigma)(1:20) for 30 minutes

at 37°C, then incubated with goat anti-mouse IgG FITC conjugate (Sigma) (1:16)

for 30 minutes at 37°C.

WW. Epithelial strips and cell suspensions

were incubated with tritiated arachidonic acid ([3H]arachidonic acid) (Dupont-

New England Nuclear, Boston, MA; 60-1(X) Ci/mM). For the cell suspension, 2

x 10‘5 viable cells per ml were incubated with [3H]arachidonic acid (0.5 “Ci/ml)

in M199 for 2 hours at 37°C. The cell suspension was then centrifuged (500 g for

10 minutes), the supernatant discarded, and the cell pellet resuspended in fresh

M199 with 10% newborn calf serum. The centrifugation/resuspension step was

repeated twice to ensure removal of unincorporated [3H]arachidonic acid, and

following a final centrifugation the cell pellet was resuspended in medium at

a concentration of 2 x 10‘ cells/975 [IL for experimental incubations. Aliquots

of 975 “L were pipetted into 12 x 75 mm glass tubes and placed in the incubator

while the agonists were prepared.

Epithelial strips were incubated with the same concentration of

[3H]arachidonic acid at 37°C for 16 hours to ensure adequate incorporation of

label. The labeling solution was aspirated and the strips washed with three 2-ml

aliquots of M199/10% newborn calf serum to remove unincorporated label. The

appropriate stimulation medium was then added to each well (975 uL) and the

culture dish returned to the incubator. To characterize eicosanoid products,

prelabeled (for high performance liquid chromatography), or unlabeled (for
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radioimmunoassay) cells were stimulated in protein-free M199. To estimate free

arachidonic acid release using thin layer chromatography, stimulations were

performed in M19 containing 1 mg/ml essentially fatty acid free equine serum

albumin (Sigma) to bind released arachidonic acid.275

MW. Stock solutions of A23187, histamine, and

bradykinin were prepared at a concentration such that a 25 [IL aliquot added

to 975 ML of media would produce the desired final agonist concentration.

Histamine and bradykinin were dissolved in distilled water and A23187 was

dissolved in ethanol. The final ethanol concentration in the media did not

exceed 05%. Histamine and bradykinin concentrations of 50 “M were chosen

to allow comparison of results with those reported elsewhere.” The A23187

concentration used was 5 uM as this concentration was on the plateau of the

dose-response curve (see Figure 5-3) and was not associated with cytotoxicity in

preliminary experiments that measured lactate dehydrogenase release. Agonists

were prepared immediately prior to their addition to the tissues and kept on ice.

After adding the agonists, the strips and cell suspensions were returned to the

incubator for 45 minutes. The supernatants from the epithelial strips and from

the cell suspensions after centrifugation were collected in polypropylene tubes

and stored at -70°C.
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911x. Lipids were extracted from the medium with 6 ml of chloroformzmethanol

(2:1 vol/vol) followed by a wash with 2 ml of chloroform.275 All organic solvents

contained 0.05 mg/ml butylated hydroxytoluene (Sigma) as an antioxidant. The

chloroform phases were combined, the total lipid extract evaporated to dryness

under nitrogen, and the samples stored at -70°C. Lipid residues were dissolved

in 60 uL of chloroform and quantitatively applied to aluminum-backed thin-

layer chromatography sheets precoated with Silica Gel 60 (EM Science,

Gibbstown, NJ). A solvent system of hexanezdiethyl-etherzacetic acid (7030.2

vol/vol) was used to separate arachidonic acid from other lipids. Spots co-

migrating with an authentic arachidonic acid standard (Nu-Chek, Elysian, MN)

were identified by exposure to iodine vapor, cut out, eluted with methanol, and

their radioactivity quantitated by liquid scintillation spectrometry. The net

stimulated concentration of free [3H]arachidonic acid was defined as the

difference between the free [3H]arachidonic acid measured in control

incubations and stimulated samples.

ht: u... .. u 0. an I o. ,‘o ils o !_1°1_-"__o 1.1‘ ,101

Chromatography. To determine the profile of [3H]eicosanoids produced by

prelabeled epithelial strips and cell suspensions, eicosanoids were separated by

reverse-phase high-performance liquid chromatography, identified by co—elution

with authentic standards, and quantitated by liquid scintillation counting of

eluate fractions. For these experiments, media from 2 replicate wells were

pooled, extracted using Sep-Pak Q8 cartridges (Waters, Milford, MA), and
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subjected to high performance liquid chromatographic separation. Reverse-

phase separations were performed using a 30 cm uBondapak C18 column (Waters

Associates, Milford MA) at a flow rate of 1 ml/min. Ultraviolet absorbance was

monitored at 210 nm for cyclooxygenase products and free arachidonic acid, 280

nm for leukotrienes, and 235 nm for monohydroxyeicosatetraenoic acids.275

Cyclooxygenase standards were a gift from Dr. J. Pike (Upjohn Co., Kalamazoo,

MI) and lipoxygenase standards a gift from Dr J. Rokach (Merck Frosst, Inc,

Quebec, Canada). The solvent system used was acetonitrile/waterltrifluoroacetic

acid, which separated cyclooxygenase metabolites isocratically (33:67:01) and then

sequentially separated leukotrienes, monohydroxyeicosatetraenoic acids, and

finally free arachidonic acid with increasing concentrations of acetonitrile.

WEE, Media from unlabelled

epithelial strips and cell suspensions were stored at -70°C, and PGE2 concentra-

tions were quantitated by radioimmunoassay. Prostaglandin E2 antiserum was

obtained from Advanced Magnetics (Cambridge, MA), tritiated PGE2 from

Dupont-New England Nuclear (Boston, MA), and authentic PGE2 standard from

Cayman Chemical Co. (Ann Arbor, MI). The cross reactivity of the antisera at

50% B/Bo was PGE1 50%, PGA2 6.0%, PGA1 3.0%, PGFZa 1.3%, all other eicosa-

noids 1.0% or less.

WWW.Cytospin preparations

of the cell suspension and frozen sections of epithelial strips were blocked with

nonimmune goat serum (Sigma) at a dilution of 1:10 for 30 minutes at 37°C,

incubated with rabbit polyclonal anti-PGH synthase (gift of Dr. W. Smith, Dept.
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Biochemistry, Michigan State University), 1:10 for 30 minutes at 37°C, then

incubated with goat anti-rabbit IgG FITC conjugate (Sigma), 1:40 for 30 minutes

at 37°C. Control antibody solution was obtained by incubating anti-PGH

synthase antibody with an excess of purified sheep seminal vesicle PGH

synthase (Oxford Biomedical Research, Oxford, MI) for 24 hours at 4°C to

precipitate anti-PGH synthase activity. The mixture was then centrifuged at

15,000 x g for 10 minutes, and the supernatant used instead of antibody solution

for control preparations.

t's ' 8' Values obtained from epithelial strips and cell

suspensions were compared using Student’s t test for paired values. Significance

was set at p < 0.05.

Results

W-The epithelial stripping technique produced a strip

150-200 pm thick consisting of a 701cm thick layer of ciliated, pseudostratified

columnar epithelium attached to a layer of connective tissue (Figure 5—1). This

epithelial layer could be succesfully removed to produce epithelium-off strips

(Figure 5-2) The distribution of cell types in the cell suspension (11 = 4) was 663

i 1.1% basal cells, 10.0 i 4.2% ciliated cells, 2.0 i 1.0% goblet cells, and 21.3 i 4.2%

undifferentiated cells, which is similar to that previously reported58’145'160'167



Figure 5-1
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Micrograph of a tracheal epithelial strip showing preservation

of the normal pseudostratified epithelium (A), basement

membrane (B), and connective tissue stroma (C) The granular

appearance of the connective tissue stroma is due to the

presence of collagen bundles in cross-section.



114

 



115

Figure 5—2 Micrograph of an epithelium-off strip (a) and epithelium-on

strip (b), confirming removal of the epithelial cell layer.
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Figure 5-2
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Cytokeratin staining of cytospin preparations confirmed the epithelial

origin of these cell types and the absence of non-epithelial cells apart from

inflammatory cells, which constituted less than 2% in all preparations. Viability

for the cell suspension was 85 _-l; 20% (n=4) and non-viable cells were predomi-

nantly mature ciliated cells.

cor ra io nd R l as o 3 Ar c 'd nic Acid. Epithelium-on strips

incorporated 408 gt 3.6% (n=4) of the added radioactivity after incubation for 16

hours at 37°C, and the cell suspensions incorporated 59.6 i; 16% after incubation

for 2 hours at 37°C. Dose-response curves to A23187 revealed a dose-dependent

stimulation plateau at 5 uM for both preparations (Figure 5-3).
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Figure 53 Effect of A23187 concentration on [3H]arachidonic acid release from

epithelium—on strips and cell suspensions. The amount of

radioactivity is expressed as a percentage of the total amount of

radioactivity incorporated by each preparation prior to stimulation.

Each data point represents the mean :1; SEM of four experiments

performed in duplicate.
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When stimulated with 5 uM A23187, epithelium-on strips released a larger

percentage of incorporated radioactivity (stimulated-baseline) than did the cell

suspensions (2.55 i 0.23% vs 1.90 -_l-_ 0.08%), but the difference was not significant.

A release of 2.55% corresponded to 6077 cpm. Although not significantly

different, unstimulated (baseline) release of radioactivity was less from

epithelium-on strips (1.37 i 0.21% vs 1.84 i 0.18%) Stimulation with the

physiological agonists histamine and bradykinin produced a significant release

of arachidonic acid from the epithelial strips only (Table 5—1)

Table 5-1 Free [3H]Arachidonic acid release from epithelium-on strips and

cell suspensions stimulated with 50 uM histamine or bradykinin.

 

 

Agonist Epithelium-on Strip Cell Suspension

Histamine (50 pm) 1.79 i 0.22" 1.11 _-_l; 0.07

Bradykinin (50 pm) 1.50 i 016* 1.03 d; 0.03

 

Values are expressed as the ratio of total cpm released from each preparation

after stimulation / total cpm released during control incubations (mean i SEM)

Zero release would equal 1.0. Control incubations were performed under

identical conditions except for the addition of histamine or bradykinin (n = 4)

"' = significant difference from control values (p < 0.05)
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us s' High-performance liquid chromatography radioactivity

profiles of eicosanoids released into the medium from prelabeled epithelium-on

strips stimulated with 5 uM A23187 were characterized by peaks that coeluted

with cyclooxygenase metabolites. The largest peaks were those coeluting with

free arachidonic acid and PGE2 with smaller peaks coeluting with PGFZa and

6-keto-PGFh, the stable metabolite of prostacyclin (Figure 5-4A) The epithelial

layer appeared to be the source of the PGE2 and PGde, since there was

minimal production of these metabolites by the epithelium-off strip (Figure 5-

4B) The largest peak in medium from epithelium-off strips coeluted with free

arachidonic acid with a smaller peak coeluting with 6-keto-PGF,“ Major peaks

of radioactivity from the cell suspension corresponded to free arachidonic acid,

LTB4, and 12-HETE. No radioactivity coeluted with PGEz, PGan or 6-keto-

PGF,“ standards (Figure 5-4C) To quantitatively confirm the difference in

PGE2 production by epithelial strips and cell suspensions, immunoreactive PGE2

was determined by radioimmunoassay of supernatants from each preparation

after stimulation with 5 pM A23187. Epithelium-on strips produced 10.3 _-l_- 1.3

ng/strip (n=4), while PGE2 production/5 x 106 cells in suspension was below the

detection limit for the assay (100 pg/ml) Despite the lack of PGE2 production

by cell suspensions, immunocytochemical staining for PGH synthase showed

positive fluorescence in the majority of the cells present in the suspension

(Figure 5-5)



Figure 5-4
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Reverse-phase HPLC profiles of [3H]arachidonic acid products

released by representative epithelium-on (A) and epithelium-off

(B) strips, and epithelial cell suspension (C) obtained from equine

trachea. Preparations were stimulated with 5 uM A23187 for 45

minutes, and media was extracted and separated by HPLC.

Fractions corresponding with elution times of eicosanoid standards

were collected and quantitated by liquid scintillation counting.

Results are expressed as a percentage of the total radioactivity

released by each preparation.
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Figure 5-5 Immunofluorescent staining of epithelial cell suspensions with a

polyclonal antibody to PGH synthase (bar = 8 uM)

A= control supernatant

B = anti-PGH synthase antibody



Figure 5-5
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Discussion

The profile of eicosanoids produced by airway epithelial cells has been

the subject of considerable debate. Resolution of discrepancies in reported

metabolite profiles is complicated by variations in the species used and the

experimental conditions under which the tissues have been studied. Stimulation

of intact guinea-pig trachea in vitro induces PGE2 production that is significant-

ly reduced by epithelium removal.108 Human tracheal epithelial cells in culture

metabolize endogenous arachidonic acid via the cyclooxygenase pathway,

yielding predominantly PGE2 and PGFM’B'”4 which correlates with the reported

pattern of cyclooxygenase activity in vivo in the human lower respiratory

tract?” However, studies utilizing enzymatically dispersed human tracheal

epithelium incubated with exogenous arachidonic acid report predominantly

lipoxygenase activity, with 15—HETE as the major metabolite.153’15’4'15°'167 A

similar discrepency is seen with canine tracheal epithelium, in which cell

culture experiments utilizing endogenous arachidonic acid report production of

predominantly PGEz, 6-keto PGFh, and PGFM,”4 whereas cell suspensions

produce PGDZ, LTC4, and LTB4 from endogenous arachidonic acid,101 and PGD,,

5-HETE, LTB4, 15-HETE, and 12-HETE when incubated with exogenous

arachidonic acid.‘59'160

Criticism has been directed at both cell culture and enzymatically

dispersed cell suspensions as a means of examining epithelial arachidonic acid

metabolism. Cyclooxygenase activity of tracheal epithelial cells changes with

58
”"362 and can also be altered by variations in culture conditions.time in culture,
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Cell suspensions require tissues to be exposed to proteolytic enzymes, resulting

in a selective loss of ciliated cells,”4 and a distribution of cell typesl‘s'm that is

not representative of that seen in vivo.31’12"'358 In addition, cell suspensions fail

to respond to stimulation with a variety of physiological agonists.”

The epithelial strip technique that I developed has a number of features

that make it useful for examining tracheal epithelial arachidonic acid

metabolism in vitro. It maintains the normal pseudo-stratified epithelial

architecture and consequently the same distribution of epithelial cell types that

occurs in vivo. This is important if the epithelium is viewed as a functioning

unit rather than a collection of independent cells. There is no requirement for

proteolytic enzymes that could potentially alter cell membrane receptor

populations and hence responses to physiological agonists. Indeed, tracheal

epithelium obtained using this technique was able to respond to physiological

agonists as well as to A23187, which is important if inferences about the role of

epithelium-derived eicosanoids in pulmonary pathophysiology are to be made.

Finally, it allows the epithelium to be studied shortly after removal from the

animal, which reduces the potential for alterations in metabolism induced by

ex-vivo culture conditions. One criticism of the technique is that there are non-

epithelial cells present in the underlying connective tissue support, which could

contribute to the measured eicosanoid profile. By studying the responses of

epithelium-off strips that consist of the underlying connective tissue stroma

only, I could identify any contribution from this potential source of eicosanoids.
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Using this technique I found that in intact equine tracheal epithelium,

endogenous arachidonic acid was metabolized via the cyclooxygenase pathway,

with PGE2 as the major product and PGF2m as a minor metabolite. Dispersed

epithelial cell suspensions from the same animal, collected and stimulated in

parallel, exhibited predominantly lipoxygenase metabolism, with LTB4 and 12-

HETE as the major metabolites.

The profile of metabolites produced by epithelium-on strips stimulated

within 24 hours of removal from the animal resembled those reported from

mature cultures of human and canine tracheal epithelial cells,’”54 and from

freshly isolated canine trachea.”4 The strips also responded to stimulation with

histamine and bradykinin, as has been reported for cell cultures and freshly

isolated tissue?”4 In contrast, the profile from cell suspensions showed markedly

less cyclooxygenase products and more lipoxygenase products relative to the

epithelium-on strip, as well as a minimal response to histamine and bradykinin.

This profile was consistent with previous reports for tracheal cell suspensions

from other species,“5”5"'159 as was the lack of response to physiological agonists.”

To my knowledge, this is the first study to compare the arachidonic acid

profile of enzymatically dispersed tracheal epithelium with that of epithelium

obtained from the same animal using an alternate technique. As such it

enabled me to address some of the explanations that have been offered for

discrepancies between profiles obtained using different methods in separate

experiments. If the predominant cyclooxygenase activity of tracheal epithelial

cells in culture is an artifact induced by in vitro manipulation, this could be due
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to selection of a subset of epithelial cells that survive in culture or to an

alteration in the expression of oxygenation pathways during culture in artificial

media.” Such an explanation does not account for the cyclooxygenase activity

demonstrated by the mature tracheal epithelium present in my epithelium-on

strips or the results of experiments utilizing freshly isolated tissuesm'a”4

An alternate explanation is that tracheal epithelium normally exhibits

cyclooxygenase activity and that deviations from this activity reported in

enzymatically dispersed cell suspensions are artifacts induced during the

isolation and handling of those cells. The predominant lipoxygenase metabo-

lism exhibited by freshly isolated cells may result from alterations in expression

of oxygenation enzymes induced by the isolation process,” or from actual cell

injury. Increased production of 15-HETE has been associated with cell injury

in a variety of cells, especially in the presence of exogenous arachidonic

acid.13‘5'“5°'23"236 Different profiles of metabolites can also result from the use of

exogenous versus endogenous arachidonic acid,61 or from varying concentrations

of exogenous arachidonic acid.”9

A third explanation is that the two methods are examining arachidonic

acid metabolism in different cell populations, and the profiles reported for each

preparation reflect the activity of the predominant cell types present in each

population. Morphometric analysis of tracheal epithelium from several species

shows three principal cell types: ciliated, non-ciliated (PAS-positive), and basal.

The percentage of each type varies among species, but the relative proportions

are usually ciliated > non-ciliated > basal cells."’1'12°'358 In contrast, enzymatic
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digestion of the tracheal epithelium to produce cell suspensions causes selective

loss of ciliated cells,"’4 and can result in preparations that are 65 to 99% basal

cellsl‘s’m Tracheal epithelium is an example of a cell renewal system where

there is a gradual loss of proliferative ability as cells mature and become fully

differentiated.31 Basal cells act as stem cells for tracheal epithelium,”36 dividing

to form one basal and one superficial cell. Each superficial cell divides to form

two superficial cells,29 which then extend from the basal to the superficial layers

and are lost after a variable period.29 Ciliated cells, which are terminally

differentiated, develop from superficial cells and do not undergo further

division.31 Alterations in metabolic activity in vitro could accompany this

maturation process, since alterations in arachidonic acid metabolism are

153,362

associated with differentiation of cells in culture and in situ.‘55 Basal cells

have been proposed as the source of 15-HETE production in suspensions of

human tracheal epithelial cells,167 and such activity is consistent with reports of

lipoxygenase activity in other dividing cell types such as fibroblasts, carcinomas,

and sarcomas.313 It is possible that the eicosanoid profile produced from cell

suspensions reflects the metabolic activity of the more primitive or stem cell

lines present in the epithelium, whereas the profile that we observed from

epithelium-on strips better represents the activity of intact tracheal epithelium

in vivo, where ciliated cells are the predominant cell type located at the air-lung

interface.

The results of high-performance liquid chromatographic and radio-

immunoasssay analysis of media from stimulated cell suspensions demonstrated
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an absence of cyclooxygenase activity, yet the majority of these cells display

positive fluorescence for PGH synthase. This inconsistency could be explained

by a defect in arachidonic acid mobilization and release, which would reduce

available substrate and hence production of metabolites. This is unlikely since

I have shown that arachidonic acid release in response to 5MM A23187 is similar

in both preparations (Figure 5-3), and also because the cell suspensions have

adequate substrate to produce lipoxygenase metabolites. An alternate

explanation is that basal cells produce an inhibitor of PGH synthase, which

prevents activation of the enzyme. Endogenous prostaglandin synthase

inhibitors have been isolated from bovine placental tissue,302 ovine endometri-

um,“ rabbit kidney,326 as well as plasma from several species.288 A decline in

inhibitor production has been proposed to explain the increased placental

prostaglandin synthesis associated with parturition in cattle,302 and could also

account for the acquisition of prostaglandin synthetic capability by mature

equine tracheal epithelium in this study.

Altered arachidonic acid metabolism can occur in vivo with diseases such

as asthmalm'zgflzs These changes could be due to mediators such as TxAz,

PGD” 15-HETE, or sulphidopeptide leukotrienes produced by epithelial cells or

inflammatory cells present in the airways and alveoli. If airway epithelium

eicosanoid metabolism is altered in asthma, this may be the result of selective

damage and loss of ciliated epithelial cells, which would expose underlying

intermediate or basal cells to injurious stimuli and permit release of their

characteristic eicosanoid profile. Chronic injury to the airway epithelium may
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lead to replacement of ciliated cells with relatively undifferentiated cells” in

which the pattern of arachidonic acid metabolism could be different from that

present in normal epithelium. Alternatively, interaction among different cell

types either through exchange of arachidonic acid and other intermediate

metabolites such as LTA4,n3'262 or via release of unidentified cell factors,188 can

alter the type and/or quantity of eicosanoids produced. Such an interaction

might occur between epithelium and inflammatory cells present in the airway

lumen.

The technique that I developed and described in this chapter appeared

to be a useful method for studying arachidonic acid metabolism in equine

tracheal epithelium. While there was no evidence of 15-HETE production based

on high-performance liquid chromatography profiles, these studies utilized

tissues from normal animals and the agonist used for generating the profiles

was the non-physiological agonist A23187. To determine whether tracheal

epithelium from horses or ponies with COPD could produce 15-HETE I used my

epithelial strip technique to study the response of tissues collected from

affected horses during acute airway obstruction and stimulated with A23187,

histamine, and bradykinin. This was the final experiment that I performed and

the results are presented in the next chapter.



CHAPTER 6

PRODUCTION OF MMUNOREACTIVE lS-HETE AND PGE2

BY TRACHEAL EPITHELIUM FROM HORSES

WITH CHRONIC OBSTRUCTIVE PULMONARY DISEASE

Introduction

In Chapters 2 and 4 I reported that plasma 15-HETE concentrations were

increased in ponies with COPD relative to controls, that production of 15-HETE

increased during the occurrence of airway obstruction, and that the lung was

the source of this increase. One potential pulmonary source of 15-HETE in

humans is airway epithelium, and in Chapter 5 I presented a technique that I

had developed for examining arachidonic acid metabolism by equine tracheal

epithelium in vitro. Therefore, the first purpose of this experiment was to

utilize that technique to test the hypothesis that equine airway epithelum is the

source of the pulmonary 15-HETE production in ponies with COPD. If this was

correct, I expected to detect 15-HETE production by tracheal epithelial strips

obtained from horses with COPD.

A number of researchers have reported that airway epithelium produces

substances that modulate the responsiveness of underlying airway smooth

131
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muscle to contractile agonists and have coined the term "epithelial-derived

relaxant factor" to describe these substancesmfi'z‘w'331 Decreased production or

release of such a factor could increase the responsiveness of airway smooth

muscle to contractile stimuli and thus contribute to the hyperresponsiveness

seen in diseases such as equine COPD and asthma. In some species this

epithelial-derived relaxant factor appears to be a cyclooxygenase metabolite,

most probably PGETISM108 Prostaglandin E2 is produced by intact airway

epithelium in response to a variety of stimuli, including eosinophil derived

major basic protein,‘" granulocytes and reduced oxygen molecules,l 1 bradykinin,

platelet activating factor, and calcium ionophore (A23187)35’4 In vivo, PGE2 is

""83 and reversesa bronchodilator in both normal and asthmatic humans

bronchoconstriction caused by administration of PGFZG 309 In vitro, it relaxes

isolated human322 and equinem tracheal smooth muscle, possibly by inhibiting

acetylcholine release at a prejunctional site.” Decreased production of PGE2

by tracheal epithelium is also associated with endotoxin-induced hyperreactivity

in guinea-pig isolated trachea.“

In Chapter 3, I reported that cyclooxygenase inhibition appeared to

decrease the time taken for principal ponies to develop airway obstruction

when housed in the barn. One explanation for such an effect is that flunixin

meglumine further reduced an already depressed capacity for epithelial PGE2

production in ponies with COPD, thus hastening the onset of clinical signs.

Therefore, I planned to use the epithelial strip technique to test the hypothesis

that there is decreased production and/or release of PGE2 from airway



133

epithelium in horses with COPD. If this was correct, I expected to measure

increased PGE2 release by tracheal epithelial strips from control horses relative

to epithelial strips from horses with COPD.

Methods

Experimental Protgcol. Six horses with a history of heaves (principals)

were obtained and matched for age and sex with six horses with no history of

heaves (controls)Prior to the experiments, horses were kept at pasture. Baseline

pulmonary function measurements were performed and horses were placed in

adjoining stalls in the barn, bedded on straw, and fed hay. When the principal

horse developed clinical signs of airway obstruction, pulmonary function tests

were performed on both horses. If the results of these tests met my

predetermined criteria for airway obstruction, which were a change in pleural

pressure greater than 15 cm water during tidal breathing, and an arterial oxygen

tension less than 75 torr, the principal animal was euthanized and tracheal

epithelium collected for the in vitro studies. The control horse was kept in the

barn for a further 48 hours while tissues from the principal horse were

processed and pulmonary function measurements repeated. If these indicated

no evidence of airway obstruction, the animal was euthanized and tracheal

epithelium was collected and processed

WW. These measurements were per-

formed using the same techniques as described in Chapter 1, with the following

exceptions. The horses used in the study did not have permanent tracheostomas
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and therefore a rigid mask fitted with a pneumotachograph (Fleisch N05;

Dynasciences, Blue Bell, PA) was used instead of an endotracheal tube for

measurement of airflow. The mask was placed over the horse’s nose after the

esophageal balloon had been positioned, sealed to prevent any air leakage, and

connected to the recording equipment. Also, these horses did not have

exteriorized carotid arteries, so arterial blood samples for arterial oxygen

tension estimation were obtained by percutaneous puncture of the carotid

artery in the lower neck using a #20 needle and syringe. Correct placement of

the needle was confirmed by observing high pressure flow of blood from the

needle before the syringe was connected and the sample collected.

WWW. Strips of tracheal

epithelium were obtained using the technique that I described in Chapter 5.

Briefly, horses were euthanized with pentobarbital (100 mg/kg administered

intravenously) and tissues were collected within 15 minutes of pentobarbital

administration. Both epithelium-on and epithelium-off strips were prepared for

agonist stimulation. Each strip was trimmed to approximately the same size (15

x 10 mm) using a graph paper template attached to the base of the petri dish in

which the strips were handled. Before attaching the strips to their glass

supports, the surface area of individual strips was measured and recorded, to

enable me to express eicosanoid production as picogram per mm2 of epithelium.

Aggnjatfifimulaflgn. Stock solutions of A23187, histamine, and bradykinin

(Sigma) were prepared at a concentration such that a 25uL aliquot added to 975

uL of media would produce the desired final agonist concentration. Histamine
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and bradykinin were used at a concentration of 50 uM and A23187 at a

concentration of 5 uM. These concentrations were chosen because they had

been used in developing the technique and because I had shown that these

concentrations stimulated arachidonic acid release from epithelial strips

Histamine and bradykinin were dissolved in distilled water and A23187 was

dissolved in dimethylsulfoxide. The final dimethylsulfoxide concentration in

the media did not exceed 05%. Agonists were prepared immediately prior to

their addition to the tissues and kept on ice. Two strips were used for each

agonist, and stimulation was performed approximately 6 hours after the horse

was euthanized. The culture plates containing the epithelial strips were

removed from the incubator and the media aspirated and replaced with 975 “L

of protein-free M199 solution. Agonists were added to their respective strips

and the plates were returned to the incubator for 45 minutes. At the end of the

stimulation period, media from each pair of strips were pooled, centrifuged, and

the supernatant was divided into 300 uL aliquots and stored in polypropylene

tubes at -70°C. After the media were collected, each strip was placed in a

desiccator for 24 hours and then weighed to allow eicosanoid production to be

expressed as pg per mg dry weight of tissue.

WW2.Samples from

each pair of horses were stored at -70°C until the experiment was completed and

then all the samples for the respective epithelium-on and epithelium-off strips

were analyzed as a single batch.
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15-HETE Assay. Immunoreactive 15-HETE in supernatants from

epithelium-on strips was measured using a commercial radioimmunoassay kit

from Amersham, and the assay was performed according to the manufacturer’s

recommendations. The antiserum cross-reactivity at 50% B/Bo was 15-HETE

100%, lS-HPETE 41%, 5,15-diHETE 2%, 13-HOOD 0.4%, all other eicosanoids 01%

or less. The lower limit of accurate quantification for the assay was 8

picogram/tube.

PGE2 Assay. Immunoreactive PGE2 production from epithelium-on and

epithelium-off strips was assayed using reagents purchased separately rather

than a commercial kit. Antiserum was obtained from Advanced Magnetics

(Cambridge, MA), tritiated PGEz from Dupont-New England Nuclear (Boston,

MA), and authentic PGE2 standard from Cayman Chemical Co. (Ann Arbor,

MI) Separation of bound from free trace was achieved with dextran-coated

charcoal. The cross-reactivity of the antisera at 50% B/Bo was PGE2 100%, PGE1

50%, PGAZ 6.0%, PGAl 3.0%, PGFh 1.3%, all other eicosanoids 1.0% or less.

Where necessary, samples were diluted with medium to produce values on the

straight portion of the standard curve. The lower limit of accurate

quantification for the assay was 12 picogram/tube.

StatiafigaLAnalysia Values obtained from epithelium-on and epithelium-

off strips for each animal were compared using Student’s t test for paired values

and epithelium-on and epithelium-off values from principal and control horses

were compared using Student’s t test for unpaired values. Significance was set

at p < 0.05.
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Results

Wm};In the principal horses, pulmonary

resistance, respiratory frequency, change in pleural pressure during tidal

breathing, and arterial carbon dioxide tension were significantly increased, and

dynamic compliance and arterial oxygen tension significantly decreased at

period B relative to period A (Table 64) No equivalent changes were present

in the control horses. There were no significant differences between pulmonary

parameters in the control horses at either of the period B measurement periods,

so these values were combined to provide a single period B value for each

parameter. At period A, respiratory frequency and the change in pleural

pressure were significantly greater in the principals relative to the controls. At

period B, pulmonary resistance and the change in pleural pressure were

significantly increased, and dynamic compliance and arterial oxygen tension

significantly decreased in principals relative to controls.
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15-HETE Production. Quantifiable amounts of 15-HETE detected were in

epithelium-on strip supernatants from the principals and one control horse

(Table 6-2) In strips from a number of other horses, small amounts of 15-HETE

were detected. The amounts produced were below the limit for accurate

quantitation, and did not increase when strips were stimulated with A23187,

histamine or bradykinin.
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Table 6-2 Immunoreactive 15-HETE release by epithelial strips from principal

and control horses

 

 

Unstimulated A2317 Bradykinin Histamine

E . . 1

Horse #

1 0 0 0 0

2 21 11 21 19

3 5 0 6 2

4 12 11 0 0

5 0 0 0 0

6 3 6 O 0

gontggl

1 0 0 0 0

2 0 6 0 5

3 0 35 20 14

4 0 3 0 0

5 0 0 0 0

6 4 8 9 2

 

Values expressed as picogram/100 uL supernatant.

8 picogram = lower limit of accurate quantification for assay
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POE, Production. PGE2 production in response to A23187, bradykinin, and

histamine was significantly increased over unstimulated values for both groups.

Strips from control animals produced greater quantities of PGE2 than did strips

from principal animals, but the difference was not significant. Expressing PGE2

production per strip, per mm2 of epithelium, or per mg-dry weight of epithelial

tissue did not alter the interpretation of the data.

Table 6-3 PGE2 release by epithelium-on strips from principal and control

 

 

horses

Unstimulated A2317 Bradykinin Histamine

E . c' 1

Horse #

1 (251') 100 426 306 344

2 (241') 74 242 350 194

3 (291') 68 480 408 248

4 (81') 62 96 320 114

5 (121') 0 144 100 142

6 (71') 0 128 64 66

54.7 i 15.9 252.7 i 73.0’ 258.0 :1; 63.0" 184.7 i 448*

Control

1 0 113 260 39

2 0 266 220 354

3 70 522 462 296

4 1(1) 420 446 212

5 210 986 918 328

6 58 310 422 176

77 5; 32.9 436.2 ;l-_ 1353‘ 454.7 i 1110‘ 234.2 i 524‘

 

Values expressed as picogram/100 [1L supernatant.

12 picogram = lower limit of accurate detection for assay

1 = time to heaves (days)

" = significant difference from unstimulated value (P < 0.05)
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In principal horses there was a significant correlation between the time

taken to develop airway obstruction and the amount of PGE2 released in

response to A23187 (r = 0.92, p = 0.009) and histamine (r = 086, p = 0.03), but not

bradykinin (r = 0.74, p = 0.09) (Figure 6—1).
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Time taken for horses to develop airway obstruction (days) versus

PGE2 production by epithelium-on strips (pg) in response to

A23187 and bradykinin (n = 6).
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There was no difference between principals and controls in PGE2

production by unstimulated epithelium-off strips, but epithelium-off strips from

control horses produced greater quantities of PGE2 than did strips from

principal horses when stimulated with A23187, bradykinin or histamine. This

difference was significant for both A23187 and bradykinin, but not for

histamine (Table 6-4).
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Table 6-4 PGEZ release by epithelium-off strips from principal and control

 

 

horses (11 = 6)

Unstimulated A2317 Bradykinin Histamine

Principal

Horse #

1 0 0 111 79

2 0 0 12 0

3 0 0 0 0

4 20 29 12 52

5 0 5 0 0

6 0 1 8 0

33 i 3.7 58 i 51 23.8 i 193 21.8 _-l; 15.6

Central

1 66 81 100 86

2 0 58 111 10

3 1 69 95 283

4 0 0 193 31

5 0 119 32 12

6 6 0 42 85

122 i 11.8 545 i 210"+ 955 i 253“ 845 i 46.0+
 

Values expressed as picogram/100 uL supernatant.

12 picogram = limit of detection for assay

* = significant difference from principal value

+ = significant difference from unstimulated value
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Discussion

Unlike human tracheal epithelium, equine tracheal epithelium is not a

prominant source of 15-HETE. When detected, amounts of i15-HETE produced

were one tenth to one twentieth of those measured for PGE2 production. These

results suggest that tracheal epithelium was not the source of the increased

pulmonary ilS-HETE production measured in the experiment reported in

Chapter 4. Since the percentage of total surface area contributed by the

trachea is small, this conclusion cannot be extended to include all airway

epithelium, unless it is assumed that the capacity of tracheal epithelium to

produce eicosanoids is representative of airway epithelium in general. Given

the marked variation in the cellular composition of epithelium throughout the

lung, this may not be a valid assumption.

Several other cell types may have been the source of the i15-HETE

produced in ponies with COPD. Holtzman et al. examined the ability of a wide

range of human cell types to produce 15-HETE. Of the cells examined, airway

epithelial cells and eosinophils were major sources, producing approximately

5000 and 3000 pmol/106 cells, respectively. The next group, comprising dermal

and lung fibroblasts and endothelial cells produced 2060 pmol 15-HETE/10‘5 cells.

The remaining cells studied included keratinocytes and the HL-60 granulocyte

and K-562 erythroblast leukemic cell lines, all of which produced 1 pmol or

less/10‘s cells.161 Eosinophil numbers do not appear to be increased in

bronchoalveolar lavage fluid, or peripheral blood samples collected from ponies
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with COPD during acute airway obstruction,“5 but increased eosinophil numbers

are reported to be present in histological sections of lung tissue from horses and

ponies with COPD.328 In that study, eosinophils were present in 5 of 7 horses

with a clinical diagnosis of heaves, and in only 1 of 6 control horses. When

present, eosinophils were located around arteries, veins, and bronchioles, so

eosinophil-derived mediators would have ready access to the pulmonary

vasculature. In human smokers, a comparison of bronchoalveolar lavage fluid

cell populations with histological evaluation of airway inflammation revealed

no correlation between the percentage of neutrophils present in lavage fluid

and the severity of the inflammatory response in peripheral airwaysm If a

similar situation existed in ponies with COPD, then the absence of eosinophils

in bronchoalveolar lavage fluid samples would not preclude a role for these

cells in the pathogenesis of the disease.

One recently discovered cell type not included in Holtzman’s study was

the pulmonary intravascular macrophage. Pulmonary intravascular macro-

phages are located in the pulmonary vasculature of a number of species,

including cats, calves, sheep, pigs, and goats.”9 Considerable numbers of these

cells can be present in the lungs of species in which they occur. In sheep the

surface area of pulmonary intravascular macrophages exposed to circulating

blood was estimated to be 15.9 m2, suggesting that mediators produced by these

cells would readily gain access to the circulation?“ Bertram et al. have reported

that porcine pulmonary intravascular macrophages are able to produce both 12-
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and 15-HETE in vitro.21 Unfortunately, there has been no reported attempt to

determine whether pulmonary intravascular macrophages are present in the

lungs of horses and ponies.

With regard to the PGE2 data, there was increased production of PGE2

by epithelium-on strips from control animals, relative to principals, but the

difference was not significant. However, there was a marked variation in PGE2

production by individual principals. A similar variability existed in the time

taken for principals to develop airway obstruction (7 to 29 days) If the amount

of PGE: produced was an important factor in determining the onset of airway

obstruction, there should be a correlation between PGE2 production and the

time taken for airway obstruction to develop. Such a correlation existed

between PGE2 production in response to A23187 and bradykinin, and the

number of days principals took to develop airway obstruction. Epithelial strips

that produced the greatest amount of PGE2 tended to come from principal

horses that took the longest time to develop clinical symptoms, which would fit

with the theory that PGE2 production was one factor involved in opposing the

development of airway obstruction, possibly by modulating cholinergic

stimulation of airway smooth muscle.

Results for PGE, production from the subepithelial connective tissue

stroma were interesting. Only two of the six principal horses produced PGE2

in response to stimulation, whereas all six control horses were able to produce

PGEZ. Epithelium-off strips from control horses produced significantly more
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PGE2 than did those from principals when stimulated with A23187 and

bradykinin. One possible explanation for the difference was that the epithelial

cell layer had not been adequately removed from strips from control animals

and that these cells were the source of the measured PGEz. However, previous

histological sections have shown that the stripping technique effectively

removed the epithelial cell layer. Even if this was not the case for all strips, it

is difficult to accept that such a consistent error could have occurred

throughout an experiment that lasted four months where principal and control

horses were processed alternately. Also, the cells most likely to remain if

epithelial removal was inadequate would be basal cells, and, as described in

Chapter 5, these cells produce little if any PGEZ.

Sub-epithelial production of PGE2 has been reported from airway tissue

in guinea pigs108 and rats.89 The importance of this subepithelial PGE,

production is uncertain, since the amounts generated are small relative to that

produced by the epithelium. However, mediators released into the subepithelial

tissues may interact with airway smooth muscle, blood vessels, nerve endings,

and nerve fibers supplying submucosal glands and muscle since many of these

are located in, or pass through the subepithelial layer. If modulation of

cholinergic innervation of airway smooth muscle by PGEZ is important in the

pathogenesis of COPD, the subepithelial tissue is one logical site for such an

interaction to occur. Such a possibility, like so many other aspects of this

disease, will only be resolved with further research.



CHAPTER7

SUMMARY AND CONCLUSIONS

Summary

These experiments were designed to study arachidonic acid metabolism

in horses and ponies affected with chronic obstructive pulmonary disease, a

respiratory disorder in horses and ponies with similarities to human asthma.

Altered arachidonic acid metabolism had been reported to occur with a number

of pulmonary diseases, including human asthma, and there has been much

speculation as to whether these alterations were important in the pathogenesis

of allergic airway disease.

In Chapter 2, I described the first experiment where I measured plasma

and bronchoalveolar lavage fluid concentrations of 15-HETE, and metabolites

of TxA2 (Tsz), PGI2 (6-keto-PGFh), and PGD2 (901,11B-PGF2) in samples

collected from principal and control ponies during remission, and when

principal ponies had acute airway obstruction. Plasma 15-HETE and Tsz

concentrations were increased significantly in the principal ponies during

airway obstruction. My next step was to investigate the potential significance

of these increases. In Chapter 3, I used the cyclooxygenase inhibitor flunixin

149



150

meglumine to study the effect of TxAz inhibition on pulmonary function and

airway hyperresponsiveness in principal and control ponies. Flunixin

meglumine treatment did not prevent the development of airway obstruction

or airway hyperresponsiveness in principal ponies, but reduced the average time

principal ponies took to develop airway obstruction from 12.2 to 51 days. This

suggested that TxA2 production was not important in the development of

airway obstruction or airway hyperresponsiveness, but that a cyclooxygenase

metabolite could be important in delaying the onset of pulmonary dysfunction.

Alternatively, the ability of flunixin meglumine treatment to decrease the time

taken to develop airway obstruction could be due to shunting of arachidonic

acid into the lipoxygenase pathway, with resultant production of pro-

inflammatory or bronchospastic leukotrienes such as LTB4 and LTC4/D4.

In Chapter 4, I sought to determine whether the lung was the site of the

increased 15-HETE production. This involved collecting blood samples from the

right ventricle (pulmonary inflow) and carotid artery (pulmonary outflow) of

principal and control ponies during remission (Period A), when principals had

airway obstruction (Period B), and when ponies had returned to pasture (Period

C), and measuring 15-HETE concentrations in each. All the samples were

subjected to high-performance liquid chromatography prior to

radioimmunoassay to improve the specificity of the assay. Plasma 15-HETE

concentrations were increased in carotid artery samples compared to right

ventricle samples in principal and control ponies at all three time periods,

showing that the lung was a source of 15-HETE in ponies. This increase was
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significant at periods A,B, and C for the principals, and at period A for the

controls. In addition, pulmonary 15-HETE production was significantly greater

in principals compared to controls at periods A and B. There was also a

significant correlation between the amount of 15-HETE produced and change

in dynamic compliance measured between periods A and B.

The next experiments were designed to attempt to localize this 15-HETE

production to a particular site within the lung. In humans, airway epithelium

had been shown to be a major site of 15HETE production, and in Chapter 5, I

described a technique that I developed to study arachidonic acid metabolism by

equine tracheal epithelium in vitro. This involved obtaining strips of intact

tracheal epithelium attached to a thin connective tissue layer, mounting these

strips on glass supports, and studying their ability to incorporate, release, and

metabolize arachidonic acid in response to physiologic and non-physiologic

agonists. The pattern of eicosanoids released by these epithelial strips was

similar to that reported for cultured tracheal epithelium, with PGE, being the

major cyclooxygenase metabolite. There was little evidence of 15-HETE

production, but these strips were obtained from normal horses with no evidence

of pulmonary disease.

I then used this technique to study arachidonic acid metabolism in

tracheal epithelium collected from horses with chronic obstructive pulmonary

disease when they had acute airway obstruction. In the experiment described

in Chapter 6, I collected tracheal epithelium from principal and control horses

and measured 15-HETE and PGE2 release in response to stimulation with
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histamine, bradykinin, and A23187. My reason for studying PGE2 as well as 15-

HETE was that PGE2 has anti-inflammatory properties and can also relax

airway smooth muscle, leading several investigators to suggest that decreased

epithelial production of PGE2 may be a factor in airway hyperresponsiveness.

There were detectable amounts of 15-HETE released by epithelium from both

principal and control horses, but the actual amounts measured were one tenth

to one twentieth of those measured for PGEZ. This suggested that equine

tracheal epithelium, unlike human tracheal epithelium, was not a major source

of 15-HETE. Prostaglandin E2 was produced by epithelium from both principal

and control horses, with production from control horse epithelium tending to

be greater. In the principal horses, there was a significant correlation between

epithelial PGE2 release in response to bradykinin and A23187, and the time

taken to develop airway obstruction. The principals with the greatest capacity

to release PGE2 tended to take the longest time to develop airway obstruction.

There was also a significantly greater production of PGE2 by subepithelial

tissues from control horses compared to principals when these tissues were

stimulated with bradykinin and A23187.

Conclusions

The experiments that comprise this thesis show that in horses and ponies,

as in other species, the occurrence of pulmonary dysfunction is associated with

altered arachidonic acid metabolite production. Whether such alterations are

a cause of the airway obstruction and hyperresponsiveness seen in ponies and
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horses with chronic obstructive pulmonary disease, or a byproduct of the

pathophysiological processes involved in producing the disease, is unknown.

I will discuss the three specific alterations that I have reported in the

body of the thesis, together with my evaluation of their potential significance

and experiments that I think could help to further define their role in the

pathogenesis of equine chronic obstructive pulmonary disease.

These alterations were

i) An increase in plasma Tsz concentrations during the

occurrence of airway obstruction.

ii) An increase in plasma 15-HETE concentrations in blood

leaving the lungs of principal ponies.

iii) A possible decreased capacity for epithelial and

subepithelial tissue from principal horses to release PGEZ.

WW.Ponies with chronic obstructive pulmonary

disease, dogs exposed to ozone, and human asthmatics challenged with antigen

all have increased Tsz production. Unlike the situation in dogs, where

inhibition of TXB2 production prevented airway hyperresponsiveness, TxB2

production does not appear to be important in the pathogenesis of human

asthma or equine chronic obstructive pulmonary disease, since inhibition of its

production did not prevent or ameliorate the pulmonary dysfunction seen with

these two conditions.

To investigate more fully the role of TxA2 in equine COPD would

require using specific TxAz synthase inhibitors or receptor antagonists rather
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than the cyclooxygenase inhibitor that I used. However, I think that the

alterations in 15-HETE and PGE2 production rather than TxA2 are a

potentially more interesting area for further study.

11WHuman asthma and equine chronic

obstructive pulmonary disease are both associated with increased production of

15-HETE. An important point concerning the increased plasma i15-HETE

concentrations in principal ponies was that there was significantly greater

pulmonary 15-HETE production in principals compared to controls during

remission as well as when acute airway obstruction was present. If increased

15-HETE production is important in the pathogenesis of equine COPD, and not

merely a byproduct of the process, as TxAz appears to be, then it is unlikely to

be acting as a primary factor. If this were the case then I would have expected

to see some evidence of pulmonary dysfunction during the remission phase

when pulmonary 15-HETE production was significantly elevated in principal

ponies. Two possibilities that arise from this interpretation are 1) that a

metabolite of 15-HETE could be involved in the pathogenesis of the disease, and

that this metabolite is produced in greater quantities when animals are housed

in a barn and exposed to hay dust; or 2) that 15-HETE potentiates the

production of, or response to, some other mediator that is produced during barn

housing. These possibilities are not unreasonable since 15-HETE is involved in

regulating leukotriene synthesis in a variety of cells and can also potentiate

histamine-induced contraction of tracheal smooth muscle. Metabolites of 15-
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HETE act as neutrophil chemoattractants or smooth muscle spasmogens and

can cause neuronal hypersensitivity.

While I was able to show that the lung was a source of 15-HETE

production in ponies, my efforts to identify upper airway epithelium as the site

of that production were unsuccessful. I think that further efforts to identify

a role for 15-HETE in the pathogenesis of equine COPD would be best directed

not towards an exhaustive search for the specific site of production within the

lung, but rather towards investigating some of the ways in which 15-HETE

could be acting in this disease. The absence of specific 15-lipoxygenase

inhibitors means that it is not possible to study the effect of inhibition of 15-

HETE production on airway function. One area worth exploring would be

whether 15-HETE could be acting pre- or post-synaptically to alter airway

smooth muscle responsiveness to other inflammatory mediators such as

histamine.

WWThe data showing a possible

relationship between the ability of airway epithelium or subepithelial tissue to

produce PGE2 and the occurrence of COPD is interesting, but tenuous.

One of the assumptions inherent in the interpretation of these data is

that the responsiveness of airway smooth muscle from principal and control

horses to the relaxant action of PGE2 is comparable. As yet there are no data

to suport such a conclusion.

The correlation between epithelial PGE2 production and the time taken

for horses to develop airway obstruction also requires further study to
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determine its significance. These data can be interpreted to mean that

epithelial PGE2 has a role in delaying the development of airway obstruction,

and therefore, the principals able to produce the greatest amount of PGE2

would tend to take the longest time to develop clinical signs. Alternatively,

barn exposure itself may stimulate PGE2 production by airway epithelium, so

that epithelium from the animals kept in the barn for the longest time would

tend to produce the most PGE, These possibilities may be distinguished by

determining the capacity of airway epithelium to produce PGE2 prior to placing

horses or ponies in the barn, and correlating PGE2 production and the time

animals take to develop airway obstruction. The epithelial strip technique is

obviously unsuited to such an experiment, since it requires that the animal be

sacrificed, but an alternative could be to obtain epithelial tissue by bronchial

biopsy and study its PGE2 synthetic capacity either directly, or following in

vitro culture.
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