
NOTE TO USERS 

This reproduction is the best copy available. 

® 

UMI 





THE lJNCOUPUNG OF THE INFLAMMATORY AND STRUCTURAL 

COMPONENTS OF AIRWAY HYPERRESPONSIVENESS 

By 

RICHARD LEIGH, M.B, Ch.B., M.Sc. 

A Thesis 

Submitted to the School of Graduate Studies 

in Partial Fulfilment of the Requirements 

for the Degree 

Doctor of Philosophy 

McMaster University 

© Copyright by Richard Leigh, June 2004 



UNCOUPLING THE INFLAl\1MATORY AND STRUCTURAL COMPONENTS 

OFAHR 



DOCTOR OF PHILOSOPHY (2004) McMASTER UNIVERSITY 

(Physiology and Pharmacology) Hamilton, Ontario 

TITLE: The Uncoupling of the Inflammatory and Structural Components 
of Airway Hypenesponsiveness 

AUTHOR: Richard Leigh, M.B., Ch.B., (University of Cape Town) 
M.Sc., (McMaster University) 

SUPERVISOR: Dr. M.D. Inman 

SUPERVISORY COMMITTEE: 

NUMBER OF PAGES: 

Dr. P. M. 0 'Byrne 
Dr. G. Cox 
Dr. 1. Gauldie 

viii, 184 

n 



THE UNCOUPLING OF THE INFLAMMATORY AND STRUCTURAL 
COMPONENTS OF AIRWAY HYPERRESPONSIVENESS 

Richard Leigh 

Airway hyperresponsivess (AHR) is a characteristic feature of asthma. However, 

the mechanisms underlying AHR are complex and likely to be multi-factoriaL A number 

of animal models have focused on understanding the mechanisms of transient airway 

inflammation and the associated transient airway dysfunction that occur following brief 

allergen exposure. While much has been learned about the role of acute inflammation in 

this brief allergen-induced response, a limitation of these studies is that the airway 

dysfunction is not fully representative of the AHR present in asthma. For example, we 

have shown that effective anti-inflammatory treatment results in only a modest reduction 

in AHR, indicating that AHR is usually sustained in asthma. This suggests that other 

mechanisms, including airway remodeling, likely play an important role in the 

pathophysiology of AHR. The subsequent focus of this thesis has been firstly, to 

demonstrate that sustained airway dysfunction develops in mice chronically exposed to 

allergen, and secondly, to explore the potential mechanisms and associations underlying 

this phenomenon. By subjecting sensitized mice to either brief or chronic periods of 

allergen exposure, we have developed a novel model in which chronic allergen exposure 

results in sustained airway dysfunction and structural changes of the airway. 

Subsequently, mice deficient for IL-4, IL-5 or IL-13 were studied using similar protocols. 

IL-4 and IL-13, but not IL-5, are critical for the development of airway remodeling, and 

in the absence of remodeling, mice were protected from developing sustained airway 

dysfunction. In further experiments, mice were either T cell immuno-depleted using 



monoclonal antibodies, or were treated with an anti-IL-13 fusion protein. When these 

interventions were given after chronic allergen exposure, at a time when alfway 

remodeling was established, neither intervention attenuated the sustained aIrway 

dysfunction. Taken together, these results provide new information about basic 

physiological mechanisms underlying the sustained airway dysfunction present in 

asthma. 
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Chapter 1 

INTRODUCTION 

Asthma is characterized by paroxysmal symptoms such as breathlessness, chest 

tightness, wheezing, sputum production and cough ( These symptoms are the result of 

episodic bronchoconstriction and variable airflow limitation that occur secondary to an 

underlying dysfunction of the airway, termed airway hyperresponsiveness (AHR) (2;3). 

Generally, airway responsiveness is the preferred term used to describe the physiological 

ability of the airways to narrow after exposure to a variety of chemical and physical 

bronchoconstrictor agonists. Thus, airway hyperresponsiveness is characterized by 

exaggerated airway narrowing in response to a variety of non-specific physical, chemical 

or pharmacological stimuli that have little or no effect in healthy subjects (4-6). These 

include physical stimuli such as hyperventilation of cold, dry air as occurs with exercise 

(7), chemical mediators such as cysteinyl leukotrienes (8), and pharmacological 

bronchoconstricting agonists, such as methacholine, histamine and adenosine (2;9;10). 

AHR is present in almost all individuals with asthma, particularly in those in whom 

symptoms of asthma are present at the time of evaluation (5). However, the molecular 

and cellular mechanisms underlying this physiological phenomenon have not yet been 

fully elucidated (6;11). The manuscripts that make up this thesis provide substantial 

novel information about the basic physiological mechanisms that underpin AHR, and the 

purpose of this introductory chapter is to provide an understanding of the background to 

this research by reviewing the current knowledge of the basic mechanisms that underlie 

ARR. 
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Historical Perspective 

Episodic airway dysfunction has long been recognized to be a characteristic 

feature of asthma. In a seminal paper 1859, Henry Hyde-Salter recognized the 

presence of variable airflow limitation in asthma with the following description, 

"paroxysmal dyspnoea of a peculiar character, generally periodic, with intervals of 

healthy respiration between attacks." (12). In 1921, Alexander and Paddock 

demonstrated symptoms of variable airflow limitation occurred more readily in asthmatic 

individuals compared to healthy subjects, following subcutaneous administration of the 

cholinergic constricting agonist pilocarpine (13). These initial observations were later 

corroborated by Weiss and colleagues in 1932, when they reported that asthmatic 

subjects, but not healthy subjects, developed bronchoconstriction (measured by changes 

in vital capacity) after being given intravenous histamine (14). In the mid 1940's, 

Tiffeneau and colleagues (15) and Curry (16) introduced the concept of AHR, when they 

provided descriptions of direct bronchial challenge testing using threshold doses of 

inhaled acetylcholine, histamine or methacholine to determine the degree of airway 

responsiveness in asthmatic individuals. Curry's report was also the first to demonstrate 

that that the magnitude of the bronchocontrictor response in asthmatic subjects following 

inhaled histamine and methacholine was related to the severity of disease (16). 

Subsequent working definitions of asthma emerged from two Ciba-Geigy Foundation 

symposia in 1959 (17) and 1971 (18), which emphasized that variable airflow limitation 

was the fundamental abnormality underlying asthma. These symposia also highlighted 

the importance of AHR as a characteristic feature of asthma, and pointed to the need for 
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the development of simple, generally applied methods for measuring the phenomenon. 

Subsequently, standardized protocols were established to measure AHR in response to 

inhaled bronchoconstrictor mediators (2;19;20) and measurements of AHR, using 

inhalation challenges with airway constrictor agonists such as histamine or methacholine, 

have now become routine practice in the diagnosis and assessment of patients with 

asthma (5;21). Current working definitions of asthma represent modifications of the 

original Ciba definition, and continue to recognize AHR as a defining characteristic of 

asthma (1;22;23). It is therefore not surprising that much of the experimental and clinical 

research exploring the underlying pathogenesis of asthma has focused on better 

understanding the exact mechanisms underlying AHR. 

Airway Dysfunction in Asthma 

AHR can be demonstrated in almost an patients with current symptomatic asthma. 

(2; 11). The measurement of AHR involves the patient inhaling increasing concentrations 

(or doses) of a constricting agent, until a given level of bronchoconstriction (typically a 

20% fall in forced expired volume in 1 second (FEV1)) is achieved. Airway 

responsiveness can then be quantified as the provocative concentration, or dose, of that 

agent required to produce a 20% faU in FEV l , and this measurement is referred to as the 

PC20 or PD20 respectively (5). Using the method described by Cockcroft and colleagues 

(2), asthmatic subjects generally have a provocative concentration of histamine or 

methacholine causing a 20% faU in FEV I (PC20) of <8 mg/mL. Most non-asthmatic 

patients will have a PC20 of> 16 mg/mL; however, defining the exact level of airway 
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responsiveness which would categorically distinguish asthmatic and non-asthmatic 

individuals is not possible. This is because there appears to be a continuous unimodal 

log-normal distribution of non-specific airway reponsiveness in the general population, 

with patients with asthma representing the hyperresponsive part of the distribution curve 

(24-26). 

The physiological dysfunction underlying AHR in asthma includes; 1/ 

hypersensitivity of the airways to a constrictor agonist, as indicated by a smaller 

concentration of the agonist needed to initiate the bronchoconstrictor response (leftward 

shift of the bronchoconstrictor dose-response curve); 2/ hyperreactivity of the airways to 

a constrictor agonist (increased slope of the dose response curve) and 3/ a greater 

maximum degree of induced bronchoconstriction (maximal degree of respiratory 

resistance) to the agonist (9). In normal individuals, the dose response curve is 

characterized by modest functional responses that plateau at high doses of agonist. In 

contrast, the curves from patients with varying severities of asthma (mild, moderate and 

severe AHR) are typically different with respect to airway sensitivity (in asthma curves 

are shifted to the left), airway reactivity (increasing asthma severity is associated with 

steeper slopes) and the maximal degree of bronchoconstriction (often not measurable in 

patients with moderate to severe AHR). An illustration of these responses is given in 

Figure 1. Although an increase in the slope of the dose-response curve (airway 

reactivity) or in maximum bronchoconstrictor response may be observed, these individual 

variables are typically not reported when assessing airway responsiveness in individual 

subjects; instead, the concentration of the bronchoconstrictor required to produce a 20% 
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faU m FEV] (PC20) IS calculated as a single variable. The term airvvay 

hyperresponsiveness is used to describe a PC20 or PD20 lower than the normal range (i.e. 

PC20 methacholine <16mg/ml), and may reflect one or more of the specific abnormalities 

described above (11;27). 

Comparisons between patients, as well as variations within individual patients, 

can be quantified as doubling concentration differences in PC20 (21). The difference in 

airway responsiveness between normal subjects and patients with asthma is substantial, 

with differences of 4-10 doubling concentrations in PC20 methacholine often present 

between normal and asthmatic individuals (5). Furthermore, while AHR was initially 

considered a static property of the airways, it has become increasingly clear that it is a 

dynamic process that can vary over time. Thus, while most, if not aU asthmatics have 

some degree of AHR, its magnitude is not fixed within asthmatic individuals but rather 

appears to fluctuate with the current asthma severity (2;28-31). Furthermore, a number of 

studies have now consistently demonstrated that exacerbations of asthma, whether 

occurring naturally as in seasonal allergen exposure (32;33), viral infection (34), or as a 

result of experimental allergen exposure (21;35;36), or following the withdrawal of 

corticosteroid treatment (37;38) are associated with a worsening of PC20 by 1-2 doubling 

concentrations within individual patients. In contrast, improvement in asthma severity, as 

occurs for example fonowing allergen avoidance (39;40) or treatment with inhaled 

corticosteroids (41-44) is usually associated with an improvement in PC20 by 1-2 

doubling concentrations within individual patients. The magnitude of these modulating 

effects on airway responsiveness is illustrated in Figure 2. 
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Mechanisms of AHR in Asthma 

Over the last 30 years, progress has been made regarding our understanding of the 

biology of asthma, and more specifically, of the mechanisms involved in the 

pathophysiology of AHR (6;11;45;46). This has been due, in part, to the progress made in 

the techniques used to investigate asthma; original investigation relied on the use of 

postmortem samples, and subsequent investigations were restricted to the measurement 

of airflow limitation and inflammatory cell numbers in peripheral blood. It was not until 

the advent of the fibre-optic bronchoscope that the detailed pathology of asthma and 

AHR was advanced in a systematic manner. Concurrent advances in morphometric, 

cellular, and molecular techniques have allowed detailed analyses of bronchial biopsy 

specimens, and enabled detailed description of the inflammatory and morphological 

changes present in airways of asthmatic individuals (45-54). Currently it is thought that 

both immune-mediated airway inflammation as wen as chronic structural changes of the 

airway wall (often described under the collective term of airway remodeling), are 

important in the development of AHR (6; 11). However, the exact contributions of these 

processes to the pathophysiology of AHR remain to be fully elucidated. 

Role of Reversible Inflammatory Processes 

Immune-mediated airway inflammation, in which CD4+ and CDS+ T lymphocytes 

orchestrate a predominantly T -helper type 2 (Th2) response characterized by the release 

of mediators such as granulocyte macrophage colony stimulating factor (GM-CSF), 

interleukin (IL)-4, IL-5 and IL-13, as wen as by the infiltration of activated mast cells, 

basophils, eosinophils and monocytes, is a characteristic feature of asthma (45;46;53;55-
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57). Early reports suggested that the extent of eosinophilic airway inflammation was 

related to the degree of AHR (58;59), and the view that the eosinophil was central to the 

pathogenesis of AHR was supported by both in-vitro and experimental evidence that 

eosinophil granule proteins caused contraction of airway smooth muscle, and also caused 

significant increases in airway reactivity when administered directly to the airways of 

non-human primates (60-62). Subsequently, a number of studies have suggested possible 

relationships between other inflammatory cell types, including activated T lymphocytes, 

mast cells, basophils and mononuclear cells (56;63-68), as well as between specific 

inflammatory mediators such as the cysteinyl leukotrienes (8;69) and AHR. However, 

while the concept that one or more cells or mediators may cause AHR is attractive, the 

exact contribution of airway inflammation to the pathophysiology of AHR remains 

relatively poorly defined (11;21;27;70-72). 

The role of immune-mediated airway inflammation in the pathogenesis of AHR 

has been studied in great detail in clinical models of asthma, particularly allergen-induced 

asthma. Different forms of allergen-exposure, such as challenge with a single dose of 

allergen (73-75), exposure to repeated low doses of allergen (36;76), or natural seasonal 

exposure to a pollen allergen (33) all increase airway inflammation, as judged by biopsy 

specimens, lavage samples, or induced sputum examination. These studies have thus 

provided insight into how changes in AHR are regulated by induced inflammatory 

processes, and support the paradigm that acute inflammatory responses, and airway 

eosinophilia in particular, contribute to the severity of AHR. However, they also 

demonstrate that while acute exposure to allergen results in marked increases in airway 
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eosinophilia, it is generally produces a decrease (worsening) in PC20 methacholine of 

only 1 to 2 doubling concentrations, which represents a change of much smaller 

magnitude than those seen when asthmatic patients with persistent AHR are compared to 

healthy subjects, in whom the differences are in the range of 4 to 8 doubling doses 

(21;77 -79) (FiglHre 2). These allergen-induced changes are however clinically important, 

as it is likely that the mechanisms responsible for the changes in AHR following 

experimental allergen exposure are similar to those producing transient worsening of 

asthma control during exacerbations of the disease. 

Further insight into the role of immune-mediated airway inflammation in the 

pathogenesis of AHR has been provided by studies evaluating the effects of allergen 

avoidance or anti-inflammatory treatments in asthma. Eliminating or decreasing allergen 

load by allergen avoidance improves, but does not eliminate AHR (40;80;81). Similarly, 

A number of studies have reported that inhaled corticosteroid treatment, in doses and for 

durations sufficient to minimize indices of acute immune-mediated airway inflammation, 

has only minor effects on attenuating the degree of AHR present in asthmatic subjects 

(41 ;44;82-86). Indeed, even 2 years of treatment with high doses of inhaled 

corticosteroids did not produce much more than a doubling concentration improvement in 

PC20 (43). The results of these studies have led to the hypothesis that there may be 

ongoing inflammatory mechanisms that are important in the pathophysiology of AHR, 

which are relatively insensitive to the anti-inflammatory effects of corticosteroids. 

Cysteinyl leukotrienes have been shown to be important in the immunopathology of 

asthma (87-89) and their inflammatory effects may not be inhibited by corticosteroid 
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treatment (90). Hamilton and colleagues (91) have evaluated the effects of pretreatment 

with pranlukast, a leukotriene receptor antagonist, on allergen-induced AHR. However, 

while treatment resulted in significant attenuation of allergen-induced early and late 

asthmatic responses, it only afforded protection of approximately 1-2 doubling 

concentrations against allergen-induced AHR, and did not result in abrogation of the 

AHR into the normal range (Figu.re 2). 

It seems unlikely therefore, based on these and other treatment studies, that acute 

inflammatory events in the airway account for all of the aspects of the AHR seen in 

asthmatic subjects, who often have PC20 methacholine measurements as much as 500 fold 

below normal. In addition, a number of studies have now been published showing weak 

or no relationship between eosinophilic airway inflammation and degree of AHR (72;92-

95). Rather than being viewed as negative findings, these observations should be viewed 

as evidence that the mechanisms of AHR in asthma are complex, and that finding a 

strong correlation with a single pathologic process is unlikely to occur. Instead, the 

frequently observed lack of association between airway inflammation and AHR makes it 

increasingly clear that other factors are likely to be involved in the pathophysiology of 

this condition. Based on the studies discussed above, it appears that the pathophysiology 

underlying AHR is the result of two temporally independent processes, namely 11 a 

variable, responsive component, which can be attributed to fluctuating degrees of airway 

inflammation, and 21 a sustained component that remains relatively fixed, suggesting it is 

independent of acute inflammatory events within the airway (Figure 2). 

9 



PhD Thesis - R. Leigh McMaster - Medical Sciences 

Role of Airway Remodeling 

While the factors responsible for the sustained component of AHR in asthma are 

not well characterized, recent literature has implicated airway remodeling as a 

contributing factor in the development and persistence of AHR (53;54;96-102). Although 

changes in the structure of the airway wall have been recognized as a feature of asthma 

for over 80 years (103;104), the term airway remodeling appears to have been coined by 

Lynne Reid, first in 1966 with regard to lung development (105), and later again in 1978 

in her J. Bums Amberson Lecture on the structural changes that occur in the pulmonary 

vasculature during pulmonary hypertension (106). However, the concept of airway 

remodeling in asthma was only proposed in 1992 (107), and can be defined as changes in 

the composition, content and organization of the cellular and molecular constituents of 

the airway wall (53;96;102;108;109). Early pathological investigation relied on post

mortem samples, and several necropsy study reports indicated that the airways of 

asthmatic individuals dying from acute severe asthma demonstrated chronic structural 

changes, when compared to airways of non-asthmatic individuals dying of non-natural 

causes (11 0-117). While these reports implied that chronic structural changes are 

secondary phenomena, developing late in the disease process of severe asthma, 

subsequent analysis afforded by flexible fibreoptic bronchoscopy and bronchial biopsy 

demonstrated that structural changes are also present in the airways of individuals with 

symptomatically mild asthma (47;48;50;51;118-122). These structural changes include; 

thickening and disruption of the epithelium with associated epithelial and goblet cell 

hyperplasia; sub-epithelial fibrosis; transformation of fibroblasts to myofibroblasts; 
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thickening of the inner airway wall between the airway smooth muscle layer and the 

subepithelial region with an associated increase in the number and size of vessels within 

this region; smooth muscle hypertrophy and hyperplasia; and thickening of the adventitia 

as a result of extracellular matrix deposition (47;63;110;111;115;117;119;123-131). 

However, despite advances in our understanding of the inflammatory and immunological 

components of asthma, there is relatively little understanding of the cellular and 

molecular mechanisms that underpin the chronic structural changes present in asthmatic 

airways, and even less understanding of how these changes might relate to the 

pathophysiology of AHR. 

Is remodeling a result of chronic inflammation? 

Although the exact pathogenesis of airway remodeling has not been fully 

elucidated, there is considerable evidence that immune mediated airway inflammation 

provides an environment that is conducive to airway remodeling. Observations that the 

extent of the fibrotic changes present are related to the degree of airway eosinophilia 

(132), and that these fibrotic changes are increased in patients with allergic rhinitis who 

later develop asthma (86) support the concept that at least some of the remodeling 

changes are progressive in response to an underlying immune-mediated inflammatory 

process. Asthma is characterized by a Th2-type inflammatory response in the airways, 

and the cytokines IL-4 and IL-13 have both been implicated in the pathogenesis of airway 

remodeling 33). IL-4 and IL-13 are known to be fibrogenic and have direct effects on 

both epithelial cells and fibroblasts (134-136). By interacting with cells within the 
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epithelial-mesenchymal trophic unit, IL-4 and IL-13 appear to be able to augment chronic 

inflammation and airway remodeling. Other growth factors that are increased in the 

asthmatic airway include transforming growth factor (TGF)-~ (137-140), platelet derived 

growth factor (PDGF)-~, (141;142), IL-1~ (143) as well as altered ratios of matrix 

metaHoproteinases (MMP) to tissue inhibitors of MMPs (TIMPs) (144;145). These, and 

other mediators, have been associated with deposition of collagen and extracellular 

matrix, growth and proliferation of smooth muscle, myofibroblast differentiation from 

fibroblasts and epithelial ceUs, as well as goblet cell and epithelial hyperplasia (146-149). 

A number of models in which animals are sensitized to an antigen, such that Th2 

type inflammatory responses occur upon subsequent airway challenge, have also 

supported the concept that asthmatic type airway inflammation is able to promote airway 

remodeling. Several laboratories have demonstrated that repeated allergen challenge 

results in epithelial hypertrophy in rats, guinea pigs and mice (150-153); goblet cell 

hyperplasia in rats and mice (151;154); subepithelial fibrosis in rats and mice 

(150;151;153;154); and increases in smooth muscle staining in rats and guinea pigs (150-

152;155). While these studies do not confirm that remodeling occurs in asthma as a result 

of repeated Th2 inflammatory events, they illustrate that mechanisms necessary for this 

to occur do exist, and are consistent with the hypothesis that such inflammatory events 

may be a causal mechanism by which airway remodeling occurs. 

12 



PhD Thesis - R. Leigh McMaster - Medical Sciences 

Does remodeliIlg cOlltribute to AHR? 

Much of our understanding regarding the functional effects of airway remodeling 

is based on theoretical mathematical modeling studies of the human airway (102). This is 

partly because clinical studies evaluating the functional consequences of airway 

remodeling have been hampered by the difficulty in obtaining sufficient numbers of 

tissues from asthmatic patients to make a statistically valid comparison with tissues from 

normal subjects. These modeling studies predict that thickening of the airway wall, which 

can occur as a result of epithelial or goblet cell hyperplasia, subepithelial fibrosis or local 

edema, is able to amplify the effect of airway smooth muscle shortening, and is thus 

likely to be a major contributor to AHR. Moreno and colleagues (156) modeled the effect 

of thickening of the inner airway wall to show how it can amplify the degree of luminal 

narrowing for a given degree of airway smooth muscle shortening. They reported that 

increasing thickness of the inner airway wall produced simulated agonist response curves 

that closely resembled in vivo airway challenges in asthmatic individuals, at least with 

respect to the increase in maximal airway narrowing. This mathematical model has since 

been used in more realistic computational schema, incorporating measured values for 

airway waH dimensions from asthmatic and normal airways, and these studies have 

confirmed the original predictions of Moreno's study (115;157-160). Theoretical 

modeling studies also predict that increases in airway smooth muscle mass result in an 

increased force of contraction and an enhanced ability of the airways to generate radial 

stress and airway narrowing 58). Thus, increases in airway smooth muscle mass, which 

is a consistent pathological finding in asthma (110;117;122) is likely to be a major 
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determinant of AHR. This hypothesis is, however, based on the unproven assumption that 

the proliferated smooth muscle maintains the contractile properties of normal airway 

smooth muscle; the precise role of increased airway smooth muscle mass in the 

development of AHR in vivo is still uncertain. Finally, modeling studies also suggest that 

subepithelial fibrosis may increase the extent of airway narrowing by interfering with the 

development of mucosal folds (161). It is believed that the airway mucosa folds when 

airway smooth muscle shortens. For geometrical reasons, it is expected that the lower the 

number of folds, the greater the reduction in airway lumen (162). Thus, the possibility 

that collagen deposition beneath the layer of smooth muscle may enhance the 

contractility of the airways is in keeping with the model of Wiggs, et al. (157), in which 

increases in airway wall thickness by sub-epithelial collagen deposition results in 

enhanced airway responses to bronchoconstrictor stimuli, for the same degree of smooth 

muscle constriction. However, theoretical predictions of mucosal folding and its effects 

are heavily influenced by model assumptions (162-164), and no proof has been provided 

on how mucosal folding occurs in vivo and whether this is different between health and 

disease. Thus, although many of these modeling studies have evaluated aspects of 

remodeling in isolation, they nonetheless provide convincing evidence that multiple 

structural changes associated with airway remodeling are likely to contribute to the 

pathophysiology of AHR. 

A number of clinical studies have correlated the extent of subepithelial fibrosis or 

smooth muscle thickness with either the degree of AHR (93;165), or with asthma 

symptoms (120). In addition, several studies have shown that indices of airway 
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inflammation and chronic structural changes consistent with airway remodeling are less 

pronounced in subjects with asymptomatic AHR than in patients with documented 

asthma (126; 166). Furthermore, the subsequent development of symptoms of asthma was 

associated with an increase in airway inflammation and indices of airway remodeling, 

which correlated with a further increase in AHR (166). However, given the complex and 

multi-factorial nature of the factors contributing to AHR, observations from clinical 

studies such as these are likely to only provide evidence of weak relationships between 

potential causes and functional effects; they are unlikely to provide substantial insights 

into the mechanisms underlying AHR. To progress beyond this level of understanding 

would ideally require patients to be followed from a time-point before airway remodeling 

begins, and then longitudinally as the remodeling process advances, so that effects on 

airway function could be described. However, a recent biopsy study in young children 

(167) reported that indices of airway remodeling were often present before the onset of 

asthma symptoms, suggesting that this process likely begins early in the pathogenesis of 

asthma. Thus, longitudinal clinical studies with regular biopsy sampling of airway tissues 

are not logistically or ethically feasible; instead, this is an ideal scenario in which to use 

experimental animal models to test scientific hypotheses and gain further insight into the 

mechanisms underlying AHR. 

The Contribution of Mouse Models to the Understanding of AHR 

A number of animal models have been developed to investigate the mechanisms 

underlying ARR. An advantage of animal models in general is they allow for in vivo 
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manipulation of certain outcome variables, and in vitro study of easily accessible cells 

and tissues using approaches that are often technically or ethically not feasible to perform 

human subjects (168). Mouse models, in particular, have additional advantages in that 

there is minimal genetic variation within in-bred strains thereby providing appropriate 

experimental control animals; there are also large numbers of wen-characterized gene or 

receptor deletion (knockout) strains available, which express deficiencies of numerous 

individual inflammatory cells or cytokines. This has resulted in a great number of studies 

that have characterized immuno-pathological mechanisms involved in allergic airway 

inflammation. However, to extend these experimental observations into appropriate 

models of allergen-induced AHR, it was necessary to demonstrate that the induction of 

immune-mediated airway inflammation resulted in physiological airway dysfunction, 

similar to that seen in asthma. As a result, a number of physiological techniques have 

been developed to assess airway function in mice. To facilitate understanding of the 

techniques used, it is useful to consider the many available in vivo techniques in mice in 

two broad categories; 1) indirect measurements that are thought to be related to airway 

function, or 2) direct measurements of airway impedance. Indirect measurement 

techniques include the widely used technique of measuring airway function by placing an 

umestrained and conscious mouse into an essentially airtight chamber, and then 

measuring the pressure fluctuations within the chamber, by barometric whole body 

plethysmography (Buxco, Troy, NY) (169). A relationship, termed enhanced pause 

(Penh), which is based on the magnitude and timing of the pressure fluctuation within the 

whole body plethysmograph, has been correlated with the magnitude of respiratory 
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system resistance and elastance and shown to be responsIve to inhaled constrictor 

agonists and exposure to allergen. Direct measurement techniques share in common the 

measurement of airflow or lung volume changes, and the driving pressures responsible 

for achieving both flow and lung volume changes. aU cases the measured flow is 

integrated with respect to time to calculate volume change, or the measured volume 

change is differentiated with respect to time to calculate flow. Direct methods are 

generally regarded as superior by those investigators interested in the components 

responsible for physiological airway dysfunction following allergic airway inflammation. 

Indirect methods, being technically easier to perform, are generally preferred by 

investigators whose focus of research is on the immunological consequences of allergen 

exposure. In our laboratory, a method has been established that is considered to provide a 

direct assessment of airway impedance. A detailed explanation of this method is provided 

in the Appendix. 

With the advent of appropriate techniques to measure aIrway physiology, 

considerable attention has been paid to mouse models of allergen-induced airway 

inflammation and the associated airway dysfunction, in an attempt to further elucidate the 

potential mechanisms underlying allergen-induced AHR (170-186). While an extensive 

review of this literature is not appropriate in this chapter, there have been at least 100 

similar studies investigating the mechanisms of allergen-induced AHR in mice. Virtually 

all these models involve sensitization followed by airway challenge, with a resulting 

transient period of lymphocytic and eosinophilic airway inflammation and associated 

transient airway dysfunction (187). These studies have also given rise to some debate 
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over which of the recognized Th2 cytokines are responsible for acute allergen-induced 

eosinophilic inflammation and airway dysfunction. Reports on the effects of IL-5 have 

consistently demonstrated that IL-5 is required for acute allergen-induced eosinophilic 

airway inflammation, and that the extent of eosinophilic inflammation is markedly 

reduced in the absence of IL-5 (173;188-190); however most investigators have been 

unable to demonstrate that either IL-5 deficiency or blockade has an effect on AHR 

(173;180;181;185;188;191). A second consistent finding is that IL-4 is not required for 

the development of acute allergen-induced eosinophilic airway inflammation 

(173;180;188;191). An initial report suggesting that IL-4 was required for the 

development of AHR (192) was not supported by subsequent publications 

(180;185;188;191). More recently, several investigators have proposed a critical role for 

IL-13 in the pathophysiology of allergen induced airway dysfunction, in that IL-13 was 

able to induce airway dysfunction when delivered into mouse airways in the absence of 

allergen (178;179), or when IL-13 over-expressed in transgenic mice (136). Initial reports 

suggested that blocking IL-13 alone was sufficient to prevent AHR (178; 179), but it has 

recently been suggested that additional IL-4 blockade is required for this manipulation to 

be maximally effective 85). These murine models have however focused on 

reproducing the acute inflammatory events and the associated transient airway 

dysfunction that occur following brief exposure to allergen. Despite the advances in our 

understanding provided by these studies, a major limitation of the majority of these 

models is that the airway dysfunction is transient, disappearing 14-21 days after allergen 

exposure, and appears to be related only to acute increases in immune mediators and 
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inflammatory cells (187). This transient AHR is not equivalent to the sustained AHR 

present in subjects with asthma, and that is likely to account for most of the differences, 

in terms of doubling doses of bronchoconstricting agonist, between subjects with and 

without asthma. Thus, while studies such as these have provided valuable information on 

the mechanisms responsible for acute responses to allergen, they are unlikely to provide a 

complete description of the complex and likely multi-factorial mechanisms responsible 

for sustained AHR. As a result, a major research focus in our laboratory has been to 

investigate the mechanisms underlying this sustained AHR, and the potential role that 

chronic, inflammatory-induced structural changes of the airway may contribute to these 

processes. In addition to our own laboratory, a number of other laboratories have also 

developed a keen interest in determining the physiologic effects of induced airway 

remodeling in animal models of chronic allergen challenge (151; 154; 193-200). In most of 

the models already described, investigators have been able to demonstrate that animals 

were hyperresponsive to non-specific bronchoconstrictors following a period of chronic 

allergen challenge. However, the results from these studies are difficult to interpret, in 

that these measurements were all made shortly after the final allergen challenge. Clearly, 

based on models of brief exposure to allergen, there are transient immune-mediated 

effects on airway responses at this time. Thus, assessment of the independent contribution 

of airway remodeling to AHR will require studying animals at a later time point, some 

weeks after final allergen exposure, when transient immune responses are likely to have 

subsided. 
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Purpose of this Doctoral Thesis 

The overall objective of this thesis has been to investigate the mechanisms 

underlying AHR, and the potential role that airway remodeling may contribute to this 

process, by means of a series of wen-focused research projects. In the initial clinical 

study (Chapter 2), we evaluated the effects of an inhaled corticosteroid (budesonide) and 

a leukotriene antagonist (montelukast) that, in combination, were theoretically able to 

abrogate the inflammatory pathways responsible for both the early and late asthmatic 

responses in an allergen-challenge model. Our results indicate that, despite significantly 

attenuating both the early and late phase responses as well as preventing any significant 

allergen-induced sputum eosinophilia, study subjects only experienced a modest 1-2 

doubling dose protection in allergen-induced AHR. These results confirm that while 

acute, immune-mediated airway inflammation may contribute to a variable responsive 

component of AHR, it is unlikely to account for the sustained component of AHR that 

remains relatively fixed despite appropriate anti-inflammatory therapy. This observed 

lack of association between acute airway inflammation and AHR makes it increasingly 

clear that other factors are likely to be involved in the pathophysiology of this condition. 

The remaining 5 papers contained in the thesis describe, 1/ the initial development of an 

experimental model, in which mice subjected to chronic periods of allergen exposure 

develop sustained airway hyperreactivity and indices of airway remodeling compared to 

mice subjected to brief allergen exposure (Chapter 3); 2/ the validation of the 

morphometric techniques used in the mouse studies (Chapter 4); 3/ the role of the Th2 

cytokines IL-4, IL-13 and lL-5 in the pathogenesis of sustained AHR (Chapter 5); 4/ 
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aIrway remodeling as a potential mechanism responsible for sustained AHR, by 

demonstrating that blocking acute, immune-mediated inflammatory responses at a time 

when chronic structural changes have developed, has no effect on sustained AHR 

(Chapters () & 7). The clinical implications of these studies, and the novel contributions 

that they provide to our understanding of the pathophysiology of a common clinical 

problem, are discussed in Chapter 8. 
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Figure Legends 

Figure 1. 

Response of FEV 1 to increasing concentrations of either methacholine or histamine in 

normal subjects and in asthmatic patients with increasing severity of AHR. PC20 refers to 

provocative concentration of methacholine or histamine to cause a 20% fall in FEV 1 

Figure 2 

A schematic illustration of the potential mechanisms underlying both the variable and 

sustained components of airway hyperresponsiveness. These processes are thought to 

account for fluctuations in airway within asthmatic individuals and also for differences 

between patients with asthma and the normal population. 
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Effects of Montelukast and Budesonide on Airway 
Responses and Airway Inflammation in Asthma 
Richard leigh, Dmni Vethanayagam, Makota Yoshida, Richard M. Watson, Tracy Reredch, Mark D. Inman, 
and Paul M. O'Byrne 

Asthma Research Group, Firestone Institute for Respiratory Health and Department of Medicine, st. Joseph's Healthcare-McMaster University, 
Hamilton, Ontario, Canada 

Inhaled corticosteroids are effective antiinflammatory therapy for 
asthma; however, they do not completely abolish allergen-induced 
airway inflammation. Leukotriene modifiers attenuate both early 
and late allergen responses and have antiinfiammatory properties. 
We reasoned that treatment with budesonide and montelukast in 
combination might provide greater antiinflammatory effects than 
either drug alone, and the purpose of this study was to compare 
the effects of treatment with budesonide and montelukast, alone 
or in combination, on outcome variables after allergen inhalation. 
Ten subjects with asthma with dual responses after allergen inhala
tion were included in this randomized, double-blind, crossover 
study. Outcomes included early and late asthmatic responses, and 
changes in airway responsiveness and sputum eosinophilia, mea
sured before and after challenge. Treatment with montelukast at
tenuated the maximal early asthmatic response compared with 
placebo (p < 0.001) and budesonide (p = 0.002). 80th budesonide 
and montelukast, alone and in combination, attenuated the maxi
mal late asthmatic response compared with placebo (p < 0.01). 
8udesonide and montelukast, alone and in combination, afforded 
protection against allergen-induced airway hyperresponsiveness 
(p < 0.05), although the treatment effect of budesonide was greater 
than that of montelukast (p < 0.05). Treatment with budesonide 
and montelukast, alone and in combination, also attenuated aller
gen-induced sputum eosinophilia. Thus, montelukast and budeson
ide attenuated allergen-induced asthmatic responses, airway hyper
responsiveness, and sputum eosinophilia, although combination 
treatment did not provide greater antiinflammatory effects than 
either drug alone. 

Keywords: asthma; allergen challenge; airway inflammation; glucocor
ticosteroids; cysteinyl ieukotrienes. 

Inhaled corticosteroids (lCSs) are regarded as the corner
stone of effective antiinflammatory therapy for the treatment 
of asthma (1). Regular long-term ICS therapy significantly 
reduces asthma mortality (2), asthma exacerbations (3, 4), 
airway inflammation, and asthma symptoms (5, 6) and sig
nificantly improves lung function in subjects with asthma (7). 

Although regular ICS treatment inhibits allergen-induced 
late airway responses and attenuates allergen-induced airway 
hyperresponsiveness (AHR), it does not completely abolish 
allergen-induced increases in sputum eosinophils (8,9). Fur
thermore, a recent study from the Asthma Clinical Research 
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Network (10) has demonstrated that there is significant in
tersubject variability in response to low-medium dose rcs 
treatment, suggesting that at least in subjects demonstrating 
a poor response to res, there are ongoing inflammatory 
mechanisms that are relatively insensitive to the antiinflam
matory effects of ICS. 

Among the various proinflammatory mediators involved 
in the pathophysiology of asthma, cysteinylleukotrienes have 
a causative role in mediating branchoconstriction and allergic 
airway inflammation (11-13). Cysteinylleukotrienes are re
leased from inflammatory cells in the airways and induce 
bronchoconstriction (14), inflammatory cell infiltration (15-
16), smooth muscle proliferation (17), mucous secretion, and 
increased vascular permeability (12, 18, 19). However, in vivo 
studies have shown that the synthesis and release of cysteinyl 
leukotrienes into the airways of patients with asthma are not 
blocked by corticosteroid therapy (20), suggesting that the 
inflammatory effects of cysteinylleukotrienes are not inhib
ited by corticosteroid treatment. 

Montelukast sodium (Singulair) is a potent, oral, specific 
cysteinyl leukotriene D4-receptor antagonist that inhibits 
bronchoconstrictor response to exercise (21) and early and 
late airway responses to allergen (22). Furthermore, montelu
kast has been shown to attenuate airway eosinophilia in sub
jects with asthma having eosinophilic bronchitis (23), whereas 
the related leukotriene-modifying compounds, zafirlukast 
and zileuton, reduce airway eosinophilia in bronchoalveolar 
lavage fluid after segmental allergen challenge (24, 25). 

We reasoned that the combination of a low dose of ICS 
and a cysteinyl leukotriene receptor antagonist (montelu
kast) may provide greater antiinflammatory effects against 
allergen-induced airway inflammation than either drug alone. 
Therefore, the primary purpose of this study was to evaluate 
the effects of budesonide and montelukast, alone and in 
combination, on allergen-induced early and late bronchocon
strictor responses, AHR, and airway inflammation in subjects 
with mild, stable asthma. 

METHODS 

Subjects 

Ten nonsmoking subjects (seven males, three females) (Table 1) with 
stable, mild atopic asthma were included in the study. All subjects had 
symptoms of asthma for more than a year, and their inclusion in the 
study was based on their having a provocative concentration produoing 
a 20% reduction in FEY! (PCm) of less than 16 mg/ml methacholine 
(MCh) and ailergen-induced early and late bronchoconstrictor re
sponses of at least 15% reduction in FEY! during screening challenges. 
Subjects who had been treated with any asthma medication other than 
inhaled !:h-agonists, or who used inhaled i32-agonists more frequently 
than once daily during the 4-week period before screening, were not 
permitted to participate in the study. One subject failed to complete 
all treatment arms of the study due to a protocol violation, and the 
analysis was thus based on data from nine subjects. The study protocol 
was approved by the Ethics Committee at the McMaster University 
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TABLE 1. SUBJECT CHARACTERISTICS 

Age, yr 
Weight, kg 
Height, cm 

FEV" l 
FEV" % predicted 
FEV,/VC, % 
PC" methacholine, mg/ml* 

Mean (Range) 

37 (20-52) 
77.8 (58-100) 
172 (160--181) 
3.1 (2.0-3.8) 
82 (72-96) 
75 (68-90) 

2.9 (0.15-9.98) 

Definition of abbreviations: PC20 = provocative concentration producing a 20% 
reduction in FEV,; VC = vital capacity. 

* Geometric mean. 

Health Sciences Centre, and all subjects gave written, informed consent 
to participate in the study. 

Study Design and Protoco[ 
The study was performed using a prospective, double-blind, double
dummy, placebo-controlled, randomized, four-period crossover design. 
After successful screening, subjects were randomized to receive one of 
four different treatment regimens of 10 days each, separated by washout 
periods of at least 21 days (Figure 1). The ~our treatment regi~e~s 
were (1) monteiukast (Singulair) 10 mg, received orally once daily III 

the evening and placebo Turbuhaler; (2) inhaled budesonide (Pulmicort 
Turbuhaler) 200 fLg, one inhalation taken in the morning and evening 
(total daily dose, 400 fLg) and placebo tablet; (3) active montelukast 
and active budesonide in dosages described previously; and (4) placebo 
tablet and placebo Turbuhaler. 

On the first day of each treatment period, an MCh inhalation chal
lenge and sputum induction were performed to determine baseline 
pretreatment airway responsiveness and airway inflammatory status, 
respectively (Day 1). Subjects began receiving their study medications 
on the evening of Day 1, continued thereafter, and on Day 8, the MCh 
challenge and sputum induction were repeated to establish preallergen 
baseline levels. On Day 9, after receiving the morning dose of study 
medication, subjects underwent an allergen inhalation challenge; spi
rometry was monitored throughout the day to check for early and 
late asthmatic responses. Seven hours after allergen inhalation, sputum 
induction was repeated to assess airway inflammation. The final dose 
of study medication was received on the morning of Day 10, after which 
MCh challenge and sputum induction were performed, 24 hours after 
allergen inhalation. All measurements for each subject were made at 
the same time of the day (::t: 2 hours) at baseline and after each treatment 
period. Study subjects were allowed to use inhaled I3ragonists on an 
as-needed basis throughout the treatment and washout periods but 
were asked to refrain from doing so 8 hours before any study visit. 

Randomization and Allocation Concealment 
Randornization was performed by using computer-generated random
ization codes, which were maintained by a research pharmacist at 
McMaster University who was independent of the study. Treatment 
allocation was concealed from the investigators and participants for 

Treatment Period Washout 

<-------------------------------------~, <----
Allergen 

Day 1 8 Challenge 10 

~I --------+I-----;I----~I 
MCn PC20 MCh PC20 FEV,O-7hrs MCh PC20 

Sputum Sputum Sputum 7h Sputum 24h 
(pre treatment) (pre allergen) (post allergen) 

Figure 1. The protocol used within each treatment period of the study. 
The four treatment periods were each separated by a washout period 
of at least 2 i days. 
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the duration of the study. All study medications were independently 
packaged and labeled by the hospital pharmacy. Placebo tablets were 
identical in appearance and labeling to montelukast tablets, both of 
which were supplied by Merck Research Laboratories (Merck Frosst 
Canada & Co., Montreal, PQ, Canada). Placebo Turbuhalers were 
identical in appearance and labeling to budesonide Turbuhalers (Pulmi
cort Turbuhaler, 200 iJ.g/dose), both of which were supplied by Astra
Zeneca (AstraZeneca Canada Inc., Mississauga, ON, Canada). At the 
start of a treatment period, each subject was given a new coded con
tainer with sufficient study tablets and a new coded Turbuhaler. Inhaler 
technique was checked at each visit and corrected if necessary. At the 
end of each treatment period, study medication was returned, and 
compliance was monitored by counting the number of tablets and Tur
buhaler doses remaining. 

Outcome Measurements 
The primary outcome was the effect of treatment on allergen-induced 
airway eosinophilia. Secondary outcomes were the effects of treatment 
on allergen-induced early and late bronchoconstrictor responses and 
on allergen-induced AHR. The sample size was considered sufficient 
because previous studies have shown that a group of eight or more 
subjects has sufficient power to demonstrate differences in allergen
induced airway eosinophilia and in allergen-induced early and late 
asthmatic responses, using the same methodologies used in this study 
(8,26). 

Laboratory Procedures 
MCh inhalation challenge. MCh inhalation challenge was performed 
using the method described by Cockcroft and colleagues (27). Subjects 
inhaled through a mouthpiece attached to a Wright nebulizer (Roxon 
Medi-Tech, Montreal, PQ, Canada). Normal saline, followed by dou
bling concentration increases in MCh were nebulized for 2 minutes 
each. FEV! was measured at 30, 90, 180, and 300 seconds after each 
inhalation using a Collins water-sealed spirometer (Warren E. Collins, 
Braintree, MA) and kymograph. The test was terminated when FEV! 
had fallen to a level at least 20% below the postsaline measurement. 
The concentration of MCh required to achieve a decrease in FEV! of 
20% (MCh PC20) was calculated through linear interpolation of percent 
fall in FEV! against the log-transformed MCh concentration (27). 

Allergen inhalation challenge. Allergen challenge was performed 
according to the method described by O'Byrne and colleagues (28). 
The allergen producing the largest skin wheal diameter after skin prick 
testing was used for subsequent airway challenges. Allergens used were 
house dust mite (n = 5), cat (n = 4), and tree mix (combination of 
tree allergens indigenous to North America; viz., Ash, Birch, Hazelnut, 
Poplar, Oak mix, Willow, Maple, American Beech, Sycamore, and 
Elm) (n = 1). The concentration of allergen extract for inhalation was 
determined using a formula derived by Cockcroft and colleagues (29) 
using the results from skin test titrations and the MCh PCw. During 
the screening allergen challenge, the starting concentration of allergen 
extract for inhalation was two doubling concentrations below that pre
dicted to cause a 20% decrease in FEV!. Doubling increases in allergen 
concentration were inhaled every 10 minutes until a l5% reduction in 
FEV! was achieved. FEV! was then measured at 10, 20, 30, 45, 60, 90, 
and 120 minutes after allergen inhalation, then each hour until 7 hours 
after allergen inhalation. The early bronchoconstrictor response was 
taken to be the largest percent fall in FEV! within 2 hours after allergen 
inhalation, and the late bronchoconstrictor response was taken to be 
the largest percent fall in FEV! in the period beginning 3 hours and 
ending 7 hours after allergen inhalation. Maximal decreases in FEV! 
were chosen to quantify the early and late response magnitudes based 
on earlier studies from our group, indicating that these measurements 
have utility in detecting treatment effects (30). Only subjects who 
achieved a 15 % or greater early and late decline in FEV! on the allergen 
screening challenge were randomized, and the same allergen concentra
tions were used on aU subsequent allergen inhalation challenges. 

Sputum induction and analysis. Sputum induction was performed 
after MCh challenge on Days 1, 8, and 10, and 7 hours after allergen 
challenge on Day 9 of each treatment period. MCh challenge performed 
before sputum induction does not significantly alter the cellular and 
biochemical constituents of sputum (31). Sputum was induced as de
scribed by Pin and colleagues (32) and modified as described by Pizzi-
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chini and colleagues (33). Briefly, after pretreatment with inhaled albut
erol (200 I-Lg), subjects inhaled an aerosol of 3,4, and 5% hypertonic 
saline for 7 minutes each from a Medix ultrasonic nebulizer (Clement 
Clarke, Harlow, Essex, UK). After each inhalation period, subjects 
expectorated sputum into a container. Sputum was processed within 2 
hours of collection as described by Pizzichini and colleagues (34). Total 
cell counts were performed using a hemocytometer and were expressed 
as the number of ceHs per milliliter of sputum. Cells were resuspended 
in Dulbecco's phosphate buffered saline at 0.75 to 1.0 x 106/ml, and 
cytospins were prepared using a Shandon III cytocentrifuge (Shandon 
Southern Instruments, Sewickly, PA). Slides were stained using Diff
Quik (American Scientific Products, Mcgaw Park, IL), and a 400 non
squamous differential cell count was performed on all slides by a single 
observer blind to the clinical data; the mean count from two slides per 
subject was used for analysis. 

Statistical Analysis 

Statistica software, version 5 (StatSoft, Inc., Tulsa, OK) was used to 
analyze the data. Measurement variability was expressed using the SD 
for baseline subject characteristics and SEM for outcome variables. 
MCh PC20 measurements were log2-transformed to normalize the data 
and are reported as geometric means (35). The choice of base 2 for 
the logarithmic transformation allows differences between PC20 values 
to be expressed as doubling concentrations. Comparisons between 
treatment periods with respect to early and late asthmatic responses, 
AHR, and sputum eosinophils were made using two-factor repeated
measures analysis of variance to analyze the effect of the two indepen
dent variables, treatment and time, on the outcome variables described 
previously. Comparisons of treatment effects of placebo and the three 
active treatment regimens on allergen-induced airway responses were 
made using separate analyses of variance to compare the largest percent 
fall in FEV! during the early and late bronchoconstrictor responses. 
Similar comparisons were also made by analyzing area under the curve 
(26). Comparisons between treatment effects of placebo and the three 
treatment regimens on allergen-induced changes in MCh PC20 and spu
tum eosinophilia were made using separate analyses of variance. In the 
case of MCh PCzo, the pre- to postallergen delta (8) PCzo was calculated 
using the logz-transformed data and is therefore expressed in the text 
as doubling concentration changes. Appropriate post hoc testing was 
performed using Duncan's test to assess for significant effects while 
controlling for multiple comparisons. All comparisons were two-tailed, 
and p values less than 0.05 were considered significant. 

RESULTS 
Early and late Responses 

There were no significant differences between the preallergen 
challenge FEV l values in each treatment arm, being 3.0 ± 0.38 L 
after placebo, 3.2 ± 0.38 L after budesonide, 3.1 ± 0.45 L after 
montelukast, and 3.1 ± 0.41 L after combination treatment with 
both drugs. The maximal early percent fall in FEY l after placebo 
treatment was 28.4 ± 4.3% (mean ± SEM), which was not 
significantly attenuated by treatment with budesonide (25.3 ± 
7.0%), although it was significantly reduced by montelukast 
treatment alone to 12.4 ± 3.9% (p < 0.01) and by combination 
treatment with budesonide and montelukast to 11.0 ± 3.7% (p < 
0.01). Whereas both montelukast treatment alone (p = 0.02) 
and the combination of montelukast and budesonide (p = 0.01) 
resulted in a significant attenuation of the maximal early percent 
fall in FEY! when compared with budesonide treatment alone, 
there were no significant differences between treatment with 
montelukast alone and in combination with budesonide on the 
maximal early percent fall in FEY! (Figure 2). 

The maximal late percent fall in FEY! after placebo treatment 
was 17.8 ± 4.6%. This was significantly reduced by all three 
treatments, to 3.4 ± 3.0% after budesonide (p < 0.001), 7.8 ± 
3.3% after montelukast (p = 0.01), and 3.0 ± 2.6% after the 
combination of montelukast and budesonide (p < 0.001). There 
were no significant differences in the degree of attenuation be-
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Figure 2. Time course of the mean decline in FEV, (expressed as percent 
below the prechallenge values), after allergen challenge in each treat
ment period. There was significant attenuation of the maximal early 
response after treatment with either montelukast or the combination 
of budesonide and montelukast when compared with placebo (p < 
0.01). There was also significant attenuation of the maximal late re
sponse by all three active treatment regimens when compared with 
placebo (p ",; 0.01). 

tween budesonide and montelukast, either alone or in combina
tion, on the maximal late percent fall in FEV! (Figure 2). Similar 
significant differences between treatment groups were observed 
for both the early and late responses when the data were ana
lyzed using the area under the curve. 

Airway Responsiveness 

After treatment, but before allergen inhalation (Day 8), the 
MCh PCzo increased relative to pretreatment values by 0.82 ± 
0.45 doubling concentrations after treatment with budesonide, 
by 0.52 ± 0.29 doubling concentrations after treatment with 
monteiukast, and by 0.32 ± 0.29 doubling concentrations after 
treatment with the combination ofbudesonide and montelukast. 
However, these increases were not significantly different from 
the 0.27 ± 0.25 doubling concentration increase after placebo 
treatment (p > 0.05) (Figure 3). The allergen-induced decreases 
in MCh PC20 after treatment with budesonide, montelukast, and 
the combination of budesonide and montelukast were 0.46 ± 
0.39, 0.81 ± 0.28, and 0.47 ± 0.33 doubling concentrations, re
spectively, which were all significantly less than the 1.49 ± 0.38 
doubling concentration decrease after allergen challenge in the 
placebo treatment phase (p < 0.05) (Figure 3). Furthermore, 
the allergen-induced decrease in MCh PC20 after treatment with 
budesonide alone (0.46 ± 0.39) was significantly less than the 
allergen-induced decrease observed after treatment with monte
lukast alone (0.81 ± 0.28) (p < 0.05). 

Sputum Eosinophilia 

The percentage of sputum eosinophils was not significantly dif
ferent at the pretreatment visit or at the pre allergen visit, being 
1.95 ± 0.94% after treatment with placebo, 0.86 ± 0.28% with 
budesonide, 0.96 ± 0.47% with montelukast, and 0.74 ± 0.88% 
after combination treatment with both drugs (p > 0.05) 
(Figure 4). A significant increase in sputum eosinophilia was 
measured 7 hours after allergen inhalation (8.10 ± 3.01 %) after 
treatment with placebo (p < 0.01). This allergen-induced spu
tum eosinophilia was attenuated by treatment with budesonide 
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Figure 3. Airway responsiveness, as measured by MCh PC20, before and 
after treatment and allergen challenge in each treatment period of the 
study. *Indicates a significant difference from pre-allergen value in the 
same treatment group (p < 0.001). 'Indicates a significant difference 
from placebo at the same time point (p < 0.05). +Indicates that bude
sonide was significantly different from montelukast at the same time 
point (p < 0.05). 

(2.95 ± 1.24%), montelukast (3.80 ± 1.35%), and by treatment 
with montelukast and budesonide in combination (4.17 ± 
1.55%), all of which were significantly different when compared 
with placebo (p < 0.05) (Figure 4). Similarly, a significant in
crease in sputum eosinophilia was measured 24 hours after aller
gen inhalation after placebo treatment (12.94 ± 4.72%) (p < 
0.001), and this was again attenuated by treatment with budes
onide (4.85 ± 1.60%), montelukast (3.21 ± 1.62%), and by the 
combination of montelukast and budesonide (3.72 ± 1.05%), 
all of which were significantly different from placebo (p < 0.001) 
(Figure 4). There were no significant differences in the ability 
of budesonide or montelukast, either alone or in combination, 
to attenuate sputum eosinophilia at either 7 hours or 24 hours 
after allergen challenge (p > 0.05). Similar differences were 
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Figure 4. The percentage of sputum eosinophils before and after treat
ment and allergen challenge in each treatment period of the study. 
*Indicates significant difference from preallergen value in the same 
treatment group (p < 0.01). Filled triangles indicate a significant differ
ence from placebo at the same time point (p < 0.05). 
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observed when sputum eosinophils were expressed as absolute 
cell counts. 

DISCUSSION 

In this study, we have observed that montelukast treatment 
significantly reduced the magnitude of allergen-induced early 
and late asthmatic responses, allergen-induced AHR, and aller
gen-induced increases in sputum eosinophilia. In contrast, in
haled budesonide treatment had no significant effect on the 
early asthmatic response, but did, like montelukast, significantly 
reduce the late asthmatic response, allergen-induced AHR, and 
allergen-induced increases in sputum eosinophilia. Using the two 
drugs in combination offered no significant additional benefit in 
further attenuating the allergen-induced early asthmatic re
sponse, allergen-induced AHR, or allergen-induced increases in 
sputum eosinophilia compared with either drug alone. Further
more, the combination did not completely abrogate allergen
induced airway eosinophilia. 

This study is the first to directly compare the protection af
forded by an IeS with that afforded by montelukast against 
allergen-induced airway responses and inflammation. The results 
are consistent with the observations of other investigators who 
have shown that leukotriene modifiers, induding montelukast, 
significantly reduce bronchoconstriction during the early and 
late asthmatic responses (22, 36-38). However, the study is the 
first to demonstrate that montelukast has antiinflammatory prop
erties in significantly attenuating allergen-induced sputum eosin
ophilia. The only other study to evaluate the effect of montelu
kast on allergen-induced sputum eosinophilia (22) was unable 
to demonstrate any treatment effect on this outcome. Possible 
explanations for this difference include the fact that in that study 
there was a much smaller allergen-induced increase in sputum 
eosinophilia in the placebo-treated group and that montelukast 
was given for an insufficient duration. 

Montelukast treatment also significantly attenuated allergen
induced AHR. This result is consistent with the findings of a 
previous study by our group, in which we demonstrated that 
treatment with the leukotriene modifier, pranlukast, significantly 
protected against allergen-induced AHR when compared with 
treatment with placebo (39). In addition, the current study also 
demonstrates that budesonide afforded significantly greater pro
tection against allergen-induced AHR than did montelukast, 
whereas the magnitude of the effect on allergen-induced eosino
philia was similar in all three treatment groups. 

If, as we have proposed, budesonide and montelukast attenu
ate different components of the inflammatory pathway, then the 
combination of budesonide and montelukast might have been 
expected to show enhanced attenuation of allergen-induced hyp
erresponsiveness compared with either drug alone. Although 
an explanation for this lack of additive effect is uncertain, we 
speculate that the etiology of AHR is multifactorial and rela
tively independent of acute, leukotriene-mediated inflammatory 
events. Although leukotrienes are chemotactic for eosinophils 
(15, 40), eosinophilic airway inflammation can occur in the ab
sence of AHR (41,42), and studies using maneuvers to abrogate 
eosinophilic airway inflammation have shown little effect in at
tenuating AHR (43, 44). Other inflammatory ceHs and mediators 
present in the asthmatic airway are likely to play an important 
role in the pathogenesis of AHR, and we have recently provided 
evidence to support the notion that a component of AHR results 
from chronic structural changes that occur as a consequence of 
allergen-induced acute airway inflammation (45). It may be that 
budesonide, with broader antiinflammatory actions that poten
tially affect these chronic structural changes, is likely to have a 
greater effect in attenuating allergen-induced AHR compared 
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with montelukast, which blocks leukotriene-mediated eosino
philic inflammation. 

The lack of clinical benefit from inhaled budesonide, in terms 
of improvement in FEY), between the pretreatment and preal!er
gen phases in the current study, likely relates to the relatively 
short duration of treatment compared with randomized con
trolled trials in which 12 months of inhaled budesonide resulted 
in improvement in lung function (3, 4). Although the current 
study design was adequately powered (> 90%) to observe a 
50% attenuation of the maximum percent late fall in FEY! and 
a 50% attenuation of allergen-induced eosinophilia (46), it was 
not sufficiently powered to detect clinically significant differ
ences in the bronchoprotective effects of the study medications 
(47); thus, a change of 0.82 doubling doses in MCh PC20 after 
budesonide treatment compared with a 0.32 doubling dose 
change after treatment with the combination of budesonide and 
montelukast likely reflects the variability of the test. 

It is perhaps surprising that both budesonide and montelukast 
had similar effects on attenuating the allergen-induced sputum 
eosinophilia, although we have performed several allergen chal
lenge studies in our laboratory, and the results from this study 
are consistent with previous studies in terms of the magnitudes 
of attenuation of the early and late asthmatic responses, the 
allergen-induced AHR, and allergen-induced sputum eosino
philia. A possible explanation for the apparently similar antiin
flammatory effects of inhaled budesonide and montelukast may 
relate to the relatively low dose of inhaled budesonide used in 
the current study (400 fLg/day). It is apparent that there is a 
dose-attenuating effect of inhaled steroids on allergen-induced 
sputum eosinophilia; in a study by our group (9), mometasone 
furoate in doses of 200 and 800 fLglday attenuated the 7-hour 
allergen-induced sputum eosinophilia by approximately 60 and 
85%, respectively. Similar dose-effects were seen on 24-hour 
allergen-induced sputum eosinophilia. Similarly, a study by 
Gauvreau and colleagues (48) showed that 1 week of treatment 
with 200 fLg budesonide twice a day significantly attenuated the 
allergen-induced sputum eosinophilia at 24 hours after challenge, 
from 28.8 ± 4.3% after placebo to 12.6 ± 2.9% after budesonide 
treatment. Thus, the magnitude of attenuation was similar to 
that seen in our study, in which we used the same dose of 
budesonide for the same duration of treatment. The antiinflam
matory effects of montelukast on allergen-induced sputum eosin
ophilia have only been examined in one previous study (22), as 
discussed earlier. However, two previous studies in our labora
tory (39, 49) showed that leukotriene modifiers attenuated early 
and late asthmatic responses, as well as allergen-induced AHR, 
by similar magnitudes as montelukast did in our current study, 
and we are thus satisfied that the magnitude of attenuation in 
sputum eosinophils after treatment with montelukast is valid. 

Although both budesonide and montelukast treatment, alone 
and in combination, significantly attenuated allergen-induced 
airway eosinophilia, none of the three active treatment regimens 
completely abrogated airway inflammation. This suggests that 
at least some chemoattractants responsible for recruiting eosino
phi Is into the asthmatic airway act independently of leukotriene
mediated, or steroid-sensitive, inflammatory events. Such path
ways might also explain why both montelukast and budesonide 
were similar in inhibiting sputum eosinophilia to equivalent base
line levels. Whereas there has been some recent controversy as 
to the functional role of eosinophils in the pathogenesis of 
asthma (43,50), our results indicate that if in fact, eosinophils do 
playa central role in asthma, then budesonide and montelukast, 
either alone or in combination, may be insufficient to optimally 
control the airway inflammation observed in asthma. 

In summary, we have demonstrated that treatment with either 
budesonide or montelukast had significant antiinflammatory ef-

fects when compared with placebo, although treatment with 
budesonide and montelukast in combination did not provide 
greater antiinflammatory effects than either drug alone. How
ever, the fact that montelukast was able to attenuate the early 
asthmatic response and that budesonide and montelukast, either 
alone or in combination, were able to attenuate the late asthmatic 
response, allergen-induced AHR, and allergen-induced sputum 
eosinophilia indicates that these two compounds act on different 
mediators within the inflammatory pathways that mediate aller
gen-induced airway inflammation. 
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Dysfunction and Remodeling of the Mouse Airway Persist after Resolution 
of Acute Allergen = Induced Airway Inflammation 
Richard Leigh, Russ Ellis, JeImifer Wattie, David S. Southam, Meta de Hoogh, Jack Gauldie, Paul M. O'Byrne, 
and Mark D. Inman 

Firestone Institute for Respiratory Health, Department of Medicine and Center for Gene Therapeutics, Department 
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The mechanisms underlying airway hyperresponsiveness re
main unclear, although airway inflammation and remodeling 
are likely important contributing factors. We hypothesized that 
airway physiology would differ between mice subjected to brief 
or chronic allergen exposure, and that these differences would 
be associated with characteristic infiammatory markers and in
dices of airway remodeling. BAlBlc mice were sensitized to 
ovalbumin and studied at several time points following brief 
or chronic allergen challenge protocols. By measuring airway 
responses to methacholine, we demonstrated increases in maxi
mal inducible bronchoconstriction that persisted for 8 wk fol
lowing either brief or chronic allergen challenge; we also ob
served increases in airway reactivity, although it was only in 
chronically challenged mice that these changes persisted be
yond the resolution of allergen-induced inflammation. Using 
airway morphometry, we further demonstrated that increases 
in maximal bronchoconstriction were associated with increases 
in airway contractile tissue in both models, and that chronic, 
but not brief, allergen challenge resulted in subepithelial fibro
sis. Our observations that different aspects of sustained airway 
dysfunction and remodeling persist beyond the resoiution of 
acute inflammatory events support the concept that remodel
ing occurs as a consequence of allergic airway inflammation, 
and that these structural changes contribute independently to 
the persistence of airway hyperresponsiveness. 

Asthma is characterized by the presence of variable airflow 
limitation, airway hyperresponsiveness (AHR) and airway 
inflammation (1). AHR is present in almost all individuals 
with asthma, and is characterized by exaggerated airway 
narrowing following exposure to nonspecific stimuli such 
as methacholine (Meh), histamine, or exercise (2). Airway 
responsiveness can be quantified as the provocative dose, 
or concentration, of a stimulus required to produce a given 
level of bronchoconstriction (typically a 20% fall in forced 
expiratory volume in 1 s); as much as 500-fold differences 
exist between asthmatic and normal individuals (3). 

The dysfunction underlying AHR includes hypersensi
tivity (shift to the left of bronchoconstrictor dose-response 
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curves), hyperreactivity (increased slope of these curves), 
and a greater maximum degree of induced bronchoconstric
Hon. However, the pathophysiologic mechanisms underly
ing these abnormalities remain unclear. T helper type 2 
(Th2) inflammation of the airways is believed to be central 
in the pathogenesis of asthma (4-6), although the exact 
contribution of airway inflammation to airway dysfunction 
remains ill-defined (7). While some studies have shown that 
the extent of airway eosinophilia in asthmatic subjects was 
related to the degree of their AHR (4, 8), the observation 
that profound AHR is sustained in asthma, despite prolonged 
treatment with anti-inflammatory corticosteroids (9-12), sug
gests that other mechanisms likely account for a major 
component of AHR. 

Evidence suggests that chronic structural changes in the 
airway, often termed airway remodeling, may be at least in 
part responsible for sustained AHR (12-16). These changes 
include thickening of the airway wall, subepithelial fibrosis, 
hyperplasia and hypertrophy of smooth muscle cells, and 
hyperplasia of myofibroblasts and goblet cells (17-22). 
Mathematical modeling studies postulating that both in
creased muscle mass and, to a lesser extent, airway wall 
thickening are determinants of AHR (13,23-24) are sup
ported by airway biopsy evidence that both the degree of 
smooth muscle thickness and the extent of subepithelial 
fibrosis relate to the magnitude of AHR in asthma (17, 
25-26). 

In an attempt to further elucidate potential mechanisms 
underlying AHR, considerable attention has been paid to 
mouse models of allergen-induced airway responses (27-
36). These models have greatly increased our understanding 
of the mechanisms underlying transient responses to inhaled 
allergen, including the role ofinterleukin (IL)-5 (31, 33-34) 
in eosinophilic inflammation, and of IL-13 in transient AHR 
(32,35-36). However, despite these and other advances, a 
limitation of these models is that the airway dysfunction is 
transient, disappearing 14-21 d after allergen exposure, and 
appears to be related only to acute increases in inflamma
tory mediators. This is not equivalent to the sustained AHR 
present in individuals with asthma, and while these models 
have provided valuable information, they are unlikely to 
provide a complete description of the mechanisms underly
ing AHR. We have therefore attempted to further these 
advances through the development of a model of induced, 
sustained airway dysfunction in mice. 

Our underlying hypothesis is that repeated episodes of 
allergic inflammation give rise to some of the remodeling 
changes associated with asthma, which may in turn be asso-

5~ated with sustained airway dysfunction. In this study we 



Leigh, Ellis, Wattie, et al.: Airway Dysfunction and Remodeling in Mice 527 

IPOIiA IPOVA 
SHaVA 

Day i9 
&20 

Chronic Chamienge 

Day 19 
Day 1 Day 11 &20 

iPOVA iPOVA 
IN OVA IN 

Day S3 
&34 

iN 

Day 47 DayS! Day 75 DayS$! 
&46 &52 &76 &00 

0e001le'll 

!N IN IN ill! 

have addressed the specific questions of (i) whether airway 
physiology differed between mice subjected to either brief 
or chronic allergen exposure, and (ii) whether these dif
ferences were associated with characteristic inflammatory 
markers and indices of airway remodeling. 

Materials and Methods 

Animals 
Female BALB/c mice were purchased from Harlan Sprague Daw
ley Inc. (Indianapolis, IN). Mice were aged 10 to 12 wk and housed 
in environmentally controlled, specific pathogen-free conditions 
for 1 wk prior to study, and for the duration of the experiments. All 
procedures were reviewed and approved by the Animal Research 
Ethics Board at McMaster University, and conformed to NIH 
guidelines for the experimental use of animals (37). 

Sensitizati.on 
Mice were sensitized with intraperitoneal (IP) ovalbumin (OVA) 
conjugated to aluminum potassium sulfate injected on Days 1 
and 11, and with intranasal (IN) OVA on Day 11. This protocol, 
including the preparation of OVA, was the same as that used in 
the past by us (32). 

Challenge 
Sensitized mice were subjected to either brief or chronic periods 
of exposure to allergen (Figure 1). Brief exposure involved IN 
OVA (lOO-fLg in 25-fLl saline) challenges on Days 18 and 19. 
Chronic exposure involved six 2-day periods of IN OVA chal
lenges, each separated by 12 d (a total of 12 challenges over a 10 
wk period). Control mice were subjected to the same sensitization 
protocol but received IN saline challenges. Mice were studied at 
24 hand 2, 4, and 8 wk after the final exposure to either allergen 
or saline in both brief and chronic protocols. Separate groups of 
10 mice were studied in each protocol and at each end-point, at 
which time the following outcome measurements were made: (i) 
in vivo airway responsiveness to intravenous MCh; (U) total and 
differential cell counts in bronchoalveolar lavage (BAL) fluid; (iii) 
IL-13 levels in BAL supernatant; and (iv) airway morphometry, 
using a computer-based image analysis system. 

Ai.rway Responsiveness 
Airway responsiveness was measured based on the response of 
total respiratory system resistance (RRS) to saline and increasing 
(10, 33, 100 and 330 fLg) intravenous doses of MCh. RRS waS8 

Outcomes 

;--t 

Figure 1. Study protocols. Sensitization and chalienge 
protocols used in brief and chronic challenge models. 
Note that all outcome measurements were made follow
ing the final challenge in each protocol. 

measured using the flow interrupter technique, modified for use 
in mice, and described by us and others in detail elsewhere (31, 
38). Briefly, mice were anesthetized using 2,2,2-tribromoethanol 
(Averlin, 240 mg/kg intraperitoneally; Aldrich Chemical Co., Mil
waukee, WI). When anesthesia was established, the trachea was 
exposed and cannulated using a blunted IS-gauge needle. The 
needle was then attached to a ventilator (RV5; Voltek Enterprises 
Inc., Toronto, ON, Canada) designed to deliver constant inspira
tory flow despite the disturbances in the respiratory system imped
ance that occur during the MCh challenge. Using the same pattern 
of ventilation as we have described in the past (31), the response 
of RRs to increasing doses of intravenous MCh was measured. 
Rather than obtaining a single index of overall airway respon
siveness, we analyzed the resulting RRS-MCh dose response curve, 
obtaining indices of (i) airway reactivity (slope), (ii) airway sensi
tivity (lowest dose to produce bronchoconstriction), and (iii) maxi
mal degree of bronchoconstriction (Figure 2). The slope of the 
relationship was calculated by linear regression between the mea
sured RRS and the 10glO transformed MCh dose, using data from 
the 10, 33 and 100 fLg doses. The lowest dose of MCh required to 
produce bronchoconstriction was determined by calculating the 
dose at which this regression line intercepted with the postsaline 
RRS (Figure 2). 

Bronchoalveolar Lavage 
Following airway physiology measurements, BAL was performed 
as described previously (31). Briefly, two aliquots of 250-fL/ phos
phate buffered saline were injected and withdrawn through the 

L"' ..... 
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Figure 2. Airway responsiveness methods. Total respiratory sys
tem resistance (RRS) was measured in response to increasing doses 
of intravenous MCh. Using the resulting RRs-MCh dose response 
curve, indices of airway reactivity (Slope Rd, airway sensitivity, 
or the lowest dose to produce bronchoconstriction (Break RRs), and 
maximal degree of bronchoconstriction (Max RRs) were measured. 
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tracheal cannula. Following centrifugation, the supernatant was 
stored at -20°C for later IL-13 measurement, and cytocentrifuge 
slides (Cytospin 3; Shandon Scientific, Sewickley, PA) were pre
pared and stained with Diff-Quik (Dade Behring Inc., Newark, 
DE). Differential cell counts were performed on 400 cells by one 
investigator blind to the experimental conditions. Cells were classi
fied, based on morphologic criteria, as macrophages, neutrophils, 
lymphocytes, or eosinophils. IL-13 levels in BAL fluid were as
sessed by enzyme-linked immunosorbent assay (Quantikine, R&D 
Systems, Minneapolis, MN). Measurements below 7.8 pg/mL are 
considered by the manufacturer to be below the level of detection. 

Lung Histology and Morphometry 
The heart and lungs were dissected and removed from the thoracic 
cavity of each mouse. The lungs were then inflated with 10% 
formalin to a pressure of 20 cm H20 and the trachea tied off; both 
lungs were fixed in formalin for 24 h after which the left lung was 
isolated, sectioned in half, and the lower half embedded in paraffin. 
The left lung was oriented so that transverse sections of the first 
generation bronchus, with the accompanying artery and vein, were 

c 

obtained in cross-section (Figure 3). Three-fLm thick transverse 
sections were cut and stained with hematoxylin and eosin for 
histological assessment using light microscopy. Additional 3 fLm 
sections were stained with Masson's Trichrome to demonstrate 
the presence of extracellular matrix (ECM), and with periodic acid 
Schiff (PAS) stain to demonstrate the presence of mucin within 
goblet cells. Further 3-f,Lm sections were prepared for immunohis
tochemistry using a monoclonal antibody (Clone lA4, Dako, Den
mark) against a-smooth muscle actin (a-SMA) to identify contrac
tile elements. 

Morphometric analysis of the lung sections (10 mice per group), 
stained as indicated above, was performed using a custom pre
pared computerized image analysis system (Microscope: Olympus 
BX40; Camera: Sony 3CCD Power HAD Video Camera; Com
puter: Pentium HI, 700 MHz processor, Windows 98 operating 
system; Software: Northern Eclipse, version 5 [Em pix Imaging Inc., 
Mississauga, ON, Canada]). Morphometric quantification involved 
calculating the percent of tissue area that was positively stained 
within regions of interest (one slide per mouse per stain). Sections 
of the airway wall that were associated with connective tissue 
attachments to adjacent vessels were not included in the morpho-

B 

D 

Figure 3. Airway morphometry methods. (A) Transverse section through the left lung (stained with a-SMA) of a first-generation airway 
(aw) with associated artery (a) and vein (v). The rectangle illustrates a section of airway that is not tethered to a neighboring vessell 
airway and was thus considered suitable for morphometric analysis (enlarged in B-D). (C) The yellow line immediately beneath the 
epithelium represents that drawn by the user, while the deeper yellow line is that projected by the computer; the computer then isolates 
the band of tissue in the 20-f,Lm region defined by the two yellow lines. (D) The computer determines the area in this band that 
corresponds to positive a-SMA staining and expresses this as a perce~~e of the totai band area. 
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metric analysis of the Masson's Trichrome or ct-SMA stain, so as 
to minimize this area as a potential source of noise. Images of all 
the remaining first generation airway wall that was identified as 
being free of intimate contact with the neighboring vessels 
(Figure 3) were captured into the computer in a blinded fashion 
by the same operator on each occasion, coded, and stored for later 
analysis. This process resulted in the analysis of two to three images 
per slide per mouse. 

For sections stained with Masson's Trichrome and a-SMA, the 
region of interest was a 20fLm band immediately beneath the epi
thelium (this thickness was chosen because it was considered to 
include the ECM and contractile elements associated with the 
airways) (Figure 3). Analysis of each stored image was initiated 
with the operator drawing a line along the basal border of the 
airway epithelium using a digital pen mouse and writing tablet. 
This line did not cover any positively stained tissue associated with 
or beneath the airway epithelium. Thereafter, the macro software 
application built into the Northern Eclipse Software projected a 
second line 20 fLm beneath the first line. In the case of sections 
stained with PAS, the operator added the second line along the 
inner border of the epithelium using the pen mouse, and the region 
of interest became the area between the two lines. The software 
then calculated the area between these lines, and regions within 
this area that were positively stained were identified based on 
previously determined settings of hue, saturation, and value, used 
for Masson's Trichrome and a-SMA stained sections, or red, blue, 
green, used for PAS stained sections. These hue, saturation, and 
value or red, blue, green limits were identified subjectively prior 
to any analysis as being able to identify most of the positively 
stained tissue with minimal identification of negatively stained 
tissue. Where several separate airway bands of airway wall were 
analyzed from a single mouse for a particular stain, the final score 
for that mouse was a weighted mean, where each band was 
weighted in proportion to its total area. Quantification of peribron
chial eosinophilia in airway tissue was achieved through counting 
the numbers of these cells in the 50-f,Lm region beneath the epithe
lium of the first generation airway in hematoxylin and eosin stained 
sections. Cells were expressed as number per mm2• 

Statistical Analysis 
Reported values are expressed as mean and SEM. Comparisons 
between saline control mice and mice receiving either brief or 
chronic allergen exposure, with respect to airway reactivity (slope 
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of the RRS log-transformed MCh dose-response curve), maximal 
bronchoconstriction (maximal MCh-induced RRS), cell counts and 
SAL IL-13 measurements, and indices of airway remodeling, were 
made using ANOV A. Post-hoc testing with appropriate correc
tions for multiple comparisons was performed using Duncan's 
multiple range test. Similar between-group comparisons were 
made in mice receiving either brief or chronic allergen exposure. 
All comparisons were two-tailed, and P values < 0.05 were consid
ered to be significant. 

Results 
Differences in Responses to Meh Following Brief or 
Chronic Exposure to Allergen 

The underlying contributors to airway responsiveness, 
namely airway reactivity (rate of increase in RRs for a given 
increase in MCh dose), airway sensitivity (lowest dose of 
MCh to produce bronchoconstriction), and also the maxi
mum inducible bronchoconstriction (maximum RRs), were 
measured following brief or chronic allergen challenge. Fol
lowing brief exposure to allergen, there was a significant 
increase in the airway reactivity as measured by the slope 
of the MChdose response curve (Figure 4) at 24 h compared 
with the saline control group (P < 0.01). However, this 
transient increase in airway reactivity was no longer present 
at 2 wk or beyond. In contrast, mice exposed to chronic 
allergen challenge had a significant increase in airway reac
tivity at 24 h compared with the saline control group (P < 
0.01), and this increase was sustained at 2 wk (P = 0.01), 
4 wk (P = 0.04), and 8 wk (P = 0.02) post allergen (Figure 4). 

Maximal bronchoconstriction was increased at 24 h (P < 
0.01),2 wk (P = 0.05), and 4 wk (P < 0.01) following brief 
allergen challenge compared with saline controls (Figure 4). 
Similarly, maximal bronchoconstriction was also increased 
at 24 h (P < 0.01),2 wk (P = 0.01),4 wk (P < 0.01), and 
8 wk (P = 0.02) following chronic exposure to allergen. 
There was no evidence of brief or chronic allergen-induced 
changes in airway sensitivity, as indicated by the calculated 
lowest dose of MCh required to increase RRS compared 
with saline challenged mice. 

T 

I .. 

I 

CHI;. 
BwI< 

Figure 4. Time course of airway function and inflammatory 
changes following brief or chronic exposure to allergen. 
Airway function (MCh dose response slope and max RRS) 
and inflammatory markers (peribronchial eosinophils and 
SAL IL-13) measured at times following brief or chronic 
exposure to allergen. * indicates P < 0.05 compared with 
saline challenged mice . 

Brief Cilallenge Chronic Chalien!;le 
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Figure 5. Time course of morphometric changes in the air
way following brief or chronic exposure to allergen. Stain
ing as assessed using morphometry for ECM (Masson's 
Trichrome), contractile elements (a-SMA) in the 20 fLm 
region beneath epithelium, and mucin (PAS) in the epithe
lial portion of the airway wall, in mice following brief or 
chronic exposure to allergen. Data are expressed as the 
percentage of the region of interest that was positively 
stained. * indicates P < 0.05 compared with saline-chal
lenged mice. 

Brief Challenge Chronic Challenge 

Persistent Airway Hyperreactivity Independent 
of Airway Eosinophilia 

Following brief allergen exposure, there was a significant 
increase in the number of peribronchial eosinophils at 24 h 

compared with the saline control group (P < 0.01) (Figure 
4). Similarly, there was a significant increase in the number 
eosinophils at 24 h following chronic exposure to allergen 
compared with the saline control group (P < 0.01). Peri-

Figure 6. Masson's Trichrome-stained sections of airway wall from briefly challenged or chronically challenged mice. Staining for ECM 
(green) in the airways in saline control mice in the brief (A) or chronic (B) allergen exposure groups, and in mice at 8 wk following 
brief (C) or chronic (D) exposure to allergen. Bars indicate 100 fLm. 61 
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bronchial eosinophils had returned to baseline levels 2 wk 
following either brief or chronic allergen challenge. Re
sponses of BAL eosinophils were similar, increasing from 
o ± 0 (mean ± SEM) in saline-challenged mice to 10.92 ± 
1.71 and 1.59 ± 0.30,24 h after brief or chronic challenge, 
respectively (P < 0.05). BAL eosinophils remained elevated 
2 wk after brief or chronic challenge (1.28 ± 0.24, and 
0.21 ± 0.06, respectively) (P < 0.05), but no eosinophils 
were detected 4 wk after either challenge. As we have ob
served previously, allergen chaHenge was associated with 
transient increases in neutrophils and lymphocytes (31). 
However, these had returned to baseline levels by 4 wk 
after brief or chronic challenge (data not shown). 

Sustained Airway Hyperreactivity Independent 
of Airway IL-13 

Following brief exposure to allergen, BAL IL-13 levels were 
significantly increased at 24 h compared with saline control 
mice (P < 0.01) (Figure 4). However by 2 wk and beyond, 
IL-13 levels had returned to baseline levels. In mice receiv
ing chronic allergen exposure, BAL IL-13 levels were also 
significantly increased at 24 h compared with saline control 
mice (P < 0.01). Sinlilarly, in mice exposed to chronic al
lergen, IL-13 measurements fell to baseline levels by 2 wk 
and were not significantly different at 4 wk, despite the 
presence of sustained airway hyperreactivity at these time 
points. IL-13 levels 24 h post challenge were significantly 
greater in brief compared with chronic OVA groups (P < 
0.01) (Figure 4). 

Chronic Exposure to Allergen Associated with Increased 
Airway ECM 

There was no significant change in the amount of ECM 
present in mouse airways 24 h, or 2, 4, or 8 wk after brief 
exposure to allergen compared with saline exposed mice 
(Figure 5; Figures 6 A and 6C). In contrast, mice chronically 
exposed to allergen had significantly greater ECM present 
at 4 and 8 wk compared with saline control mice (P < 0.01) 
and compared with mice receiving brief allergen challenge 
at all time points (P < 0.01) (Figure 5; Figures 6B and 6D). 
Although changes in ECM were observed in airways beyond 
the 1st generation, they appeared less pronounced. 

Brief and Chromc Allergen Exposure Both Associated with 
Increased Contractile Elements 

There were significant increases in the amount of a-SMA 
staining present at 24 h, and 2, 4, and 8 wk following brief 
exposure to allergen, compared with the saline control 
group (P < 0.05) (Figure 5; Figures 7A and 7C). Similarly, 
there were significant increases in a-SMA staining present 
at 24 h, and 2, 4, and 8 wk after chronic exposure to allergen 
compared with the saline control group (P < 0.01) (Figure 5; 
Figures 7B and 7D). Evidence of increased contractile ele
ments was also evident in airways beyond the first genera
tion. Compared with control mice, the average thickness 
of the airway wall, measured as the distance between the 
luminal surface of the epithelium and the juncture between 
the a-SMA-stained region and lung parenchyma, was sig
nificantly increased 4 wks after either brief (28.9 ± 1.7 !-LIl()2 

versus 16.2 ± 1.2 !-Lm; P < 0.001) or chronic challenge 
(33.8 ± 2.2 !-Lm versus 18.9 ± 1.4 !-Lm; P < 0.001). 

Chronic Exposure to Allergen Associated with a Sustained 
Increase in Airway Epithelium Mucin Content 

PAS staining for mucin was significantly increased in the 
airway epithelium at 24 hand 2 wk after either brief or 
chronic exposure to allergen compared with saline control 
mice (P = 0.02 for brief allergen exposure; P < 0.01 for 
chronic allergen exposure) (Figure 5 and Figures 8C and 
8D). By 4 and 8 wk after brief allergen exposure, the amount 
of mucin present in the airway epithelium returned to levels 
observed in saline exposed mice (P > 0.05) (Figure 5 and 
Figure 8E). In contrast, at 4 and 8 wk after chronic allergen 
exposure, the amount of mucin present in the airway epithe
lium remained significantly increased compared with saline 
exposed mice (P < 0.01) (Figure 5 and Figure 8F). 

DisclJssion 

Using mouse models of either brief or chronic exposure to 
allergen, we observed different aspects of sustained airway 
dysfunction and airway remodeling, both of which persisted 
beyond the resolution of acute immune-mediated inflam
matory events. By measuring airway responses to MCh 
we have demonstrated increases in the maximal inducible 
bronchoconstriction (maximal RRS), which persist for at 
least 8 wk following either brief or chronic allergen chal
lenge. In both models this was associated with increases 
in contractile tissue in the airway walL We also observed 
increases in airway reactivity (rate of increase in respiratory 
resistance for a given increase in MCh dose); however, it 
was only in chronically challenged mice that these changes 
persisted beyond the resolution of allergen-induced in
flammation. As subepithelial fibrosis was only observed in 
mice chronically challenged with allergen, it is tempting to 
speculate that this aspect of remodeling was responsible for 
genesis of the sustained airway hyperreactivity observed in 
these mice. However, this line of reasoning is weakened by 
the fact that fibrosis was only evident at 4 wk after chronic 
allergen exposure, although sustained airway hyperreactiv
ity was present at 2 wk. 

Other investigators have developed models in which 
structural airway changes occurred following chromc expo
sure to allergen (39-41). In those studies, airway dysfunction 
was observed, but was only reported for the period immedi
ately following the final exposure to allergen. Our observa
tions are fundamentally different in that using both brief 
and chronic challenge protocols, we have demonstrated sus
tained maximal bronchoconstriction that persists for at least 
8 wk following the final exposure to allergen. Furthermore, 
using our chronic exposure model, we have observed that 
sustained airway hyperreactivity persists for at least 8 wk 
fonowing final exposure to allergen. This sustained airway 
dysfunction was not present in control mice fonowing either 
brief or chronic exposure to saline. 

Previous models of brief exposure to allergen have dem
onstrated that the resulting transient airway hyperreactivity, 
measured either as the increase in inflation pressure at a 
given MCh dose (35), the dose of MCh required to double 
airway resistance (36), or enhanced pause measured over 
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Figure 7. a-SMA-stained sections of airway wall from briefly challenged or chronically challenged mice. Staining for contractile elements 
(red) in the airways in saline control mice in the brief (A) or chronic (B) allergen exposure groups, and in mice at 8 wk following brief 
(C) or chronic (D) exposure to allergen. Bars indicate 100 fLm. 

a range of MCh doses (32) was dependent on IL-13. This 
paradigm has again been supported in our study by the 
observation that mice receiving brief exposure to allergen 
developed transient airway hyperreactivity that was associ
ated with increased levels of IL-13. The specific mechanisms 
underlying this transient airway hyperresponsiveness are 
not yet funy understood; however, factors such as transient 
allergen-induced inflammatory edema, likely to be present 
but not measured in our study, could play an important 
role. 

In contrast, we have shown that sustained airway hyper
reactivity persisting for at least 8 wk following chronic aller
gen challenge was not associated with ongoing Th2 inflam
matory markers, such as airway eosinophilia or increased 
IL-13 levels. We hypothesize that the sustained airway dys
function was a consequence of airway remodeling rather than 
ongoing immune-mediated inflammatory events. Clearly, 
however, earlier immune-mediated events, including cellu
lar inflammation and increased levels of Th2 cytokines, are 
likely to contribute to the pathogenesis of this sustained 
dysfunction. 

Our observation that sustained airway hyperreactivity 
persists after resolution of acute airway inflammation may 
be analogous to human asthma, where AHR typically per-

sists despite optimal anti-inflammatory therapy (11). More
over, our findings support the notion that complete resolu
tion of airway dysfunction in established asthma is unlikely 
to occur using therapies that target specific immune media
tors; this may explain why anti-IL-5 therapy had limited 
benefit in a recent clinical trial (42). However, it is plausible 
that therapeutic interventions that specifically target im
mune mediators may limit the extent of disease progression 
in asthma, if they are initiated earlier in the pathogenesis 
of the disease. 

We have also demonstrated that chronic, but not brief, 
allergen exposure was associated with significantly in
creased amounts of ECM in the subepithelial region of the 
airway wall, and with increased mucin content within the 
airway epithelium at 4 and 8 wk after the last allergen 
challenge. These observations are in agreement with other 
models of chronic exposure to allergen, and support the 
concept that repeated inflammatory events may contribute 
to airway remodeling in asthma (39,41). Although subepi
thelial fibrosis in the chronic allergen model was not de
tected unti.l 4 wk after the final challenge, it is possible 
that this structural change contributed to the persistence 
of airway reactivity. The possibility that collagen deposition 
~eath the layer of smooth muscle may enhance the reac-
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FigureS. PAS stained sections of airway epithelium from brief or chronically challenged mice. Staining for mucin (magenta) in the 
airway epithelium in saline control mice in the brief (A) or chronic (B) allergen exposure groups, in mice at 2 wk following brief (C) 
or chronic CD) exposure to allergen, and in mice at 8 wk following brief (£) or chronic (F) exposure to allergen. Bars indicate 100 p,m. 

tivity of the airways is consistent with the mathematical 
model of Wiggs and coworkers (13), in which the same 
degree of smooth muscle constriction in an airway waH 
thickened by subepithelial coHagen deposition resulted in 
enhanced airway responses to bronchoconstrictor stimuli. 
Due to the absence of a clear adventitia in the mouse airway, 
it was not possible to actually measure the thickness of the 
airway walL 

Interestingly, we did not observe a significant increase 
in ECM until 4 wk after chronic allergen challenge, despite 
the fact that mice examined at 24 hand 2 wk had receivei4 

the fun chronic allergen challenge protocol. A possible ex
planation for this apparent anomaly is that there was an 
ongoing cellular inflammation at 24 hand 2 wk, as indicated 
by tissue and BAL eosinophil numbers. Although it is possi
ble that this cellular inflammation simply interfered with the 
morphometric quantification of ECM, this seems unlikely 
given that there was no visible evidence of increased Mas
son's trichrome staining at these time points. A more intri
guing hypothesis is that the ongoing cellular inflammation 
somehow interfered with the deposition of ECM. This is 
supported by evidence that inflammatory cells are a rich 
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source of matrix metaHoproteases (43-44) and may contrib
ute to ongoing clearance of newly formed ECM. Thus, we 
hypothesize that excessive deposition ofECM was only able 
to occur once the inflammatory cell infiltrate had resolved 
between 2 and 4 wk after final exposure to allergen. Our 
observations illustrate the potential complexity in the rela
tionship between episodic allergic inflammation and fibrotic 
airway remodeling. Understanding these mechanisms may 
be crucial in determining which components of the anergic 
response should be addressed in the pharmacologic man
agement of asthma. 

The increase in maximal bronchocontriction associated 
with the presence of increased staining for contractile tissue 
suggests a possible causal relationship between increased 
contractile tissue mass and maximal bronchoconstriction. 
This finding is consistent with the hypothesis developed by 
those using mathematical modeling techniques, that in
creased contractile cell mass is the major determinant of 
airway narrowing in asthma (13, 23). We have not distin
guished between myofibroblasts and smooth muscle within 
the a-SMA-stained contractile tissue, although increases 
in either of these cells may contribute to increased airway 
narrowing. Factors other than the amount of contractile 
tissue may also influence the degree of maximum airway 
narrowing. Differences in airway wall edema and fibrosis 
between mice exposed to either brief or chronic allergen 
challenge would be expected to influence the degree of 
airway narrowing (41, 45). The fact that there was a fairly 
constant increase in the maximal narrowing at all time 
points in both acute and chronically challenged mice sug
gests that differences between these influences are likely 
to be small. 

In this study we systematically examined cross-sections 
of the first generation airway of the left lung of each mouse 
so as to ensure valid comparisons between each study group. 
The chronic structural changes observed in these airways 
were also present in smaller airways, suggesting that these 
changes occurred more peripherally in the bronchial tree. 

Levels of BAL and tissue eosinophils and BAL IL-13 
measured 24 h after the final allergen challenge in the 
chronic protocol were markedly reduced compared with the 
same measurements at this time point in the brief challenge 
protocol. This likely indicates that some degree of tolerance 
developed as a result of chronic OVA exposure. 

In conclusion, we have demonstrated that both the air
way physiology and markers of allergen-induced inflamma
tion and remodeling differ depending on whether mice were 
subjected to brief or chronic allergen challenge. Sustained 
airway dysfunction was observed to be present at least 8 
wk following the final exposure to allergen, using either brief 
or chronic challenge protocols. Sustained airway hyperreac
tivity was only observed in chronically challenged mice. The 
observations that this airway dysfunction and indices of 
airway remodeling persist beyond the resolution of acute 
immune-mediated inflammatory events support the concept 
that remodeling occurs as a consequence of repeated aller
gic airway inflammation, and that these structural changes 
contribute independently to the persistence of AHR. 
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Morphometric Analysis of Mouse Airways After 
Chronic Allergen Challenge 
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SUMMARY: Understanding the mechanisms of airway remodeling in chronic allergic conditions such as asthma is increasingly 
dependent on the use of animal models. Techniques for quantifying structural changes are required that are reproducible and 
responsive and that can be applied to different staining techniques in both human and animal airway tissues, Here, we 
characterize a morphometric technique to quantify changes in extracellular matrix and contractile tissue as two indices of airway 
remodeling in mice. Specific aims were to establish the optimum projection beneath the epithelium to assess remodeling changes 
and to determine whether such changes are reproducible within different areas of the lung. Finally, based on the variance within 
measurements, we calculated sample size requirements for research applications of this technique. BALB/c mice were sensitized 
to ovalbumin and studied after chronic allergen challenge. Lungs were formalin fixed and sectioned were then assayed for 
extracellular matrix or contractile tissue using morphometric/colorimetric techniques. In this model, the optimum projected 
distance to measure changes in extracellular matrix or contractile tissue was 20 fLm beneath the epithelium; projecting beyond 
this depth resulted in decreased ability to detect allergen-induced changes (signal) because of increased irrelevant staining of 
surrounding parenchymal tissue (noise). The technique was responsive, because an allergen-induced signal was detected in all 
airway sections and all lung regions studied (p < 0.05). The power of this analysis was such that allergen-induced changes can 
be reliably (>80% power) detected using 8 to 10 mice. This morphometric technique provides a valid and objective method to 
assess structural changes in the airways of mice after chronic allergen exposure. (Lab Invest 2003,83:1285-1291). 

A sthma is characterized by the presence of variable 
airflow limitation, airway hyper-responsiveness, 

and chronic airway inflammation. However, mecha
nisms underlying the physiologic airway dysfunction 
remain unclear. Bronchoscopy studies have demon
strated that structural changes are present in asthma 
(Jeffery et ai, 1989), even in the airways of symptom
atically mild patients (Chetta et ai, 1997). These 
changes, often grouped under the heading "airway 
remodeling," include increased smooth muscle (hy
perplasia or hypertrophy), thickening of the airway wall 
(associated with epithelial and goblet cell hyperplasia), 
myofibroblast hyperplasia, and subepithelial fibrosis 
(Carroll et ai, 1993; Dunnil, 1960; Jeffery et ai, 1989, 
1992; Roche et ai, 1989). Observations that the extent 
of fibrotic changes are related to the degree of airway 
eosinophilia (Chetta et ai, 1996) and an increase in 
patients with allergic rhinitis who progress to asthma 
(Boulet et ai, 2000) support the concept that at least 
some of the remodeling changes are progressive in 
response to an underlying inflammatory process. Fur
thermore, findings that the extent of fibrotic changes 
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are related to airway hyperresponsiveness (Boulet et 
ai, 1997; Jeffery et ai, 1989) and asthma symptoms 
(Chetta et ai, 1997) support the concept that these 
structural changes playa role in the underlying airway 
dysfunction in asthma. 

Observations that indices of remodeling are present 
even in newly diagnosed asthma (Chetta et ai, 1997) 
have made it difficult to study the development or 
functional importance of specific airway remodeling 
events. For this reason, many investigators have 
turned to animal models, in which periods of chronic 
allergen challenge have produced various markers of 
airway remodeling with an associated airway hyperre
sponsiveness (Bai et ai, 1995; Blease et ai, 200'1; 
Pal mans et ai, 2000; Salmon et ai, i 999; Temelkovski 
et ai, ;998). Of these models, those based in mice 
(Blease et ai, 2001; Temelkovski et ai, 1998) are 
particularly attractive given the availability of blocking 
antibodies and gene-deficient and transgenic mice 
that allow for mechanistic studies. To study the mech
anisms of the remodeling processes and the relation
ship between resulting structural changes and airway 
dysfunction, it is crucial that methods used to quantify 
these structural changes are well characterized, repro
ducible, and responsive. In the case of assaying the 
extent of subepithelial fibrosis, methods that have 
been used in the past include subjective description of 
the extent of peribronchial collagen staining (Biease et 
ai, 2002), semiquantitative description of the same 
stain (ie, 0-4 scale) (Henderson et ai, 2002), quantifi
cation of total lung collagen or hydroxyproline (Lee et 
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ai, 2001; Sime et ai, 1987), and morphometric assess
ment of specific matrix stains (Lee et ai, 2001; Leigh et 
ai, 2002). Changes in peribronchial contractile tissue 
staining have also been assessed using subjective 
(yamamoto et ai, 2003) and morphometric (Leigh et ai, 
2002; Moir et ai, 2003) methods. Although each of 
these methods have demonstrated changes in fibrotic 
or contractile tissue in response to specific interven
tions, there is minimal information available indicating 
how these techniques may be used optimally to detect 
such changes in the mouse airway wall. 

The purpose of the current study was to fully 
characterize a previously used morphometric method 
(Leigh et ai, 2002) for quantifying subepithelial fibrosis 
and contractile tissue in mice airways after chronic 
allergen challenge. This technique combined comput
erized morphometric and colorimetric techniques to 
quantify the area positive for Masson's Trichrome (MT) 
stain or a-smooth muscle actin (aSMA) stain within a 
given depth beneath the epithelium of the first gener
ation airway. The specific hypothesis addressed in this 
study was that the power of this technique would be 
influenced by the depth beneath the epithelium that 
was analyzed for the presence of each specific stain. 
We also examined whether detection of allergen
induced changes in these measurements was consis
tent in several lung regions. 

Results 

The mean airway ratios for major to minor axes for all 
tissue segments are shown in Table 1. No differences 
were detected between saline and allergen
challenged mice (p > 0.05) nor were there differences 
detected in the ratios between the superior and infe
rior lung segments from the left lung (p > 0.05). The 
mean ratio of all sections obtained from the right lung 
(2.72: SD 1.04) was significantly greater than that for all 
sections obtained from the left lung (1.18: SD 0.11) (p < 
0.05). 

What Is the Optimal Depth Beneath the Airway 
Epithelium to Assess Allergen-Induced fibrotic Changes? 

Significant differences in percent MT staining were 
detected between the saline (SAL) and ovalbumin 

Tabie 1. Airway Ratios (Mean allll so) of the first 
Generation Airway for Each Lobe Segmellt from SAL ami 
OVA Tissue 

Airway ratio 
Group Lobe [mean (so)] 

SAL Right inferior 2.46 (1.07) 
Left superior 1.24(0.11) 
Left inferior 1.17 (0.10) 

OVA Right inferior 2.98 (1.01) 
Left superior 1.20 (0.13) 
Left inferior 1.16(0.09) 

Ratios caicuiated as maximum diameter (JLm) divided by minimum diameter 
(;tm). 

SAL, saline; OVA, ovalbumin. 
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(OVA) tissue using expansion values of 10, 20, 30, 40, 
and 50 ILm beneath the basal epithelium (p < 0.05) but 
not values of 60 or 70 ILm (Fig. tAl. The greatest 
magnitude of difference between saline and OVA
challenged mice was 5.49 percentage units, observed 
using a 20-lLm expansion. Sample sizes required to 
detect differences between the SAL and OVA tissue ({3 
= 0.20) were calculated for each expansion value. The 
smallest sample size required was 8 mice, using an 
expansion value of 20 ILm, and ranged from i 0 to 16 
for the other values examined. For the aSMA stain, 
significant differences were detected using expansion 
values of 20, 30, and 40 ILm (p < 0.05) but not values 
of 10, 50, 60, or 70 ILm (Fig. 18). The greatest 
magnitude of difference between saline and OVA
challenged mice was 7.78 percentage units, observed 
using a 20-ILm expansion. Sample sizes required to 
detect differences between the SAL and OVA tissue ({3 
= 0.20) were calculated for each expansion value. The 
smallest sample size required was 10 mice, using an 
expansion value of 20 ILm, and ranged from 14 to 28 
for the other values examined. 

Are Allergen-Induced Changes ill Lung Structure Detected 
Within Different lobes or Regions of the Lung? 

Significant differences in percent MT staining between 
SAL and OVA tissue, using a 20-J.Lm expansion, were 
detected in each of the three lung segments we 
studied (p < 0.05) (Fig. 2). The magnitude of difference 
was larger in the left lung samples (5.17-5.49 percent
age units) compared with the right lung samples (4.41 
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Quantification of the extent of Masson's Trichrome (MT) staining (A) or 
a-smooth muscle actin staining ("SMA) (8) in SAl- and OVA-challenged lung 
tissue when the projected distance from the basement membrane is increased 
incrementally from 10 to 70 ;tm. Sample sizes N (f3 = 0.20) were calculated 
as the number of mice required to detect differences between the SAL and OVA 
tissue. 
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OVA-challenged lung tissue in single sections from tissue obtained from the 
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segments. Sample sizes N (/3 = O.20) were calculated as the number of mice 
required to detect differences between the SAL and OVA tissue. 

percentage units). Sample sizes required to detect 
differences between the SAL and OVA tissue (f3 = 
0.20) were calculated for each lung segment. Both 
superior and inferior left lobe segments required a 
sample size of 8 mice to detect differences, whereas 
the right inferior lobe required a sample size of 10 
mice. For the aSMA stain, significant differences were 
also detected in each of the three lung segments (p < 
0.05) (Fig. 2B). Sample sizes required to detect differ
ences between the SAL and OVA tissue (f3 = 0.20) 
were calculated for each lung segment. The left supe
rior lobe required a sample size of 6 mice, the left 
inferior lobe required '10 mice, and the right inferior 
lobe required 7 mice. 

There were no differences in parenchymal staining 
between the SAL and OVA groups for each stain. For 
MT staining, SAL tissue was 0.45% (SEM 0.12) com
pared with 0.37% (SEM 0.15) for OVA (p > 0.05). For 

Morphometric Analysis of Mouse Airwo)'s 

aSMA staining, SAL tissue was 1.51 % (SEM 0.11) 
compared with 2.08% (SEM 0.24) for OVA (p > 0.05). 

The results of this study indicate that this morphomet
ric method is a feasible, valid, and reliable technique 
to assess subepithelial fibrosis and contractile tissue 
remodeling in a murine model of chronic allergen
induced airway inflammation. Here we have demon
strated that the power to detect allergen-induced 
fibrotic and contractile remodeling is influenced by the 
depth beneath the epithelium that is analyzed for 
morphometric changes. Moreover, we have observed 
that these changes seem to occur uniformly in the 
middle third of the left lung and are also Observed in 
the right lung. This information should be extremely 
useful to reduce animal numbers in future studies, and 
to reduce type II errors, in which allergen-induced 
remodeling might be missed because of poor sam
pling techniques. 

Validity of a test is determined by its ability to 
consistently detect a true positive signal. Using our 
current method in our model of chronic allergen chal
lenge, we were able to detect allergen-induced 
changes in randomly selected sections from three 
different regions of the left or right lung. The range of 
expansion depths at which we were able to detect 
allergen-induced changes in MT staining ranged from 
10 to 50 JLm beneath the airway epithelium; the 
maximal difference was evident at a depth of 20 JLm. 
At expansion depths >50 mm, differences between 
OVA- and SAL-challenged mice were no longer ap
parent and likely reflect a decrease in the signal to 
noise ratio caused by the inclusion of underlying 
parenchymal tissue. To detect aSMA staining differ
ences between saline and allergen-challenged mice 
required expansion depths of 20, 30, or 40 JLm, with 
maximal differences also detected at 20 JLm. Our 
results indicate that this morphometric analytic tech
nique is a valid method for assessing remodeling of 
subepithelial fibrotic and contractile tissue in the air
way wall. These observations also reflect a feature of 
this model, namely that fibrotic and contractile tissue 
changes are restricted to the peribronchial region and 
do not include lung parenchyma. 

A concern when identifying pathologic changes in 
airway models of chronic inflammation is where in the 
lung to best locate these changes. Here, we propose 
that the first generation airway in the middle third of 
the left lobe should be used for such investigations. 
The reason for this recommendation is 2-fold. First, 
this approach allows the investigator to retain a high 
degree of objectivity in terms of selecting airways for 
analysis, while ensuring that the airways being com
pared within each group are of the same generation. 
Second, we observed that there were few visually 
obvious changes in the structure of sma!ler airways. 
Clearly this latter observation may be influenced by 
the method of delivering allergen. OUf intranasal de
livery method is based on aspiration (Southam et ai, 
2002), resulting in distribution to proximai airways, 
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whereas inhalation delivery methods (Ohkawara et ai, 
1997) would likely result in more peripheral distribution 
and correspondingly different pathologic changes 
than observed here. 

Our results indicate that a consistently tangential 
orientation of the airway was obtained when analyzing 
the ieft lung and that allergen-induced changes were 
similar in this lung when we obtained sections from the 
extreme superior and inferior borders of the middle 
third of this lung. This demonstrates a considerable 
degree of latitude for researchers aiming to detect and 
quantify allergen-induced remodeling changes in sim
ilar models. 

For appropriate ethical reasons, funding agencies 
and institutional review boards increasingly require 
that investigators demonstrate, a priori, that their 
studies are sufficiently powered (>80%) to detect the 
primary outcome of interest Based on power calcu
lations, the results of our study indicate that using an 
expansion depth of 20 fLm requires the fewest number 
of mice (8-10 per group) to detect a significant differ
ence in the degree of subepithelial fibrosis or contrac
tile remodeling between SAL control and OVA
challenged mice. 

In conclusion, we have described a technique of 
airway morphometry that is valid and reliable for 
quantifying the amount of peribronchial extracellular 
matrix and contractile tissue in a mouse model of 
chronic airway inflammation. The technique allows 
investigators to objectively quantify morphologic 
changes in mouse airways, thereby minimizing inves
tigator bias associated with many of the more subjec
tive techniques currently in use. Clearly, when authors 
use challenge models that are substantially different 
from ours, the depth at which remodeling changes 
occur may differ. In such cases, we strongly recom
mend that an approach similar to that described here 
be used to optimize the potential for detecting 
allergen-induced effects. 

Materials arid Methods 

Animals 

Female BALB/c mice, age 10 weeks at study onset, 
were housed in specific pathogen-free conditions. All 
procedures were reviewed and approved by the Ani
mal Research Ethics Board at McMaster University 
and conformed to National Institutes of Health guide
lines rJllashington DCUSGPO, 1985). 

As in the past, we sensitized mice with intraperitoneal 
ovalbumin (Sigma, Oakville, Ontario, Canada) conju
gated to aluminum potassium sulfate (IP OVA) injected 
on Days 1 and 11 and intranasai ovalbumin (IN OVA) 
on Day 11 (inman et ai, 1999). Sensitized mice were 
subjected to chronic periods of allergen exposure, 
which involved six 2-day periods of IN OVA chal
lenges, each separated by 12 days (10 weeks total). 
Controi mice were sensitized with OVA but received 
saline (SAL) challenges. Mice (n = 9 SAL, 10 OVA) 
were studied at 4 weeks after the final challenge (Fig. 
3). 

Lung Histologic Examination ami Morphometry 

Dissected lungs were inflated with 10% buffered for
malin to a pressure of 20 cmH20, ligated at the 
trachea, and then both lungs were fixed in formalin for 
24 hours. After fixation, the right inferior lobe and the 
ieft lobe were isolated and bisected into superior and 
inferior segments (Fig. 4A). After histologic processing 

Left Lobe Right Lobe 

Superior 
Superior 

--
~"*< ---1iP~ Cut 

........ Middle 

Inferior 

Inferior 

001 

I 
Figure 4. 
A, Depiction of the lobes of a mouse lung after inflation and fixation with 
formalin. The left lobe and right inferior lobe were bisected. Sections for 
staining were obtained from the exposed surfaces of the right lobe segments, 
and from regions corresponding to the extreme inferior and superior borders 
of the middle third of the left lobe (all sections indicated by dashed lines). B, 
Typical first generation airway from the left lobe with associated artery and 
vein. Airway images captured for analYSis indicated in boxed regions. 
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Figim~ 3. 
Sensillzation and chronic challenge protocol. Lung tissues were collected after a 4-week recovery period following the final challenge. 
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(Leigh et ai, 2002), both segments of the right inferior 
lobe were embedded together in paraffin, whereas the 
superior and inferior segments of the left lobe were 
embedded in individual paraffin blocks. Ail tissues 
were embedded with the sectioned face down and 
were orientated to obtain transverse cross-sections of 
the first generation airway (Fig. 48). This airway is 
often macroscopically visible in the left lobe before 
embedding but less so in the right lobe. For this 
reason, the left lobe segments were embedded sep
arately and the right inferior lobe segments embedded 
together to ensure good airway representation. 

The embedded tissues from the left lobe were rough 
cut to approximately half the original size, whereas the 
right lobe segments were rough cut to only expose a 
smooth tissue surface. Three-micron-thick transverse 
sections were then cut and stained with either MT to 
demonstrate extracellular matrix or aSMA (clone NCL
SMA; Novocastra Laboratories Ltd., Newcastle, 
United Kingdom) to identify contractile elements. For 
all tissues, the first generation airway was identified 
while viewing under a microscope at x4 magnification 
(Olympus 8X40; Carsen Group Inc., Markham, On
tario, Canada), and the major and minor axis were 
measured with a customized digital image analysis 
system (Northern Eclipse, version 6; Empix Imaging 
Inc., Mississauga, Ontario, Canada) using a digital pen 
mouse and drawing tablet. The ratio of the diameters 
(maximum/minimum) was calculated as a reflection of 
the degree to which the sectioning of the airway was 
at right angles to its long axis. 

Morphometric/colorimetric quantification involved 
calculating the percentage of defined areas of tissue 
that were positively stained using the same custom
ized digital image analysis system. While viewing 
under the microscope at x20 magnification, images of 
the entire first generation airway wall that were free of 
intimate contact with the neighboring vessels (Fig. 5A) 
were captured into the computer by an investigator 
blinded to the tissue codes. Analysis was initiated by 

Figure 5. 

Morphometric Analysis oflVlouse Airwfl)'s 

tracing a line along the basal border of the epithelium 
using the digital pen mouse and drawing tablet. This 
line did not cover any stained tissue of interest. 
Thereafter, the software macro application projected a 
second line in a direction away from the center of the 
airway to create a band of tissue for colorimetric 
analysis. The width of the band was variable and 
predetermined by the investigator, allowing for re
peated analysis on a single image (Fig. 58). The 
software then calculated the percentage of each band 
that was positively stained, based on previously de
termined color plane settings. Thus, final percent 
staining scores were obtained for each mouse for both 
stains of interest. Analytic approaches were aimed at 
addressing two primary questions: 

1. What is the optimal depth beneath the airway 
epithelium to assess allergen-induced fibrotic 
changes? 

8ands of tissue, with expansion depths ranging 
from 10 to 70 JLm measured in i O-JLm increments, 
were obtained from the inferior segment of the left 
lung (Fig. 58). Comparisons were made of percent MT 
staining or percent aSMA staining between SAL and 
OVA-challenged mice. To assess which band depth is 
optimal for performing comparative studies, power 
calculations were performed on these data, with the 
results expressed as the number of mice required to 
demonstrate allergen-induced changes in either stain 
of interest. 

2. Are allergen-induced changes in lung structure 
detected within different lobes or regions of the lung? 

The percent MT stain or percent aSMA stain was 
compared between SAL and OVA-challenged mice 
using data obtained from a 20-JLm subepithelial band 
from the first generation airway of the inferior and 
superior segments of the left lobe and inferior right 
lobe. Power calculations were performed on these 
data, with the results expressed as the number of mice 
required to demonstrate allergen-induced changes in 
either stain of interest for each lung section. 

5$----
6$-----

A, Depiction of first generation airway captured for analysis, The airway is associated with an artery and vein, B, The basal border of Ihe epithelium is traced by hand 
(blue line) then projected by software into the surrounding parenchyma (black lines), a distance determined by the operator. The stain of interest (MT) is green and 
is quantified by the software as a percentage of the totai band area, 
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To determine that parenchymal staining was equal 
between SAL and OVA tissues and did not have a 
systematic influence on morphometric analysis of the 
airway, bands of parenchymal tissue from the left 
inferior lobe for both stains were analyzed. A 20-l1m 
band located a distance between 20 and 40 11m from 
the border of the epithelium was captured for analysis. 
This band was composed primarily of parenchyma, 
and percent staining of MT or aSMA was analyzed 
from both SAL and OVA groups. 

Statistical Analysis 

Data on all figures are expressed as mean and SEM. 

Descriptive data in Table 1 are expressed as mean 
and so. All comparisons between saline control mice 
and mice receiving chronic allergen exposure were 
made using Student's t test. All comparisons were 
two-tailed assuming equal variance, and p values < 
0.05 were considered to be significant. Sample-size 
requirements were based on a Student's t test analy
sis and calculated with an assumed power of 80% and 
an a of 0.05 as we have done previously (Dahlen et ai, 
2001). 
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Type 2 Cytoklnes In the Pathogenesis of Sustained 
Airway Dysfunction and Airway Remodeling In Mice 
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The mechanisms underlying airway hyperresponsiveness remain 
unclear, although airway inflammation and remodeling !ike!y play 
important roles. We have observed sustained airway hyperreactivity 
and airway remodeling occurring in mice after chronic allergen 
exposure and persisting beyond resolution of allergen-induced in
flammation. The aim of this study was to delineate mechanisms 
involved in allergen-induced airway hyperreactivity and airway re
modeling and to examine evidence for a causal association between 
airway remodeling and sustained airway hyperreactivity. Wild-type 
(WT) and interleukin (lL)-4-, I L-S-, and Il-B-deficient (- / -) mice 
were sensitized and studied 4 weeks after chronic allergen expo
sure. By measuring airway responsiveness and airway morphome
try, we demonstrated that WT mice developed sustained airway 
hyperreactivity and aspects of airway remodeling after chronic aller
gen exposure. Both Il-4-1- and Il-B-I- mice were protected from 
developing sustained airway hyperreactivity and aspects of airway 
remodeling. In contrast, Il-S-I- mice developed sustained airway 
hyperreactivity and aspects of airway remodeling similar to that 
seen in wr mice. Our results confirm that Il-4 and Il-B, but not 
Il-5, are critical for the development of sustained airway hyperreac
tivity and airway remodeling after allergen exposure. 

Keywords: allergic disease; asthma; interleukin-4; interleukin-5; in
terleukin-l 3 

Airway hyperresponsiveness (AHR) is a central feature of 
asthma (1) and is characterized by exaggerated airway narrowing 
after exposure to nonspecific stimuli such as methacholine 
(MCh), histamine, or exercise (2). The dysfunction underlying 
AHR includes hypersensitivity (shift to the left of bronchocon
strictor dose-response curves), hyperreactivity (increased slope 
of these curves), and a greater maximum degree of induced 
bronchoconstriction. However, the mechanisms underlying 
these pathophysiologic abnormalities remain unclear. Numerous 
experimental and clinical studies have established that CD4 + 

T cell-mediated inflammation of the airways is centra! to the 
pathogenesis of asthma (3-S), and the contributions of acute 
immune-mediated airway inflammation to the pathogenesis of 
AHR have been investigated in animal models of allergen
induced airway responses (6-10). These studies confirm that the 
T helper type 2 cytokines interleukin (IL)-4, IL-S, and IL-13 
contribute either directly or indirectly to the mechanisms under-
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lying transient allergen-induced AHR by promoting the differen
tiation, survival, and function of key allergic effector cells (7-9, 
11-19). Although these models have increased our understand
ing of the mechanisms underlying transient responses to allergen, 
the observed airway dysfunction is transient and appears to be 
related only to acute increases in inflammatory mediators. Thus, 
models of brief allergen exposure do not necessarily provide an 
accurate experimental model of the sustained AHR present in 
asthma. 

Although some studies report that AHR in asthma is related 
to the extent of T cell-mediated airway inflammation (20, 21), 
the observation that profound AHR is sustained in asthma de
spite prolonged treatment with antiinflammatory corticosteroids 
(22-2S) suggests that other mechanisms likely account for a 
major component of AHR. Evidence suggests that chronic struc
tural changes in the airway, often termed airway remodeling, 
may be at least partly responsible for sustained AHR (26-32). 
These changes include thickening of the airway wall, subepithel
ial fibrosis, hyperplasia and hypertrophy of smooth muscle cells, 
and hyperplasia of fibroblasts/myofibroblasts and goblet cells 
(33-41). We have recently described a model in which airway 
dysfunction and aspects of airway remodeling develop in mice 
after chronic exposure to allergen (42). These abnormalities 
persist for at least 8 weeks after final allergen exposure, well 
beyond the resolution of acute inflammatory events, and suggest 
that airway remodeling occurs as a consequence of allergic air
way inflammation and that aspects of airway remodeling contrib
ute independently to the ongoing, sustained airway hyperreactiv
ity. There have been other reports describing animal models in 
which structural airway changes occurred after chronic exposure 
to allergen (32, 43-46). In these studies, airway dysfunction was 
observed but was either only reported for the period immediately 
after the final exposure to allergen (43-46) or was measured 
at the time of ongoing cellular inflammation (32). Our recent 
observations are fundamentally different in that we have ob
served that sustained airway hyperreactivity persists for at least 
8 weeks after final exposure to allergen (42). 

The purpose of this study was to further delineate the mecha
nisms underlying allergen-induced sustained airway hyperreac
tivity and airway remodeling and to examine evidence for a 
causal association between the presence of ongoing sustained 
airway hyperreactivity and airway remodeling. Although the 
requirements for IL-4, IL-S, and IL-13 in initiating 19E-mediated 
eosinophilic airway inflammation and airway dysfunction are 
established, their respective roles in initiating sustained AHR 
are not known. By studying mice deficient for IL-4, IL-S, and 
IL-13, we aimed to determine whether sustained airway dysfunc
tion and aspects of airway remodeling share common critical 
mechanistic pathways. Some of the results of these studies have 
been reported previously in the form of an abstract (47). 

METHODS 

Animals 
Female BALB/c wild-type (WT) mice, aged 10 to 12 weeks, were 
purchased from The Jackson Laboratory (Bar Harbor, ME). Female 
mice of a BALB/c background of similar age, deficient for the IL-4 
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gene (IL-4+), IL-5 gene (!L-S- t-) (12), or IL-13 gene (IL-13- I-) (48), 
were obtained from The Jackson Laboratory, the Australian National 
University in Canberra, Australia, and from Dr. Andrew McKenzie 
at the Medical Research Council Laboratory of Molecular Biology, 
Cambridge, UK, respectively. All gene-deficient mice were developed 
on either a BALBlc or a C57/Bl6 background (in which case they were 
backcrossed at least eight generations onto a BALB/c background). 
Mice were housed in environmentally controlled speciEc pathogen-free 
conditions for the duration of the experiments. All procedures were 
approved by the Animal Research Ethics Board at McMaster University 
and conformed to the National Institutes of Health guidelines for the 
experimental use of animals. 

Sensitization 

Miee were sensitized with intraperitoneal ovalbumin conjugated to alu
minum potassium sulfate injected on Days 1 and 11 and intranasal 
ovalbumin on Day 11, as described by us previously (49). 

Challenge 
Sensitized mice were subjected to either brief or chronic periods of 
exposure to allergen, as described by us previously (42) (Figure 1). 
Mice were studied 24 hours after brief exposure protocols or 4 weeks 
after the chronic protocols. Separate groups of 10 sensitized mice were 
subjected to saline or ovalbumin exposure in each protocol, and the 
folio wing outcome measurements were made: (1) in vivo airway respon
siveness to intravenous MCh; (2) total and differential cell counts in 
bronchoalveolar lavage (BAL) fluid; and (3) airway morphometry, 
using a computer-based image analysis system. 

Airway Responsiveness 

The underlying contributors to airway responsiveness were measured 
on the basis of the response of respiratory system resistance to saline 
and increasing (10, 33, 100, and 330 j.Lg/kg) intravenous doses of MCh, 
as described elsewhere in detail by us and others (42,49,50). 

Bronchoalveolar lavage 

After airway physiology measurements, BAL was performed, as de
scribed previously (49). 

lung Morphometry 

Lung tissue was prepared for morphometric analysis, as described by us 
in detail previously (42,51). Threc-micrometer-thick transverse sections 
were cut and assessed with the following stains: Congo red for the 
presence of eosinophils; picrosirius red to demonstrate the presence of 
collagen; and periodic acid-Schiff to demonstrate the presence of mucin 
within goblet cells. Furthermore, 3-j.Lm sections were prepared for im
munohistochemistry using a monoclonal antibody (Novacastra Labora
tories Ltd., Newcastle upon Tyne, UK) against a-smooth muscle actin 
(a-SMA) to identify contractile elements. Morphometric quantification 
of the stained lung sections was performed using a customized digital 
image analysis system (Northern Eclipse; Empix Imaging Inc., Missis-
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sauga, ON, Canada), as described by us previously (42, 51). Analysis 
of the Congo red-stained tissue involved identifying the first generation 
airway under a microscope at x20 magniEcation and capturing images 
into the computer by an investigator blinded to the tissue codes for 
the study groups. Analysis involved drawing a line along the basal 
border of the epithelium; then, using that line as a reference point, the 
software identified a 50-l-Lm band of tissue in a basal direction. The 
numbers of eosinophils within this region were counted manually and 
the results expressed as celts per square millimeter of airway tissue. 

Analysis of picrosirius red-stained (viewed using polarized light 
microscopy) and a-SMA-stained tissue involved identifying the same 
first generation airway and capturing images of airway wall that were 
not adjacent to neighboring vessels. As before, a line was drawn along 
the basal border of the airway epithelium from which a 20-fLm band 
of tissue was projected in a basal direction. The software then calculated 
the percentage of each band that was positively stained for the individ
ual stains on the basis of previously determined color plane settings. 
The final score for each stained section was expressed as a weighted 
mean, with each result weighted in proportion to the total area exam
ined. Goblet cells were identiEed as periodic acid-Schiff-positive cells 
in the epithelium and counted manually and expressed as cells per 
millimeter length of airway wall. 

Statistical Analysis 

Reported values are expressed as mean and SEM. Comparisons be
tween saline control mice and mice receiving either brief or chronic 
allergen exposure with respect to airway reactivity (slope of the respira
tory system resistance [RRsl - log-transformed MCh dose-response 
curve), maximal bronchoconstriction (maximal MCh-induced RRS)' cell 
counts, and indices of airway remodeling were made using analysis 
of variance. Similar between-group comparisons were made in mice 
receiving either brief or chronic allergen exposure. Post hoc multiple 
comparison testing was performed using Duncan's test to assess for 
significant effects. All comparisons were two tailed, and p values less 
than 0.05 were considered to be significant. 

RESULTS 

MCh Airway Responses after Brief or Chronic 
Exposure to Allergen 

After brief exposure to allergen, WT mice exhibited significant 
increases in airway reactivity and maximal bronchoconstriction, 
compared with the saline control groups (p < 0.01) (Figures 
2A, 3, and 4). Similarly, chronic allergen exposure resulted in a 
significant and sustained increase in airway reactivity and maxi
mal bronchoconstriction in WT mice at 4 weeks, compared with 
mice given chronic saline exposure (p < 0.01) (Figures 2B, 3, 
and 4). I t should be noted that the magnitude of allergen-induced 
changes in airway function differed between the groups of WT 
mice used as controls for each gene-deficient group. Although 

Outcomes 

Figure 1. Study protocols. Sensitization and chal
lenge protocols used in brief- and chronic-challenge 
models. Note that all outcome measurements were 
made after the final challenge in each protocol. 
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Figure 2. Airway responsiveness in wild-type (WT) mice after brief or 
chronic exposure to saline or allergen. Total respiratory system resistance 
(RRs) was measured in response to increasing doses of intravenous meth
acholine (MCh) in WT mice either 24 hours after brief exposure to saline 
or allergen (A) or 4 weeks after chronic exposure to saline or allergen 
(8). Using the resulting RRS - MCh dose-response curve, indices of 
airway reactivity (slope RRS) and maximal degree of bronchoconstriction 
(max RRS) were calculated. 

we cannot be certain of the reason for this, it likely reflects the 
fact that, for logistic reasons, there were differences in the time 
points at which different groups of mice were studied. All gene
deficient mice were studied at the same time as the corresponding 
WT mice, and as such, statistical comparisons have only been 
made between each gene-deficient group and their own WT 
control group. 

After brief exposure to allergen, IL-4 -1- mice demonstrated 
significant airway hyperreactivity (p < 0.01) and increased maxi
mum bronchoconstriction (p < 0.05), compared with IL-4-1

-

mice exposed to saline (Figures 3 and 4). However, after chronic 
allergen exposure, IL-4 -1- mice demonstrated normal airway 
reactivity and normal maximal bronchoconstriction, similar to 
that present in IL-4-'- mice that had been chronically exposed 
to saline (Figures 3 and 4). In contrast to IL-4-1- mice, IL-13-I-

mice exposed to brief allergen challenge demonstrated normal 
airway reactivity and normal maximal bronchoconstriction, simi
lar to that present in both WT and IL-13-/- mice given brief 
saline challenge (Figures 3 and 4). Like the IL-4-1

- mice chroni
cally exposed to allergen, IL-13-!- mice also demonstrated nor
ma! airway reactivity and normal maximal bronchoconstriction 
after chronic allergen exposure, similar in magnitude to that 
present in WT and IL-13 -1- mice chronically exposed to saline 
(Figures 3 and 4). 

Like WT and IL-4 -1- mice, but in contrast to IL-13 -/- mice, 
IL-S-;- mice demonstrated significant airway hyperreactivity 
(p < 0.05) and increased maximum bronchoconstriction (p < 
0.01) after brief exposure to allergen, compared with IL-5-1

-

mice exposed to saline (Figures 3 and 4). After chronic allergen 
exposure, and in contrast to both IL-4-/- and IL-13-/- mice, IL-
5 -/- mice demonstrated significant airway hyperreactivity (p < 

0.05) and increased maximum bronchoconstriction (p < 0.01) 
compared with IL-5-;- mice chronically exposed to saline (Fig
ures 3 and 4). 

Eosinophilic Airway Response after Brief or 
Chronic Allergen Exposure 

After brief allergen exposure, there was a significant increase 
in the number of peribronchial eosinophils in WT mice compared 
with the saline control group (p < 0.01) (Figure 5). Both IL-
4-1- IL-13-/- mice had an attenuated eosinophil response in 
comparison with WT mice but still demonstrated a significantly 
increased eosinophil response in comparison with saline control 
mice (p < 0.01) (Figure 5). In contrast, the allergen-induced 
eosinophil response was completely abrogated in IL-S-1- mice 
after brief allergen exposure, with levels being similar to those 
in the saline control mice (Figure 5). There was no evidence of 
significant peribronchial eosinophilia in any of the WT or the 
IL-4-/-, IL-13-I-, or IL-5-1- mice when examined 4 weeks after 
chronic allergen challenge (Figure 5). The magnitude of BAL 
eosinophilia in response to brief allergen challenge was similar 
to that seen in the airway tissue (data not shown). Compared 
with saline control mice, WT as well as IL-4-/- and IL-13- I-

mice developed a robust BAL eosinophilia after brief allergen 
exposure (p < 0.01). In contrast, IL-5-1

- mice had a negligible 
BAL eosinophil response after brief allergen exposure. No BAL 
eosinophils were detected in any of the study groups 4 weeks 
after chronic allergen exposure. 

Subepithelial Airway Collagen Deposition after Brief or 
Chronic Allergen Exposure 

There was a significant increase in the amount of collagen deposi
tion present in the airways of WT mice 4 weeks after chronic 
allergen exposure, compared with saline control mice (p < 0.05) 
(Figures 6, 7A, and 7B). These changes were not present in IL-
4-1- and IL-13-1

- mice (Figures 6 and 7C-7F). In contrast, IL-
5-1- mice exhibited a significant increase in airway collagen 
deposition 4 weeks after chronic allergen challenge compared 
with the saline control mice (p < 0.05); indeed, these changes 
were of a similar magnitude to those seen in WT mice after 
chronic exposure to allergen (Figures 6, 7A, 7B, 7G, and 7H). 

Airway Epithelium Mucin Changes after Brief or 
Chronic Allergen Exposure 

The number of goblet cells staining positively with periodic acid
Schiff for mucin was significantly increased in the airway epithe
lium of WT mice at 4 weeks after chronic exposure to allergen, 
compared with saline control mice (p < 0.01) (Figures 6, SA, and 
SB). These changes were completely abrogated in IL-4-I

- and 
IL-13- I

- mice after chronic allergen exposure (Figures 6 and SC-
8F). In contrast, IL-5-1

- mice exhibited a significant increase in 
airway epithelium mucin content 4 weeks after chronic allergen 
challenge compared with saline-exposed mice at the same time 
point (p < 0.01). This response was however attenuated in com
parison with the increase in the amount of mucin present in the 
airway epithelium of WT mice after chronic allergen exposure 
(p < 0.05) (Figures 6, 80, and 8H). 

Airway a-SMA Changes after Brief 0, 
Chronic Allergen Exposure 

There was a significan t increase in the amoun t of 01. -SMA staining 
present in WT mice at 4 weeks after chronic exposure to allergen, 
compared with saline control mice (p < 0.01) (Figures 6, 9A, 
and 9B). There were no significant differences in OI.-SMA staining 
at 4 weeks in any of the IL-4-1-, IL-13-;-, or IL-5-!- mice after 
chronic exposure to allergen, compared with their corresponding 
saline control groups (Figures 6 and 9C-9H). However, com-
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Figure 3. Airway reactivity in interleukin (IL)-4-1-, IL-13-I-, and 
iL-S-I- mice and their corresponding \NT control mice after brief 
or chronic exposure to saline or allergen. Airway reactivity, calcu
lated as the dose-response slope to intravenous MCh, measured 
24 hours after brief exposure to saline or allergen and 4 weeks 
after chronic exposure to saline or allergen in IL-4-1-, IL-13-1-, and 
IL-S-I- mice and the corresponding l/lff control mice. <Indicates p 
value less than 0.05 compared with saline-challenged mice. 
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pared with saline-challenged WT mice, all the gene-deficient 
groups had significantly increased amounts of a-SMA staining 
present, regardless of whether they were chronically exposed to 
saline or allergen (p < 0.01) (Figures 6, 9A, 9C, 9E, and 9G). 

DISCUSSION 

In this study, we have confirmed that WT mice develop sustained 
airway hyperreactivity and aspects of airway remodeling in 
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response to chronic allergen exposure. However, both IL-4 -l
and IL-13- I - mice were protected from developing sustained 
airway hyperreactivity and the associated aspects of airway re
modeling, whereas ILS- I - mice were not completely protected 
from either of these outcomes. These results are consistent with 
our underlying hypothesis that sustained hyperreactivity is not 
observed when aspects of remodeling are prevented. 

This is the first study to directly examine the role of IL-4, IL-S, 
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Figure 4. Maximum bronchoconstriction in IL-4 -1-, IL-
13-1-, and IL-S-I- mice and their corresponding \NT 
control mice after brief or chronic exposure to saline 
or allergen. Maximum airway bronchoconstriction in 
response to intravenous MCh, measured 24 hours after 
brief exposure to saline or allergen and 4 weeks after 
chronic exposure to saline or allergen in IL-4-1-, IL-
13-1-, and iL-S-I- mice and the corresponding \NT 
control mice. *Indicates p value less than 0.05 com
pared with saline-challenged mice. 
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Figure 5. Airway tissue eosinophil counts in WT, IL-4-1-, IL-13-1-, and 
IL-S-I- mice after brief or chronic exposure to saline or allergen. Airway 
tissue eosinophil counts (expressed as cells per square millimeter) in 
the SO-fLm region beneath the epithelium in the Congo red-stained 
sections. *Indicates p value less than 0.05 compared with saline
challenged mice. 

and IL-13 in an animal model in which both airway remodeling and 
sustained airway dysfunction are present. The ongoing sustained 
airway dysfunction that we have observed in our model is funda
mentally different from the airway dysfunction described in re
ports of other models of chronic allergen or fungal exposure, 
where airway dysfunction is observed at times when cellular airway 
inflammation is still marked (32, 43, 45, 46). In our current model, 
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Figure 1. PSR-stained sections of airway wall from chronically chal
lenged mice. Staining for PSR, viewed using polarized light microscopy, 
in the airways ofWT mice after chronic exposure to saline (A) or allergen 
(B), in IL-4-/- mice after chronic exposure to saline (C) or allergen (D), 
in IL-13-/- mice after chronic exposure to saline (E) or allergen (F), 
and in IL-S-/- mice after chronic exposure to saline (G) or allergen (H). 
Bars indicate 50 fLm. These photomicrographs depict the upper limit 
of allergen-induced effects; the mean differences are illustrated in the 
bar graphs in Figure 6. 

sustained airway dysfunction is present for at least 8 weeks after 
the final allergen challenge, at a time when acute, immune-medi
ated inflammatory response has resolved (42), and our current 
results further strengthen the concept that the sustained airway 

Figure 6. Morphometric changes in the airway otWf, iL-4-1-, IL-13-I-, 
and IL-S-I- mice after brief or chronic exposure to saline or allergen. 
Morphometric quantification of collagen (picrosirius red [PSR]), mucin 
(periodic acid-Schiff [PAS}), and contractile elements (a-smooth muscle 
actin [a-SMA]) in the airway wall of Wf, IL-4+, IL-13-I-, and IL-S+ 
mice after chronic exposure to saline or allergen. Data are expressed 
as the percentage of positively stained tissue in the region of interest 
in the PSR- and a-SMA-stained sections and as the number of goblet 
cells staining for mucin (PAS positive), expressed per length (cells per 
millimeter) of airway wall. "Indicates p value less than 0.05 compared 
with saline-challenged mice. 
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Figure 8. PAS-stained sections of airway wall from chronically challenged 
mice. Staining for PAS in the airways of WT mice after chronic exposure 
to saline (A) or allergen (B), in IL-4-/- mice after chronic exposure to saline 
(C) or allergen (D), in IL-13-/- mice after chronic exposure to saline (E) 
or allergen (F), and in Il-S-/- mice after chronic exposure to saline (G) or 
allergen (H). Bars indicate 2S j.Lm. These photomicrographs depict the 
upper limit of allergen-induced effects; the mean differences are illustrated 
in the bar graphs in Figure 6. 

dysfunction is a consequence of airway remodeling rather than 
ongoing cellular inflammation. We do however recognize that ear
lier T helper type 2 immune-mediated inflammatory events, indud
ing the presence of IL-4 and IL-13, are likely to be critical in the 
initial pathogenesis of functionally important airway remodeling. 

Although an analysis of the cytokine networks that regulate 
allergen-induced airway remodeling is complicated by both the 
redundant and multifactorial nature of these molecules, the re
sults of our study are largely consistent with other published 
reports in the literature. Indices of airway remodeling have been 
reported to be markedly decreased in mice functionally depleted 
of CD4~ T cells after chronic exposure to allergen (5). These 
results provide evidence that the limited repertoire of T helper 
type 2-mediated cytokines, including IL-4, IL-5, and IL-13, is 
likely to playa central role in the mechanisms underlying the 
development of airway remodeling. We have shown that IL-4 
deficiency does not completely attenuate airway eosinophilia but 
prevents the development of subepithelial fibrosis and goblet 
cell hyperplasia, as well the development of sustained airway 
dysfunction. In contrast to this study, a previous report has shown 
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Figure 9. a-SMA-stained sections of airway wall from chronically chal
lenged mice. Staining for contractile elements (red) in the airways of WT 
mice after chronic exposure to saline (A) or allergen (B), in Il-4-/- mice 
after chronic exposure to saline (C) or allergen (D), in IL-13-/- mice after 
chronic exposure to saline (E) or allergen (F), and in Il-S-/- mice after 
chronic exposure to saline (G) or allergen (H). Bars indicate SO j.Lm. These 
photomicrographs depict the upper limit of allergen-induced effects; the 
mean differences are illustrated in the bar graphs in Figure 6. 

that indices of airway remodeling were not prevented in IL-4 -/
mice after chronic allergen exposure (52). A subsequent study 
from the same laboratory using the same mouse model reported 
that IL-4Ra- l

- mice had significantly less epithelial hypertrophy 
and goblet cell hyperplasia (but not subepithelial fibrosis) com
pared with WT mice (53). These data point to the fact that IL-4 
may be important in the development of some aspects of airway 
remodeling. 

Our results strongly support the paradigm that the transient 
airway hyperreactivity occurring after brief exposure to allergen 
is dependent on IL-13 (15, 16, 18). However, the results of our 
study extend that understanding by providing nove! evidence 
that IL-13 is necessary for the development of sustained airway 
dysfunction. OUf findings are also consistent with earlier reports 
(53) demonstrating that IL-13-/- mice exhibited reduced subepi
thelial fibrosis and goblet cell hyperplasia after chronic allergen 
exposure and that overexpression of IL-13 resulted in the devel
opment of aspects of airway remodeling (17, 54). 

In this study, we have observed that IL-5 is not necessary for 
the development of key aspects of airway remodeling and the 
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associated airway dysfunction after chronic allergen exposure in 
this model. OUf results confirm the observations of several 
reports, which have suggested that IL-5 (and by implication, 
eosinophilic inflammation) is not critical for the development 
of airway dysfunction or aspects of airway remodeling (52, 55). 
However, given that there may be differences in eosinophil acti
vation in murine models of allergic airway inflammation and in 
asthma (56), we should not necessarily conclude that eosinophilic 
inflammation in asthma does not contribute to functionally im
portant airway remodeling. Furthermore, although sustained air
way hyperreactivity was still present in IL-S-1

- mice, it appeared 
to be reduced (although not significantly) in relation to the WT 
mice. We would therefore caution against concluding that IL-5, 
or by implication airway eosinophilia, is not involved in the 
development of sustained airway dysfunction. 

On the basis of our findings, it is tempting to postulate that 
indices of airway remodeling, as well as sustained airway dysfunc
tion, can be prevented using strategies that do not affect eosino
philic inflammation. Indeed, we have observed that both these 
outcome variables are prevented in the IL-4-1- and the IL-13- I

-

mice despite the fact that eosinophilic airway inflammation was 
not completely abrogated 24 hours after a brief allergen challenge. 
However, we do not have data confirming that eosinophilia in 
these mice persisted throughout the whole period of chronic aller
gen challenge; we also cannot state that eosinophilic activity was 
not affected in these mice. Thus, although we believe that we are 
justified in concluding that airway remodeling in this model is 
possible in the absence of eosinophilic inflammation, it is clear that 
further experiments are warranted to address whether controlling 
eosinophilia can modulate remodeling of the airway. 

Thus, our findings are largely consistent with the published 
literature and strongly support the hypothesis that IL-4 and 
IL-13 are necessary for the development of aspects of airway 
remodeling. Our observations also provide a substantial novel 
finding in that we have observed a consistent relationship 
between the blocking effects of these cytokines on aspects of 
airway remodeling and the development of sustained airway 
dysfunction. We cannot however postulate any role for these 
cytokines in the remodeling of airway contractile elements, given 
that the a-SMA staining was increased in all three gene-deficient 
groups (IL-4-1-, IL-13- I -, and IL-5-1-), compared with WT mice 
after chronic saline challenge. Although we have provided no 
direct evidence of a causal relationship between airway remodel
ing and sustained dysfunction, the consistent association of these 
variables suggests that such a relationship exists. Bradford-Hill 
has proposed a set of formal criteria for evaluating and assigning 
causality (57). Thus, features that would strengthen the argument 
for a cause and effect relationship include an appropriate tempo
ral relationship, a strong association between purported cause 
and effect, the existence of a dose-response relationship, a fall in 
risk when the purported cause is removed, consistency amongst 
several studies, biological plausibility, and analogy to similar 
cause and effect relationships. In our experimental model, we 
have demonstrated both an appropriate temporal relationship 
as well as a strong association between purported cause and 
effect between the requirement of IL-4 and IL-13 for the devel
opment of airway remodeling after chronic allergen exposure 
and the associated development of sustained airway hyperreac
tivity. We have confirmed that sustained airway dysfunction and 
different aspects of airway remodeling occur in both WT and IL-
5- 1- mice after chronic exposure to allergen. However, indices of 
airway remodeling were not seen in either lL-4-1- or IL-13-1-

mice, and these mice were completely protected from developing 
sustained airway hyperreactivity. In our study, we have not dem
onstrated the existence of a dose-response relationship between 
IL-4 and IL-13, the development of aspects of airway remodeling, 

and the subsequent presence of sustained airway dysfunction. How
ever, indirect evidence for this comes from other studies in which 
the dose-dependent overexpression of IL-13 in transgenic mice 
results in collagen deposition and goblet cell hyperplasia and the 
development of airway dysfunction (17). 

In summary, we have demonstrated that IL-4 and IL-13 gene
deficient mice were completely protected from developing as
pects of airway remodeling and sustained airway hyperreactivity 
after chronic allergen exposure. In contrast, and despite the 
virtual absence of tissue eosinophilia, IL-5 gene-deficient mice 
developed aspects of airway remodeling and sustained airway 
hyperreactivity similar to that seen in WT mice after chronic 
allergen exposure. OUf results strongly support the concept that 
airway remodeling and sustained airway dysfunction occur as a 
consequence of repeated T helper type 2 immune-mediated 
airway inflammation. Furthermore, they illustrate that IL-4 and 
IL-13, but not IL-5, are critical for the development of these 
phenomena. 
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Abstract 

T cell mediated airway inflammation is considered to be critical in the pathogenesis 

of airway hyperresponsiveness. We have described a mouse model in which chronic allergen 

exposure results in sustained airway hyperresposiveness (AHR) and aspects of airway 

remodeling, and here sought to determine whether eliminating CD4+ and CDS+ cells, at a 

time when airway remodeling had occurred, would attenuate this sustained AHR. Sensitized 

BALB/C mice were subjected to either brief or chronic periods of allergen exposure, and 

studied 24 hours after brief or 4 weeks after chronic allergen exposure. In both models, mice 

received three treatments with anti-CD4 and CD8 monoclonal antibodies during the 10 days 

prior to outcome measurements. Outcomes included in vivo airway responsiveness to 

intravenous methacholine, CD4+ and CD8+ cell counts of lung and spleen using flow 

cytometric analysis, and airway morphometry using a computer-based image analysis 

system. Compared to saline control mice, brief allergen challenge resulted in AHR, which 

was eliminated by antibody treatment. Chronic allergen challenge resulted in sustained AHR 

and indices of airway remodeling. This sustained AHR was not reversed by antibody 

treatment, even though CD4+ and CDS+ cells were absent in lung and spleen. These results 

indicate that T cell mediated inflammation is critical for development of airway 

hyperresponsiveness associated with brief allergen exposure, but is not necessary to 

maintain sustained AHR. 

Keywords: Anergy; lung; T lymphocytes; rodent; bronchial hyperreactivity. 
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Introdudiml 

The mechanisms underlying airway hyperresponsiveness (AHR) in asthma are 

complex and likely to be multifactorial (39). There is however considerable evidence to 

support a role for T cell mediated airway inflammation in the pathogenesis of AHR (6; 11; 

13; 19; 42; 48; 52) and several Th2 cytokines, particularly IL-13, have the potential to 

modulate AHR in animal models of allergic airway inflammation and AHR (7; 12; 18; 21-

23; 27; 38; 53; 55). While these experimental models have greatly increased our 

understanding of the mechanisms underlying transient responses to inhaled allergen, they 

have all employed models of acute allergic airway inflammation that have centered on short

term exposure of sensitized rodents to allergen. Thus, despite the undoubted advances that 

have come from these studies, a relative limitation of these models is that the AHR is 

transient, disappearing 14-21 days after allergen exposure, and appears to be related only to 

acute increases in inflammatory mediators. This is not equivalent to the chronic airway 

inflammation and sustained AHR present in individuals with asthma, and while these 

experimental models have provided valuable information, they are unlikely to provide a 

complete description of the mechanisms underlying AHR. 

Furthermore, the observation that profound AHR is sustained in asthma, despite 

prolonged treatment with anti-inflammatory corticosteroids (3; 15; 30; 44) suggests that 

mechanisms other than acute inflammation likely account for a major component of AHR. 

Evidence suggests that chronic structural changes in the airway, often termed airway 

remodeling, may be at least partly responsible for sustained AHR (2; 4; 5; 29; 33-35; 51; 

54). These changes include thickening of the airway wall, subepithelial fibrosis, hyperplasia 
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and hypertrophy of smooth muscle cells, and hyperplasia of fibroblasts/myofibroblasts and 

goblet cells (8; 10; 14; 16; 24; 25; 31; 43; 49). We have recently described a model in which 

AHR and aspects of airway remodeling develop mice following chronic exposure to 

allergen (37). These abnormalities persist for at least 8 weeks following final allergen 

exposure, well beyond the resolution of acute inflammatory events, and suggest that airway 

remodeling occurs as a consequence of anergic airway inflammation, and that aspects of 

airway remodeling contribute independently to the ongomg, sustained airway 

hyperreactivity . 

We now hypothesized that the sustained AHR present in our model is independent of 

T cell orchestrated acute inflammatory events, but is instead the result of chronic structural 

airway remodeling. Our underlying hypothesis does not question that the initiating events 

that ultimately result in this remodeling include antigen-induced, T cell dependent acute 

airway inflammation, but focused instead on whether the ongoing sustained dysfunction was 

due to the chronic structural changes rather than T cell dependent acute inflammatory 

events. The purpose of this study was therefore to explore whether the sustained AHR that 

occurs following chronic exposure to allergen is independent of ongoing T lymphocyte 

responses. This observation would provide evidence that airway dysfunction in allergic 

airway diseases such as asthma, may be dependent on factors other than ongoing immune 

responses. 

To do this, we performed a series of experiments in which we initially sought to 

confirm what other investigators have already demonstrated, namely that depletion of CD4+ 

and CD8+ T cells prevented the development of acute, T cell-mediated airway inflammation 
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and associated transient AHR in mice, following a period of brief allergen exposure (20). In 

the second series of experiments, mice were exposed to our chronic allergen challenge 

protocol and then, at a later point, treated with anti-CD4+ and anti-CDS+ monoclonal 

antibodies (mAb). Consistent with our hypothesis, we expected that T cell depletion, on a 

background of established airway remodeling, was unlikely to attenuate the sustained AHR 

observed in the model. 

Materials and. Method.s 

Animals: Female BALB/c mice, aged 10 - 12 wk, were purchased from Harlan Sprague 

Dawley Inc. (Indianapolis, IN). Mice were housed in environmentally controlled specific 

pathogen free conditions for 1 week prior to study, and for the duration of the experiments. 

AU procedures were reviewed and approved by the Animal Research Ethics Board at 

McMaster University, and conformed to NIH guidelines for the experimental use of animals. 

Sensitization: Mice were sensitized with intraperitoneal ovalbumin conjugated to aluminum 

potassium sulphate, as described by us previously (28). 

Challenge and treatment intervention: Sensitized mice were subjected to either brief or 

chronic periods of allergen exposure, as described by us previously (37). Control mice were 

subjected to the same sensitization protocol but received saline challenges. Allergen and 

control challenged mice were studied at 24 hours after the final exposure (day 21) in the brief 

allergen challenge protocol, and at 4 weeks after the final exposure in the chronic allergen 
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challenge protocol (Figunre 1). Immunodepletion studies were completed using mAb GK1.5 

(anti-CD4; ATCC, Manassas, VA) and 2.43 (anti-CD8; ATCC). Hybridoma ascites fluid 

00 ilL) for each mAb was diluted in phosphate buffered saline (total volume, 500 ilL) and 

administered intraperitoneally on days -10, -7 and -3 prior to the outcome day in each 

protocol (Figunre 1). Flow cytometry confirmed that the depletion of CD4+ and CD8+ T cells 

was consistently >98%. The following outcome measurements were made; 1) in vivo airway 

responsiveness to intravenous methacholine; 2) total and differential cell counts in 

bronchoalveolar lavage (BAL) fluid; 3) CD4+ and CD8+ cell counts using Fluorescence 

Activated Cell Sorter (F ACS) analysis, and 4) airway morphometry using a computer based 

image analysis system. Separate groups of 10 mice were studied in each treatment arm of 

each protocol. 

Airway Responsiveness: 

The underlying contributors to airway responsiveness, namely airway reactivity (slope of 

increase in total respiratory system resistance (RRS) for a given increase in methacholine 

(MCh) dose), airway sensitivity (lowest dose of MCh to produce bronchoconstriction) and 

the maximum inducible bronchoconstriction (maximum RRS) were measured following brief 

or chronic allergen challenge. These components of airway responsiveness were measured 

based on the response of RRS to saline and increasing (10, 33, 100 and 330 ilg/kg) 

intravenous doses of MCh (Figunre 2). RRS was measured using the flow interrupter 

technique, modified for use in mice, and described in detail elsewhere (28; 37; 50). 
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Bronchoaiveoiar Lavage (EAL): Following airway physiology measurements, BAL was 

performed as described by us previously (28). Differential cell counts were performed on 

400 cens, counted by one investigator blind to the experimental conditions. Cells were 

classified, based on morphological criteria, as macrophages, mononuclear cells, neutrophils 

or eosinophils. 

FACS Analysis: FACS analysis was performed on cells extracted from lung tissue by 

enzymatic digestion as described by us previously (56). The viability of the extracted lung 

cells was >95%. A total of 1 x 106 cells underlaid with purified anti-mouse CD16/CD32 

mAb were incubated for 30 minutes with saturating amounts of flourescein isothiocyanate

anti-mouse CD4 mAb, Cy-Chrome-anti-mouse CD8a mAb and Phycoerythrin-anti-mouse 

CD90.2 mAb. Analysis was performed on a Becton Dickinson (Franklin Lakes, NJ) 

F ACScan flow cytometer, using CeHquest and WinMDi software packages (BD 

Biosciences, Oakville, ON, Canada). CD90.2+CD4+ (CD4+), and CD90.2+CD8a+ (CD8+) 

stained cells were identified by detection of FL-l (flourescein isothiocyanate), FL-2 

(Phycoerythrin) and FL-3 (CyChrome) and expressed as percentages of T cens (all 

antibodies: Pharmingen, Mississauga, ON). The numbers of positive cells were calculated 

by multiplying total cell count obtained after lung digestion. 

Lung Histology and Morphometry: The lungs were dissected and processed as described by 

us in detail previously (37). Three-11m thick transverse sections were cut and assessed with 

the following stains: hematoxylin and eosin (H&E) for the presence of eosinophils; 
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plcrosmus red (PSR) to demonstrate the presence of collagen, and periodic acid Schiff 

(P AS) to demonstrate the presence of mucin within goblet cells. Additional sections were 

prepared for immunohistochemistry using a monoclonal antibody (clone asm-l, Novacastra 

Laboratories Ltd, Newcastle upon Tyne, United Kingdom) against a-smooth muscle actin 

(a-SMA) to identify contractile elements. Morphometric quantification of the stained lung 

sections was performed using a customized digital image analysis system (Northern Eclipse, 

Empix Imaging Inc., Mississauga, Canada), as described by us previously (17; 37) 

Statistical Analysis: 

Reported values are expressed as mean and standard error of the mean (SEM). Comparisons 

with respect to airway reactivity (slope of the RRs - log transformed MCh dose response 

curve), maximal bronchoconstriction (maximal MCh induced RRs), cell counts and indices 

of airway remodeling between saline control mice and mice receiving either brief or chronic 

allergen exposure, treated with either mAb or diluent, were made using analysis of variance 

(ANOV A). Post-hoc multiple comparison testing was performed using Duncan's test to 

assess for significant effects. All comparisons were two-tailed, and p values < 0.05 were 

considered to be significant. 
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Results 

1. Treatment with anti-CD4 and antiCD8 mAb during brief allergen exposure abrogates 

allergen-induced airway inflammation and prevents the development of AHR. 

Following a period of brief allergen challenge, mice treated with diluent (sham) 

exhibited a significant increase in total cell counts and eosinophils in BAL when compared 

to mice exposed to saline and treated with diluent (p<O.OOl) (Table 1). Concurrent treatment 

with anti-CD4/anti-CDS mAb during the period of brief allergen challenge (Figure 1) 

resulted in significant attenuation of the allergen-induced increase in total cell counts and 

eosinophils in lavage fluid (p<O.OOl) (Table 1). The magnitude of BAL eosinophilia in 

response to brief allergen challenge, and the subsequent attenuation by mAb treatment was 

similar to that seen in the airway tissue (data not shown). 

F ACS analysis of lung tissue from these allergen challenged I diluent treated animals 

demonstrated increased numbers of CD4+ and CDS+ cells compared to saline challenged I 

diluent treated control mice (Figure 3). Treatment with anti-CD4/anti-CD8 mAb resulted in 

the complete elimination of CD4+ and CDS+ T cells from both lung (Figure 3) and spleen 

tissue (data not shown) in these mice. 

Following brief exposure to allergen, mice treated with diluent exhibited significant 

increases in airway reactivity (p=O.03) and maximal bronchoconstriction (p<O.OO 

compared to the saline control groups (Figure 4). We were also able to confirm, as others 

have shown before(20), that anti-CD4/anti-CDS mAb treatment during the period of brief 

allergen challenge completely abrogated the development of airway hyperreactivity and the 
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increased maximal bronchoconstriction present in allergen challenged I diluent treated mice 

(Figure 4). 

2. Chronic allergen exposure results in aspects of airway wall remodeling and sustained 

AHR, which are not attenuated by anti-CD4 and antiCD8 mAb treatment. 

As expected, minimal numbers of eosinophils were observed in the BAL fluid of 

diluent treated (sham) and anti-CD4/anti-CD8 mAb treated mice 4 weeks after chronic 

allergen exposure, and these values were not significantly different to baseline values 

observed in saline control mice (Table 1). CD4+ and CD8+ cells were absent from the lungs 

(Figure 5) and spleens (data not shown) of mice treated with anti-CD4/anti-CD8 mAb. 

There was a significant increase in the amount of mucin containing, PAS positive 

goblet cells (Figures 6, 7 A and 7.8), subepithelial collagen deposition (Figures 6, 7D and 

7E) and a-SMA staining (Figures 6, 7G and 7H) in the airways of the diluent treated mice 

4 weeks after chronic allergen exposure, compared to saline control mice (p<O.Ol). As in the 

brief challenge protocol, mAb treatment was given during the 10 days prior to outcome 

measurements being made, but the timing of this intervention in the chronic protocol meant 

that treatment with mAb was only given some 3 weeks after the final allergen challenge 

(Figure1), at a time when remodeling was likely to have become established (37). Anti

CD4/anti-CD8 mAb treatment had no effect on the amount of mucin present in the airway 

epithelium (Figures 6 and 7C), the amount of airway subepithelial collagen deposition 

(Figures 6, and 7F), or in the amount of airway wall contractile tissue staining (Figures 6, 

and 71). 
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Following chronic allergen exposure, diluent treated mice exhibited a significant and 

sustained increase in airway reactivity (p<O.Ol) and maximal bronchoconstriction (p<O.Ol) 

(Figure 8), compared to saline control mice. However, in contrast to our observations in the 

brief exposure model, treatment with anti-CD4/anti-CD8 mAb after chronic allergen 

exposure, at a time when airway remodeling was likely to have become established, had no 

attenuating effect on either this sustained airway hyperreactivity or the sustained increase in 

maximal bronchoconstriction (Figure 8). 
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Discussion. 

In this study we have shown that anti-CD4 and anti-CDS monoclonal antibody 

treatment of mice during a period of brief allergen exposure resulted in attenuation of T cell 

mediated airway inflammation and prevented the associated transient AHR. Thus, these 

observations confirm the critical role of CD4+ and CD8+ T cells in initiating the acute 

inflammatory events that lead to transient AHR in this model, and are consistent with other 

published reports, in which T cell depletion has resulted in a reduction of the cellular 

inflammatory infiltrate and AHR (20; 40). 

However, this is the first study to directly examine the role of CD4+ and CD8+ cells 

in established, sustained AHR. We have now shown that depleting CD4+ and CD8+ cells 

(Figure 5), at a time when chronic allergen exposure has already resulted in the 

establishment of airway remodeling (Figures 6), does not attenuate the sustained AHR 

observed in the model (Figure 8). These observations are consistent with our underlying 

hypothesis, namely that T cell-mediated inflammation is not required to maintain sustained 

AHR, and further strengthen the concept that the sustained AHR is a consequence of airway 

remodeling, rather than ongoing cellular inflammation. 

Although there have been other reports of animal models in which chronic allergen 

or fungal exposure has resulted in structural airway changes and AHR (26; 41; 45-47), our 

model is fundamentally different in that the sustained AHR we observe is present for at least 

8 weeks after the final allergen challenge, at a time when acute, immune-mediated 

inflammatory responses have resolved (37). This is in contrast to the AHR described in the 
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other models of chronic allergen or fungal exposure, where AHR is observed at times when 

cellular airway inflammation is still marked (26; 41; 45; 46). 

We recognize that earlier Th2 immune-mediated inflammatory events are likely to be 

critical in the initial pathogenesis of functionally important airway remodeling processes. 

Foster and co-workers have already reported that CD4+ T cell depletion at the time of 

chronic allergen exposure results in attenuation of AHR and aspects of airway remodeling 

(19). Their observations indicate that T cells contribute to the remodeling process during a 

period of chronic allergen exposure. Our study was not designed to determine whether T cell 

depletion had any effect on indices of airway remodeling, but instead examined the effects 

of depleting CD4+ and CD8+ T cells, at a time when they were still present in lung tissue 

(Figure 5) and when aspects of airway remodeling were already established and sustained 

AHR was present. Our principal hypothesis related to whether ongoing T cell-mediated 

inflammation was required to maintain sustained AHR; our a priori expectation was that the 

brief period of T cell depletion used in this study was unlikely to have any attenuating effect 

on indices of airway remodeling. 

T cell depletion in these experiments was approximately 98%, raising the question of 

how many T cells would have been required in order to maintain AHR under chronic 

allergen conditions. Obviously, the precise answer to this question is not known. However, 

we observed that the same degree of T cell depletion in the brief allergen challenge protocol 

was completely effective at abrogating AHR. We therefore assumed that any ongoing T cell 

dependent AHR in the chronic model would also have been abrogated by the same antibody 

treatment protocol. 
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We elected to treat mice with anti-CD4/anti-CD8 mAb for a relatively brief, 10-day 

period in this study. While this was sufficient to deplete both CD4+ and CDS+ cells in lung 

and spleen tissue and to address our study hypothesis, it also provides an opportunity to 

speculate on the potential effects of extended anti-CD4/anti-CD8 mAb treatment. We 

assume that concomitant mAb treatment throughout the period of chronic allergen exposure 

might have resulted in abrogation of Th2 immune-mediated airway inflammation, with the 

subsequent attenuation of aspects of airway remodeling and AHR, as has been observed by 

Foster and colleagues (19). It is perhaps more intriguing to speculate whether prolonged 

mAb treatment, given after a period of chronic allergen exposure, might have facilitated 

some resolution of the AHR and associated airway remodeling. Formal testing of this 

hypothesis has important implications for targeted anti-CD4 or more specific immune based 

treatments as a potential therapy for asthma, and is clinically relevant, in that the majority of 

patients with asthma already have aspects of airway remodeling present at the time of 

clinical presentation (9). If prolonged abrogation of T cell-mediated airway inflammation is 

unable to attenuate aspects of established airway remodeling and AHR, then it is clear that 

other approaches will be needed to fully address airway dysfunction in asthma. These may 

take the form of earlier immune based interventions, at a time before significant airway 

remodeling has occurred, or intervention with other agents that specifically address the 

functionally important aspects of airway remodeling. Addressing these issues may also 

provide a better understanding as to why anti-CD4 mAb treatment (32), as well as anti-IL-5 

(36) and anti-IL-4 treatment (1) have provided disappointing results in clinical studies of 

asthma to date. 
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In summary, we have demonstrated that depletion of CD4+ and CDS+ cells during 

brief allergen challenge, at a time when acute, T-cell mediated airway inflammation is 

associated with transient AHR, results in significant attenuation of the acute inflammation 

response, and the prevention of the transient AHR. In contrast, despite the depletion ofCD4+ 

and CD8+ cells after chronic, repeated allergen exposure at a time when airway remodeling 

has already become established, has no effect on the sustained AHR present in our model at 

that time. Our results strongly support the paradigm that the transient airway 

hyperreactivity, occurring after brief exposure to allergen, is dependent on T cell-mediated 

airway inflammation. However, our observations extend that understanding by providing 

substantial novel evidence that T cells are not necessary to maintain established sustained 

AHR, resulting from chronic allergen exposure. 
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Figure Legends 

Figure 1.: Study protocols. 

Sensitization and challenge protocols used in brief and chronic challenge models. 

Intraperitoneal (IP) sensitization with ovalbumin (OVA) was followed by intranasal (IN) 

challenge with OVA, while control mice received saline. Note that mAb I diluent treatment 

was given 10, 7 and 3 days prior to outcome measurements being made in each protocol. 

Figure 2: Airway responsiveness methods. 

Total respiratory system resistance (RRS) was measured in response to increasing doses of 

i.v. MCh. Using the resulting RRs-MCh dose response curve, indices of airway reactivity 

(Slope RRS), airway sensitivity, or the lowest dose to produce bronchoconstriction (Break 

RRS) and maximal degree of bronc hoc on stricti on (Max RRS) were measured. 

Figure 3: Lung CD4+ and CDS+ T cells following brief exposure to saline or allergen. 

Percentage of lung CD4+ and CD8+ T cells, determined by F ACS analysis, foHowing brief 

challenge with either saline (SAL) or ovalbumin (OVA) and treatment with either diluent 

(DIL) or anti-CD4/anti-CD8 monoclonoal antibodies (mAb). FACS analysis on lung tissues 

from 2 non-sensitized, unchallenged, untreated nude mice (Jackson Laboratory, Bar Harbor, 

ME) was performed to establish baseline levels for both CD4+ and CD8+ cells. 

Figure 4: Airway responses following brief exposure to saline or allergen. 
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Maximum airway bronchoconstriction and airway reactivity, calculated as the dose response 

slope to intravenous MCh, measured 24h following brief exposure to saline or allergen. 

Reactivity (slope of the response) of the OVA mice was greater than that of the SAL and 

OVA+mAb mice (p<0.05), which were not different from each other (p>0.05). 

Figure 5: Lung CD4+ and CDS+ T cens following chronic exposure to saline or allergen. 

Percentage of lung CD4+ and CD8+ T cells, determined by F ACS analysis, following 

chronic challenge with either saline (SAL) or ovalbumin (OVA) and treatment with either 

diluent (DIL) or anti-CD4/anti-CD8 monoclonoal antibodies (mAb). FACS analysis on lung 

tissues from 2 non-sensitized, unchallenged, untreated nude mice (Jackson Laboratory, Bar 

Harbor, ME) was performed to establish baseline levels for both CD4 and CDS cells. 

Figure 6: Morphometric changes in airways of mice following chronic exposure to 

saline or allergen. 

Morphometric quantification of mucin containing goblet cells (GC) (PAS), collagen (PSR), 

and contractile elements (a-SMA) in the airways of mice following chronic challenge with 

saline (SAL) or ovalbumin (OVA) and treatment with diluent (DIL) or anti-CD4/anti-CD8 

monoclonoal antibodies (mAb). Data are expressed as the number of goblet cells staining for 

mucin (PAS positive) expressed per length of airway wall (GC/mm), and as the percentage 

of positively stained tissue in the region of interest in the PSR and a-SMA stained sections. 

* indicates p < 0.05 compared to saline challenged mice. 
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Figure 7: Histological sections of airway waH from chronically challenged mice. 

Staining for PAS positive goblet cells (Panels A-C), collagen deposition (PSR, viewed 

using polarized light microscopy) (Panels D-F), and contractile elements (uSMA) (Panels 

G-I) in the airways of mice following chronic exposure to saline with diluent treatment 

(Panels A, D, G), allergen with diluent treatment (Panels B, E, H), or allergen with mAb 

treatment (Panels C, F, I). Bars indicate 50-llm. 

Figure 8: Airway responses following chronic exposure to saline or allergen. 

Maximum airway bronchoconstriction and airway reactivity, calculated as the dose response 

slope to intravenous MCh, measured 4 weeks following chronic exposure to saline or 

allergen. Airway reactivity of the OV A and OVA +mAb mice was greater than that of the 

SAL mice (p<O.05) but were not different from each other (p>O.05). 
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Brief Challenge Chronic Challenge 

SAL/DIL OVA/DIL OVA/mAo SAL/DIL OVA/DIL OVA/mAo 

, Total cell counts 
(x 104/ml) 

17.0 106.8* 54. 1 t 21.9 38.7 30.7 
i 

EosinophHs 0.1 70.2* 19.8t 0.0 0.1 0.0 
(x 104/ml) 

Table 1: Total and eosinophil cell counts in BAL fluid following brief or chronic exposure 

to saline (SAL) or ovalbumin (OVA). Mice were either treated with diluent (DIL) or anti-

CD4 / anti-CD8 monoclonal antibodies (mAb). tindicates p < 0.001 compared to saline 

challenged / diluent treated mice. *indicates p < 0.001 compared to ovalbumin challenged / 

diluent treated mice. 
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Figure 1 
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Figure 2 
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Figure 4 
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Figure 6 
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Figure 1 
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Abstract 

lnterleukin (lL )-13 is regarded as being a central effector in the pathophysiology of airway 

hyperresponsiveness. We have described a mouse model in which chronic allergen exposure 

results in sustained airway hyperresponsiveness and aspects of airway remodeling, and here 

sought to demonstrate that this component of airway hyperresponsiveness is independent of 

biologically active lL-13. Sensitized mice were subjected to either brief or chronic periods of 

allergen exposure and studied 24 hours after brief or 4 weeks after chronic allergen inhalation. A 

soluble murine anti-IL-13 receptor fusion protein, that specifically binds to and neutralizes 

13, was given daily during the 4 days prior to outcome measurements in both protocols. 

Outcomes included airway responses to intravenous methacholine, bronchoalveolar lavage cell 

counts and airway morphometry. Compared to saline control, brief allergen challenge resulted in 

airway hyperresponsiveness, which was prevented by anti-IL-13 treatment. Chronic allergen 

challenge resulted in sustained airway hyperresponsiveness and indices of airway remodeling; 

IL-13 blockade failed to reverse this sustained airway hyperresponsiveness. These results 

confirm that IL-13 is critical for the development of airway hyperresponsiveness associated with 

brief allergen exposure, but is not necessary to maintain the sustained airway 

hyperresponsiveness associated with airway remodeling. 

Key words: Allergic disease; asthma; bronchial hyperreactivity; airway inflammation. 
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Introduction 

Experimental animal models point to an essential role for interleukin (IL)-13 in the induction 

of airway hyperresponsiveness CAHR) 1-9. The administration of recombinant IL-13 to the 

airways of naIve mice, in the absence of allergen immunization, induces airway inflammation 

and AHR 1,2. Furthermore, selective blockade of IL-13, performed by the systemic 

administration of a soluble IL-13 receptor fusion protein, is effective in abrogating allergen

induced AHR in mouse models that involve brief periods of allergen exposure 1,2. Transgenic 

models in which mice constitutively over-express IL-13 in their airways have also provided 

convincing evidence for the effector role of IL-13 in the pathogenesis of AHR. These mice 

develop acute and chronic airway inflammation, which is associated with spontaneous increases 

in airway resistance and airway hyperreactivity to nebulized methacholine 3. Based largely on 

these pre-clinical observations, IL-13 is now widely regarded as being a central mediator in the 

pathophysiology of AHR 10-13. 

However, the mechanisms underlying AHR in asthma are complex and likely to be multi

factorial 14. We postulate that there are times when patients with stable asthma, but persistent 

AHR, will not have major ongoing immune events. The observation that profound AHR is 

sustained in asthma, despite effective treatment with anti-inflammatory corticosteroids 15-18 

suggests that mechanisms other than acute T-helper type 2 CTh2) cell mediated inflammation 

likely account for a major component of AHR. An increasingly large body of literature supports 

the paradigm that chronic structural changes in the airway, often termed airway remodeling, may 

be at least partly responsible for sustained AHR 19-27. These changes include airway wall 

thickening, subepithelial fibrosis, goblet cell metaplasia and hypertrophy and hyperplasia of 

myocytes, fibroblasts and myofibroblasts 28-33. Although modeling systems based on short-term 
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exposure of sensitized animals to allergen have greatly increased our understanding of the 

mechanisms underlying Th2-mediated inflammatory responses, a relative limitation of these 

models is that they do not adequately account for the chronic structural changes present in 

asthma. Thus, the associated AHR is transient, disappearing 14-21 days after allergen inhalation, 

and appears to be related only to Th2-mediated airway inflammation and the activation of Th2 

cytokine effector pathways 34. This is not equivalent to the sustained AHR present in individuals 

with established asthma and thus, while these brief challenge models have provided valuable 

information, they are unlikely to provide a complete description of the mechanisms underlying 

AHR. 

We have described a model in which sustained AHR and indices of airway remodeling 

develop in mice following chronic exposure to allergen 34. We believe that both the AHR and 

much of the remodeling evident in this model are IL-13 dependent, as both are prevented when 

IL-13 gene-deficient mice are chronically exposed to allergen in this protocol 35. However, the 

fact that these abnormalities persist in wild type mice for at least 8 weeks following final 

allergen exposure, beyond the resolution of acute inflammatory events, suggest that aspects of 

airway remodeling contribute independently to the ongoing, sustained airway hyperreactivity 34. 

We now hypothesized that the sustained airway dysfunction present in our model is no longer 

dependent on IL-13 effector mechanisms, but is instead associated with chronic structural airway 

remodeling. The purpose of the present study was to demonstrate that there is an IL-13 

independent component of AHR. To do this, we performed a series of experiments in which we 

initially sought to confirm that blockade of IL-13 with a soluble IL-13 receptor fusion protein 

prevented the development of the acute, inflammatory associated transient AHR in mice 

following brief allergen exposure. These experiments served as a positive control to confirm the 
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neutralizing effects of the anti-IL-13 fusion protein on allergen-induced AHR. In the second 

series of experiments, mice were exposed to our chronic allergen challenge protocol, and then, at 

a later point, several weeks after chronic challenge, treated with soluble IL-13 receptor fusion 

protein to block the effect of biologically active IL-13. Consistent with our hypothesis, we 

expected that IL-13 neutralization at this time was unlikely to attenuate the sustained AHR 

present in our model. Some of the results of these studies have been previously reported in the 

form of an abstract 36. 

Materials and Methods 

Animals: Female BALB/c mlce, aged 10-12 weeks, were purchased from Harlan Sprague 

Dawley Inc. (Indianapolis, IN). Mice were housed in environmentally controlled specific 

pathogen free conditions for 1 week prior to study, and for the duration of the experiments. All 

procedures were reviewed and approved by the Animal Research Ethics Board at McMaster 

University, and conformed to NIH guidelines for the experimental use of animals. 

Sensitization: Mice were sensitized with intraperitoneal ovalbumin conjugated to aluminum 

potassium sulphate, as described by us previously 37. 

Challenge and treatment intervention: Sensitized mice were subjected to either brief or chronic 

periods of allergen exposure, as described by us previously 34 (Figure 1). Control mice were 

subjected to the same sensitization protocol but received saline challenges. Allergen and saline 

challenged mice were studied 24 hours after the final exposure (day 21) in the brief protocol, and 

4 weeks after the final exposure in the chronic protocol. Blockade of IL-13 was performed by 
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intraperitoneal administration of a soluble murine IL-13rot2-humanlgG fusion protein (sIL

URa2.Fc) provided by Wyeth Pharmaceuticals Inc. (Cambridge, MA), which specifically binds 

to and neutralizes murine IL-13 38. Control mice were treated with human IgG control protein. 

Mice were treated with 200llg/dose/mouse of sIL-13Ra2.Fc on days -3, -2, -1 prior to the 

outcome day in each protocol, with a further 200llg dose given 1 hour before outcome 

measurements (Figure 1). In the brief model, this treatment was given on days 18, 19,20 and 21 

(i.e. day before and 2 days of challenge, and then day of outcome). In the chronic model treatment 

was given in the last week of the 4-week recovery period after the final allergen challenge on day 

90. The following outcome measurements were made; 1) in vivo airvvay responsiveness to 

intravenous methacholine; 2) total and differential cell counts in bronchoalveolar lavage (BAL) 

fluid; and 3) airvvay morphometry using a computer based image analysis system. Separate 

groups of 10 mice were studied in each treatment arm of each protocol. 

Airway Responsiveness: 

The underlying contributors to mrvvay responSIveness, namely mrvvay reactivity (slope of 

increase in total respiratory system resistance (RRs) for a given increase in methacholine (MCh) 

dose), airvvay sensitivity (lowest dose ofMCh to produce bronchoconstriction) and the maximum 

inducible bronchoconstriction (maximum RRS) were measured following brief or chronic 

allergen challenge (Figure 2). These components of airvvay responsiveness were measured based 

on the response of RRS to saline and increasing intravenous doses of MCh (Figure 2). RRS was 

measured using the flow interrupter technique, modified for use in mice, and described in detail 

elsewhere 34,37,39. 
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Bronchoaiveoiar Lavage (BAL): Following airway physiology measurements, BAL was 

performed as described by us previously 37. Differential cell counts were performed on 400 cells, 

counted by one investigator blind to the experimental conditions. IL-13 protein levels in BAL 

fluid were assessed by enzyme-linked immunosorbant assay (Quantikine, R&D Systems, 

Minneapolis, MN). Levels below 7.8 pg/mL are considered by the manufacturer to be below the 

level of detection. 

Lung Histology and Morphometry: The lungs were dissected and processed as described by us 

in detail previously 34. Three-11m thick transverse sections were cut and assessed with the 

following stains: hematoxylin and eosin (H&E) for the presence of eosinophils; picrosirius red 

(PSR) to demonstrate the presence of collagen, and periodic acid Schiff (PAS) to demonstrate 

the presence of mucin within goblet cells. Additional sections were prepared for 

immunohistochemistry using a monoclonal antibody (clone asm-l, Novacastra Laboratories Ltd, 

Newcastle upon Tyne, United Kingdom) against a-smooth muscle actin (a-SMA) to identify 

contractile elements. (We use the term 'contractile elements' rather than contractile smooth 

muscle, as this immuno-stain identifies the alpha smooth muscle actin contractile protein present 

in both contractile and secretory smooth muscle phenotypes and in myofibroblasts). 

Morphometric quantification of the stained lung sections was performed using a customized 

digital image analysis system (Northern Eclipse, Empix Imaging Inc., Mississauga, Canada), as 

d 'b db' d'l . I 3440 escn e y us metal previOus y , . 
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Statistical A.nalysis: 

Reported values are expressed as mean and standard error of the mean (SEM). Comparisons with 

respect to airway reactivity (slope of the RRS - log transformed MCh dose response curve), 

maximal bronchoconstriction (maximal MCh induced RRS), cell counts and indices of airway 

remodeling between saline control mice and mice receiving either brief or chronic allergen 

exposure, treated with either sIL-13Ra2.Fc or IgG control protein, were made using analysis of 

variance (ANOVA). Post-hoc multiple comparison testing was performed using Duncan's test to 

assess for significant effects. All comparisons were two-tailed, and p values < 0.05 were 

considered to be significant. 

Results 

1. Treatment with sIL-J3Ra2.Fc during brief allergen exposure prevents the development of 

Th2 mediated AHR. 

Following a period of brief allergen challenge, mIce treated with IgG control protein 

exhibited a significant increase in total cell counts and eosinophils in BAL when compared to 

mice exposed to saline and treated with IgG control protein (p<0.001) (Figure 3). BAL IL-13 

levels increased from 71.7 (SEM 2.4) pg/ml to 122.9 (SEM 13.6) pg/ml in saline vs. allergen 

challenged mice (p<0.05). Treatment with sIL-13Ra2.Fc during the period of brief allergen 

challenge (Figure 1) resulted in significant attenuation of the allergen-induced increase in total 

cell counts (p=0.02) but had no significant affect on the number of eosinophils in BAL fluid 

(Figure 3). The magnitude of BAL eosinophilia in response to brief allergen challenge, and the 
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subsequent lack of attenuation by sIL-13 Ra2.F c treatment was similar to that seen in the airway 

tissue (data not shown). 

Following brief exposure to allergen, mIce treated with IgG control protein exhibited 

significant increases in airway reactivity (p<O.OOl) and maximal bronchoconstriction (p<O.OOl), 

compared to the saline control groups (Figure 4). We were also able to confirm, as others have 

shown before 1,2, that sIL-13Ra2.Fc treatment during the period of brief allergen challenge 

completely abrogated the development of airway hyperreactivity and the increased maximal 

bronchoconstriction present in allergen challenged / IgG control treated mice (Figure 4). 

2. Chronic allergen exposure results in aspects of airway wall remodeling and sustained 

AHR that is not attenuated by sIL-13Ra2.Fc treatment. 

As in the brief challenge protocol, sIL-13Ra2.Fc or IgG control treatment was given during 

the 4 days prior to outcome measurements being made, but the timing of this intervention in the 

chronic protocol meant that treatment with sIL-13Ra2.Fc was only given some 3 weeks after the 

final allergen challenge (Figure1), at a time when airway remodeling was established 34. BAL 

IL-13 measured at this time was not different between saline challenged (67.0; SEM 6.8 pg/ml) 

and allergen challenged (66.6; SEM 5.2 pg/ml) mice (p>0.05). Following chronic allergen 

exposure, IgG control protein treated mice exhibited a significant and sustained increase in 

airway reactivity (p<O.Ol) and maximal bronchoconstriction (p<0.01) (Figure 5), compared to 

saline control mice. In contrast to our observations in the brief exposure model, treatment with 

sIL-13Ra2.Fc after chronic allergen exposure had no attenuating effect on either this sustained 

airway hyperreactivity or the sustained increase in maximal bronchoconstriction (Figure 5). 
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There was a significant increase in the amount of mucin-containing PAS positive goblet cells 

(Figures 6, 'i A and 'iB), subepithelial coHagen deposition (Figures 6, 'iD and 'iE) and a-SMA 

staining (Figures 6, 'iG and 'iH) in the airways of the IgG control treated mice 4 weeks after 

chronic allergen exposure, compared to saline control mice (p<O.Ol). As we had anticipated a 

priori, neutralization of IL-13 had no effect on any of these indices of airway remodeling 

(Figures 6, 'ie, 'iF and 'iI). Consistent with our previous studies 34, minimal numbers of 

eosinophils were observed in the BAL fluid of IgG control treated and sIL-13Ra2.Fc treated 

mice 4 weeks after chronic allergen exposure, and these values were not significantly different to 

baseline values observed in saline control mice (Figure 3). 

Discussion 

This is the first study to directly examine the role of IL-13 in a model of established, 

sustained AHR. Our main purpose with this study was to demonstrate an anti-IL-13 insensitive 

component of allergen induced AHR. We therefore waited until a time point following chronic 

allergen challenge when IL-13 levels had decreased, and blocked any residual biological activity 

ofIL-13 using the sIL-13Ra2.Fc fusion protein. The results from our study clearly illustrate that 

blocking IL-13 activity at this time is not capable of reversing the sustained AHR 

Although there have been other reports of animal models in which chronic allergen or fungal 

exposure has resulted in structural airway changes and AHR 41-45, our model is fundamentally 

different in that the sustained AHR we observe is present for at least 8 weeks after the final 

allergen challenge, at a time when acute Th2-mediated inflammatory responses have largely 

resolved 34. This is in contrast to the AHR described in the other models of chronic allergen or 

fungal exposure, where AHR is observed at times when cellular airway inflammation is still 
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marked 41,43-45. We have now shown that neutralizing IL-13, at a time when chronic allergen 

exposure has already resulted in the establishment of airway remodeling, did not attenuate the 

sustained AHR observed in our model. These observations are consistent with our underlying 

hypothesis, namely that IL-13 mediated effector pathways are not required to maintain sustained 

AHR; they also provide further evidence that sustained AHR is a consequence of airway 

remodeling, rather than ongoing Th2 cytokine-mediated airway inflammation. We do however 

recognize that earlier Th2 immune-mediated inflammatory events are likely to be critical in the 

initial pathogenesis of functionally important airway remodeling processes, as evidenced by the 

fact that IL-13 gene-deficient mice are protected from developing aspects of airway remodeling 

or sustained AHR when subjected to this chronic allergen exposure protocol 35. 

We have also shown that specific neutralization of IL-13 in mice during a period of brief 

allergen exposure, at a time when IL-13 protein levels were significantly increased in BAL fluid 

compare to saline control mice, prevented the development of transient, Th2-cytokine mediated 

AHR. By demonstrating that treatment with sIL-13Ra2.Fc was able to completely prevent this 

component of AHR following brief allergen challenge, we have confirmed that sIL-13Ra2.Fc is 

functionally effective at neutralizing the effects of endogenous IL-13. Our observations thus 

confirm the critical role ofIL-13 in initiating the acute Th2-mediated inflammatory events that 

lead to transient AHR in this model and are consistent with other published reports in which IL-

13 blockade resulted in the abrogation of allergen-induced AHR 1,2. However, while these 

experimental models of brief allergen exposure point to the fact that IL-13 may be an important 

therapeutic target in the treatment of AHR, they only allow evaluation of interventions on acute 

Th2-mediated responses, and do not take into account the chronic structural changes that are 
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characteristic of established asthma and which have been implicated in the pathophysiology of 

AHR. 

In agreement with previous observations by us, BAL IL-13 levels were not elevated above 

control levels in chronically challenged mice 35. We felt however, that this was not sufficient 

for concluding that anti-IL-13 treatment would not be effective at this time. Ongoing local 

production of IL-13 may well have been affecting smooth muscle function in these mice without 

elevating BAL IL-13 levels. Here however, we have shown that anti-IL-13 treatment at this time 

was ineffective, indicating that ongoing production of IL-13 was not playing a role in 

maintaining AHR. 

We recognize that immunological tolerance is likely to occur during our chronic challenge 

protocol. This may decrease the contribution of IL-13 to the sustained AHR present in our 

chronic model. Nonetheless, the major focus of the present study was to demonstrate that there is 

an IL-13 independent component of AHR; this aspect of AHR should not be affected by the 

development of immunological tolerance. We would interpret the results of our present study as 

demonstrating that, while both tolerance and the blocking of IL-13 reduce the immune-mediated 

component of AHR, there is a substantial residual component of AHR that is independent of 

immune-mediated mechanisms and the effects of IL-13. This interpretation would be wholly 

consistent with our overall hypothesis that there is an IL-13 independent component of AHR 

Given that transgenic over-expression of IL-13 results in tissue eosinophilia in mouse 

airways 3, we might have expected that sIL-13Ra2.Fc treatment would result in a more 

substantial attenuation of the allergen-induced airway eosinophilia than was noted in this study. 

However, our results are also consistent with a previously published report 1 in that IL-13 

blockade prior to brief allergen exposure did not significantly attenuate allergen-induced airway 
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eosinophilia. It is also consistent with our own previous work in which IL-13 gene deficient mice 

had only a modest reduction in tissue eosinophilia compared to wild-type control mice, following 

brief periods of allergen exposure 35. These observations suggest that eosinophil biology is likely 

influenced by a number of mediators and cytokines, in addition to IL-13. It is also likely that IL-

13 dependent AHR occurs by mechanisms that are independent of airway eosinophilia. 

In this study we have not attempted to reverse structural changes, but rather to leave them 

intact and remove a specific immune mediator. For this reason we elected to treat mice with sIL

l3Ra2.Fc for a relatively brief 4-day period. While this was sufficient to neutralize IL-l3 in the 

airways and to address our study hypothesis, we recognized a priori that this treatment regimen 

was likely to be too brief to have any effect on the indices of airway remodeling measured in the 

study. Thus, our observations that IL-13 blockade had no attenuating effect on indices of 

remodeling were entirely expected; they do however point to the IL-13 independent contribution 

that chronic structural changes play in the pathogenesis of sustained AHR. 

Our study design also provides an opportunity to speculate on the potential therapeutic 

effects of extended sIL-13Ra2.Fc treatment during the period of chronic allergen exposure. 

Interventions that regulate Th2 cytokine effector pathways are attractive as potential therapeutic 

targets, and we assume that concomitant sIL-13Ra2.Fc treatment throughout the period of 

chronic allergen exposure might result in abrogation of Th2 immune-mediated airway 

inflammation, with the subsequent attenuation of aspects of airway remodeling and AHR. It is 

however perhaps more intriguing to speculate on whether prolonged sIL-l3Ra2.Fc treatment, 

given after a period of chronic allergen exposure, might facilitate some resolution of the AHR 

and associated airway remodeling. Data from pre-clinical studies suggest a potential impact of 

IL-13 antagonism on airway remodeling, with evidence that sIL-l3Ra2.Fc treatment 
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significantly blocks collagen formation in a model of hepatic fibrosis 46, and also prevents 

collagen deposition in chronic allergic airway inflammation 47. Formal testing of this hypothesis 

has important implications for targeted anti-IL-13 as a potential therapy for asthma, and is 

clinically relevant in that the majority of patients with asthma already have aspects of airway 

remodeling present at the time of clinical presentation 48. 

In summary, we have demonstrated that neutralization of IL-13 during a period of brief 

allergen challenge, at a time when acute Th2-mediated airway inflammation is associated with 

transient AHR, results in the prevention of this component of AHR. In contrast, neutralization of 

IL-13 after chronic repeated allergen exposure, at a time when airway remodeling has already 

become established, has no effect on the sustained AHR. Our results strongly support the 

paradigm that the transient airway hyperreactivity occurring after brief exposure to allergen is 

dependent on IL-13 mediated effector pathways. However, our observations extend that 

understanding by providing substantial novel evidence that there is a component of AHR that is 

associated with aspects of airway remodeling, and that blocking the effect of biologically active 

IL-13 has no effect on this component of AHR. Our observations also imply that anti-IL-13 

strategies may be no more effective in the clinical management of established asthma than 

currently available inhaled corticosteroid therapies that target immune-mediated inflammation 49. 
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Figure Legends 

Figure 1: Study protocols. 

Sensitization and challenge protocols used in brief and chronic challenge models. Note that sIL-

13Ra2.Fc / IgG control treatment was given 4 days prior to outcome measurements being made 

in each protocoL 

Figure 2: Airway responsiveness methods. 

Total respiratory system resistance (RRS) was measured in response to increasing doses of i.v. 

MCh. Using the resulting RRs-MCh dose response curve, indices of airway reactivity (Slope 

RRS), airway sensitivity, or the lowest dose to produce bronchoconstriction (Break RRS) and 

maximal degree of bronc hoc on stricti on (Max RRS) were measured. 

Figure 3: HAL cell counts following brief or chronic exposure to saline or allergen. 

Total cell counts (TCC) and eosinophil counts measured in BAL fluid, following brief challenge 

with either saline (SAL) or ovalbumin (OVA) and treatment with either IgG control antibody 

(DIL) or sIL-13Ra2.Fc (anti-IL-13). 

Figure 4: Airway responses following brief exposure to saline or allergen. 

Maximum airway bronchoconstriction and airway reactivity, calculated as the dose response 

slope to intravenous MCh, measured 24h following brief exposure to saline or allergen. 
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Figure 5: Airway responses following chronic exposure to saline or allergen. 

Maximum airway bronchoconstriction and airway reactivity, calculated as the dose response 

slope to intravenous Meh, measured 4 weeks following brief exposure to saline or allergen. 

Figure 6: Morphometric changes in airways of mice following chronic exposure to saline or 

allergen. 

Morphometric quantification of mucin containing goblet cells (PAS), coHagen (PSR), and 

contractile elements (a-SMA) in the airways of mice following chronic challenge with saline 

(SAL) or ovalbumin (OVA) and treatment with IgG control antibody (DIL) or sIL-13Ra2.Fc 

(anti-IL-13). Data are expressed as the number of goblet cells staining for mucin (PAS positive), 

expressed per length (cells/mm) of airway wall, and as the percentage of positively stained tissue 

in the region of interest in the PSR and a-SMA stained sections. 

* indicates p < 0.05 compared to saline challenged mice. 

Figure 7: Histological sections of airway waH from chronically challenged mice. 

Staining for PAS positive goblet cells (Panels A-C), collagen deposition (PSR, viewed using 

polarized light microscopy) (Panels D-F), and contractile elements (aSMA) (Panels G-I) in the 

airways of mice following chronic exposure to saline with IgG control antibody treatment 

(Panels A, D, G), allergen with IgG control antibody treatment (Panels :8, E, H), or allergen 

with sIL-13Ra2.Fc treatment (Panels C, F, I). Bars indicate 50-iJ-m. 
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Figure 6 
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Figure 1 
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Chapter 8 

DISCUSSION 

AHR has long been recognized as a characteristic feature of asthma. It is therefore 

not surprising that much of the research exploring the pathogenesis of asthma has focused 

on the mechanisms underlying AHR. Over the past two decades, a number of 

experimental and clinical allergen-challenge models have been used to investigate the 

mechanisms of AHR. While this line of research has told us much about the immune

mediated molecular and signaling mechanisms involved in the pathogenesis of AHR, it 

has also facilitated a somewhat one-sided, and perhaps simplistic view of a phenomenon 

that, in reality, is complex and likely to be multi-factorial. It has also meant that airway 

remodeling has received considerably less attention as a potential contributor to the 

pathogenesis of AHR. Yet chronic structural changes of the airway, involving epithelial 

cell and goblet cell hyperplasia and metaplasia, collagen deposition and thickening of the 

subepithelial region, smooth muscle hypertrophy and hyperplasia, and proliferation of 

airway blood vessels and nerves are a consistent histological feature in almost aU patients 

with established asthma (1-5). Furthermore, mathematical modeling studies have 

indicated that these chronic structural changes are theoretically able to account for a large 

component of AHR (6-10). Thus, while it appears that characteristic inflammatory 

processes of asthma play a role in determining AHR, it is increasingly evident that 

additional factors are also involved in the pathogenesis of AHR. This concept is further 

supported by the fact that, although allergen challenge or steroid treatment are capable of 

either markedly increasing or attenuating the degree of eosinophilic airway inflammation 
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respectively (11-15), such interventions are associated with relatively small changes in 

AHR, with improvements in PC20 methacholine (or histamine) of only 1-2 doubling 

concentrations. Furthermore, in studies where the extent of eosinophilic inflammation has 

been related to the degree of AHR, such relationships are usually weak and indeed 

sometimes absent (5;16-18). Taken together, these observations have given rise to the 

hypothesis that AHR may result from two temporally independent processes, namely, a 

variable responsive component, which can be attributed to fluctuating degrees of 

immune-mediated airway inflammation, and a sustained component, that remains 

relatively fixed and which is relatively independent of acute inflammatory events within 

the airway. This hypothesis also suggests that airway remodeling may be functionally 

relevant in the pathogenesis of AHR, and may provide an explanation for the sustained, 

corticosteroid-resistant AHR (19), the accelerated decline in lung function observed over 

time in patients with established asthma (20;21), and the loss of corticosteroid 

responsiveness on baseline lung function observed in the Childhood Asthma Management 

Program study (22). The overall purpose of the studies contained in this thesis has been to 

explore the mechanisms underlying AHR, and to segregate the contributions of immune

mediated inflammatory responses and chronic structural changes to the physiological 

consequences of chronic allergen inhalation. 

In the first study contained in this thesis, (Chapter 2), we examined the effects of 

inhaled budesonide and montelukast, alone or in combination, on outcome variables after 

allergen inhalation in 10 subjects with mild asthma. Although a number of studies have 

confirmed that regular inhaled corticosteroid therapy inhibits the late asthmatic response, 
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it does not significantly attenuate the early asthmatic response and results in only a 

modest attenuation of allergen-induced AHR (12;13). Furthermore, inhaled steroid 

treatment does not completely abrogate allergen-induced increases in sputum eosinophils 

3;14;23). We therefore reasoned that there might be other ongoing inflammatory 

mechanisms, which are relatively insensitive to the anti-inflammatory effects of inhaled 

corticosteroid therapy that might contribute to the pathogenesis of AHR. Cysteinyl 

leukotrienes are inflammatory mediators that cause potent bronchocontriction and are 

thought to be critical in the pathogenesis of the early asthmatic response (24-26). 

However, their inflammatory effects may not be inhibited by corticosteroid treatment 

(27), and we hypothesized that the combination of an inhaled corticosteroid (budesonide) 

and a leukotriene receptor antagonist (montelukast) would provide greater anti

inflammatory effects than either drug alone. We further postulated that this greater 

abrogation of allergen-induced airway inflammation may result in greater protection 

against the allergen induced AHR. However, while treatment with either drug, alone or in 

combination, resulted in significant attenuation of allergen-induced sputum eosinophilia 

and afforded protection of approximately I-doubling concentration against allergen

induced AHR, combination treatment did not provide greater protection against allergen

induced AHR than did either drug alone. Also, combination treatment did not result in the 

normalization of airway responses in the study subjects. This study was novel in that it 

was the first published report to directly compare the protection afforded by an inhaled 

corticosteroid with that afforded by montelukast, either alone or in combination, on 

allergen-induced airway inflammation and AHR. The results indicated that, while 
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combination therapy was effective in attenuating airway eosinophilia as well as the early 

and late asthmatic responses, this was associated with only a modest 1-2 fold doubling 

concentration protection against allergen-induced AHR, and was no more effective in this 

regard than treatment with either drug alone. The results of this study also confirmed that 

it is unlikely that acute inflammatory events in the airway account for all of aspects of 

AHR, and further supported our hypothesis that other factors, including airway 

remodeling, may be important in the pathogenesis of sustained AHR. The remaining 

papers contained in this thesis describe, firstly, the development of a novel mouse model 

in which chronic exposure to allergen results in sustained airway dysfunction and some of 

the features of airway remodeling that are representative of asthma, and secondly, explore 

some of the mechanisms underlying the physiological consequences of chronic allergen 

exposure. 

In Chapter 3, we describe, in detail, the development of a chronic allergen 

challenge model in mice that results in the development of sustained airway dysfunction, 

which is associated with structural changes in the airway consistent with aspects of 

airway remodeling seen in asthma. In this study we observed that mice subjected to a 

single period of allergen exposure developed transient airway hyperreactivity that was 

associated with increases in airway eosinophilia and bronchoalveolar lavage (BAL) IL-13 

levels. In these mice, airway inflammation and airway reactivity returned to normal over 

the next 2-4 weeks. In contrast, fonowing chronic exposure to allergen, mice developed 

sustained airway hyperreactivity that persisted for at least 8 weeks after the final period of 

allergen exposure. This was well beyond the point at which both the eosinophilia and IL-
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13 levels had returned to baseline levels. Histological examination of airway tissue was 

performed using morphometric image analysis techniques (described in detail in Chapter 

4). Subepithelial fibrosis of the airways was not observed at any time following brief 

allergen exposure, but was evident at 4 and 8 weeks following chronic allergen exposure. 

There were increases in mucin staining at 24 hours and 2 weeks following the [mal 

allergen challenge in both models, but this only persisted beyond that time in the chronic 

model. Finally, increased contractile staining was observed in both groups of mice at all 

time points after challenge. Consistent with modeling studies of the airway (8;10), this 

increased contractile tissue was associated with greater maximal degrees of 

bronchoconstriction, which persisted throughout the 8-week period following both brief 

and chronic allergen exposure. 

In addition to our own laboratory, several other laboratories have also recently 

developed models of chronic exposure to allergen or fungus in order to observe the 

effects on airway wall remodeling and AHR (28-40). These models are consistent in that 

they all result in AHR and various indices of airway remodeling, including sub-epithelial 

fibrosis, goblet and epithelial cell hyperplasia, and increased amounts of contractile 

tissue. As a group, these studies also support the concept that chronic anergic type 

inflammation is sufficient to produce many of the chronic pathologic lesions associated 

with the asthmatic airway. However, our model is fundamentally different, in that we 

have demonstrated, for the first time, the development of sustained airway hyperreactivity 

following chronic exposure to allergen that was not associated with the presence of Th2 

mediated airway inflammation, such as airway eosinophilia or IL-13. Furthermore, we 
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observed indices of airway remodeling that were unique to chronically challenged mice, 

and which appeared to contribute to the presence of sustained airway hyperreactivity. 

Thus, we have developed a novel mouse model of chronic airway anergic inflammation 

in which chronic allergen exposure results in two of the key features of asthma; 1/ a 

fluctuating component of AHR, temporally linked to acute inflammatory events in the 

airway, and 21 a sustained component of AHR that is independent of these events, but 

appears to be linked to structural remodeling of the airway, similar to that seen in asthma. 

Our results from this study indicate that transient airway dysfunction following brief 

exposure to allergen, and sustained airway dysfunction following chronic allergen 

exposure, appear to be two interrelated but distinct entities. 

In Chapter 4 we have validated the morphometric technique used to quantify 

indices of airway remodeling in all the mouse model experiments described in this thesis. 

In this study, we demonstrated that the technique provides an objective valid, and reliable 

method to assess structural changes in the airways of mice, following chronic allergen 

exposure. The technique allows investigators to objectively quantify morphologic 

changes in mouse airways, thereby minimizing investigator bias associated with many of 

the more subjective techniques currently in use. We also provided sample size estimates 

for future studies using this chronic allergen exposure model, by demonstrating that the 

power to detect structural remodeling changes is influenced by the depth beneath the 

epithelium that is analyzed by the morphometric image analysis technique. This is the 

first time that such a validation study of the technique has been reported, and provides a 
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reference standard for the methodology of the technique, as well as providing useful 

information regarding the numbers of animals required for future studies. 

The Th2 cytokines IL-4, IL-5 and IL-l3 have each been identified as mediators of 

allergic airway inflammation, and it has been thought that they indirectly facilitate the 

development of AHR by promoting the recruitment and subsequent activation of 

eosinophils and other inflammatory cells into the airway (41-47). It has been postulated 

that these inflammatory cells then act on resident airway cells to initiate the chronic 

structural changes that result in AHK Alternatively, it has been suggested that these Th2 

cytokines act directly on resident airway cells to promote aspects of airway remodeling 

and subsequent AHR (48-53). In Chapter 5 we report a series of experiments in which 

we sought to determine whether the presence ofIL-4, IL-5 or IL-13 was necessary for the 

development of indices of airway remodeling or the development of sustained airway 

hyperreactivity. In this study, both IL-4 and IL-13 gene deficient mice were completely 

protected from developing aspects of airway remodeling and sustained airway 

hyperreactivity following chronic allergen exposure. In contrast, and despite the virtual 

absence of tissue eosinophilia, IL-5 gene deficient mice developed aspects of airway 

remodeling and sustained airway hyperreactivity, similar to that seen in wild type mice 

following chronic allergen exposure. These results strongly support the concept that 

airway remodeling and sustained airway dysfunction occur as a consequence of repeated 

Th2 immune-mediated airway inflammation, and they illustrate that IL-4 and IL-l3, but 

not IL-5, are critical for the development of these phenomena. They also provide 

substantial novel evidence that some of the remodeling changes observed the mouse 
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airways following chronic allergen inhalation are likely to play an important role in the 

pathophysiology of sustained airway hyperreactivity. 

The findings in this study are largely consistent with the published literature, 

which has suggested that IL-4 is required for the development of AHR (54), while IL-5, 

although necessary for the development of eosinophilic airway inflammation (42;54-56) 

is not required for the development of AHR (45;54;55;57;58). Similarly, a number of 

reports have consistently shown that IL-13 is required for the development of AHR 

(47;59-61). However, ours is the first study to examine the requirement for these 

cytokines in the pathogenesis of sustained AHR. These results are also consistent with a 

previous clinical study of mepolizumab (humanized anti-IL-5 blocking monoclonal 

antibody) treatment in asthma, which reported no effect on baseline or allergen-induced 

AHR, despite a substantial reduction in blood and sputum eosinophilia at the highest dose 

used (18). Thus, despite their apparently close association, airway eosinophilia would 

seem not to be a critical requirement for the phenotypic expression of AHR. However, the 

methodology in this clinical study has been questioned, in that it was statistically 

underpowered, while subjects in the placebo-control arm did not demonstrate allergen

induced AHR in the absence oftreatment (62). More recently, Flood-Page and colleagues 

(63) have reported that treatment of subjects with mild asthma with mepolizumab reduced 

circulating, sputum and tissue eosinophil numbers (by approximately 90%, 60-80%, and 

55% from baseline respectively), but had no significant effect on AHR. In a further 

publication using the same cohort of study subjects, the authors report that mepolizumab 

treatment reduced the deposition of some, but not all extracellular matrix proteins in the 
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subepithelial basement membrane of the airways, compared to placebo treatment (64). 

Taken together, these findings demonstrate that anti-IL-5 blocking mAb treatment fails to 

deplete eosinophils from the airway, and that even attenuating, rather than depleting, 

airway eosinophils and eosinophil degranulation results in some reduction of matrix 

protein deposition in the airways. Thus, we should be cautious in excluding the eosinophil 

as a potential mechanism in the pathogenesis of airway remodeling and AHR. We also 

need to be mindful of interpreting our own study results in realizing that we cannot be 

certain that eosinophils were entirely absent in the airways of IL-5 deficient mice, and 

that murine eosinophils are likely to be functionally different from human eosinophils 

(65). Clearly, further studies are needed to determine whether eosinophils contribute to 

airway remodeling processes and the development of sustained AHR in human asthma. 

Results from the preceding studies indicate that airway remodeling processes and 

sustained airway dysfunction are likely to develop secondarily to repeated Th2 type 

inflammatory events; they also indicate that sustained airway dysfunction persists beyond 

the resolution of these immune-mediated inflammatory responses. We therefore 

wondered whether blocking specific Th2 immune-mediated inflammatory responses, at a 

time when airway remodeling was established, would be sufficient to attenuate this 

sustained airway dysfunction. In Chapter 6 and Chapter 7 we examined the effects of 

immuno-depleting CD4+ and CD8+ T cells (Chapter 6) or blocking the effects of IL-13 

(Chapter 7), either at the time of brief allergen exposure when Th2 immune-mediated 

mechanisms were likely to account for transient airway hyperreactivity, or at a later time

point when indices of airway remodeling were established, and sustained airway 
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hyperreactivity was present. The major findings from these series of experiments were 

firstly, that the airway dysfunction associated with ongoing Th2 responses could be 

abrogated by preventing mediator release from T -cells, or by blocking 13, and 

secondly that these immuno-depletion interventions were not effective at reversmg 

sustained airway dysfunction that was established several weeks after a period of chronic 

allergen challenge (at a time when acute Th2-mediated inflammation has largely 

resolved). The results of these two studies are novel, in that they point to a complex basis 

for AHR in diseases such as asthma, and they also have potentially important clinical 

implications, in suggesting that immune based therapies, or therapies aimed at reducing 

ongoing inflammation, may never be capable of reversing airway responsiveness to 

normal levels in patients with established asthma. Rather, in order to achieve this ultimate 

goal, either immuno-modulatory intervention will need to be initiated earlier in the course 

of asthma pathogenesis, or additional therapies or environments will need to be developed 

that allow restoration of a normal (or at least functionally normal) airway wall in patients 

with established asthma. 

It is apparent from the studies contained in this thesis, as wen as from the many 

other published studies in the field, that AHR may result from a number of underlying 

mechanisms. The results from our studies support the current paradigm that considers 

AHR to be one of the major consequences of airway inflammation and remodeling. 

However, while AHR is generally seen in the setting of acute immune-mediated airway 

inflammation, the relationship between acute inflammatory processes and the chronic 

structural changes of airway remodeling in the pathophysiology of AHR has not yet been 
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wen characterized (66). It is however increasingly recognized that stmctural remodeling 

processes within the airway occur early during the development of asthma, and have been 

demonstrated to be present bronchial biopsy specimens from young children taken 

several years before asthma became clinically evident (67). Therefore, part of the 

difficulty in evaluating the specific roles for these mechanisms is that many of the 

fundamental scientific questions are difficult, if not impossible, to answer in human 

studies. As a result, we, along with many other investigators, have elected to utilize 

appropriate animal models to characterize the potential mechanisms that underlie the 

functional consequences of allergic airway disease. 

Our findings from the studies presented in this thesis offer an advance in the level 

of our understanding of the immuno-pathological mechanisms of AHR that was 

previously provided by murine models based on brief allergen exposure protocols (58-

60). These studies have focused on understanding the mechanisms of acute, immune

mediate airway inflammation and the associated transient airway dysfunction that occur 

following a single, brief period of exposure to allergen. This line of research has told us 

much about the functionally important molecular and signaling mechanisms involved in 

the transient airway dysfunction present in these models. For example, IL-13 appears to 

playa key role in AHR, while IL-5 plays a key role in eosinophilic inflammation without 

necessarily having a functional consequence. Data from these studies propose that there 

are two distinct ways through which inflammation can promote airway hyperreactivity. 

Firstly, inflammatory cells (mast cells or perhaps inflammatory cells present in the 

submucosa but not in the airways) are able to release histamine, leukotrienes, platelet 
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activating factor and proteases, that have relatively short half-lives and promote acute 

bronchoconstriction and increased AHR. Secondly, eosinophils can release MBP and 

other granule proteins, which activate macrophages to release cytokines and chemokines 

that may act on airway structural cells to promote airway remodeling. It is not necessarily 

clear whether this line of research targeting acute, immune-mediated inflammatory 

mechanisms, will result in therapies that are superior to inhaled corticosteroids. Indeed, 

inhaled corticosteroids have already been shown to have outstanding anti-inflammatory 

effects, and are highly effective at attenuating the inflammation and airway dysfunction 

associated with brief allergen exposure. 

Our studies provide supportive evidence that the airway remodeling and sustained 

airway dysfunction observed following chronic allergen challenge is as a result of 

repeated Th2-mediated inflammatory processes in the airway. We have observed that 

various interruptions of these Th2 inflammatory processes during the time of brief 

allergen exposure results in substantial attenuation of the transient, inflammation

associated AHR. In addition to our own chronic allergen model, a number of other 

investigators have developed murine models in which chronic exposure to allergen results 

in several indices of airway remodeling, and in some cases, sustained AHR (30-32;34-

36;39;40;68-70). While these and accumulating results will help to ten us much about the 

mechanisms of sustained dysfunction in asthma, it is not yet clear how they will lead to 

improved pharmacology available for the asthmatic patient. Nonetheless, with increased 

understanding of the relationship between airway remodeling and sustained AHR 

provided by these models, the aim should be to deVelop treatment strategies that will 
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address the component of AHR, which is not affected by currently available therapy. 

It has already been established that topical corticosteroids in rats (70) and 

systemic anti-leukotrienes in mice (34) are capable of attenuating indices of airway 

remodeling when treatment was applied throughout periods of chronic allergen challenge. 

In the case of corticosteroid treatment, this effect was associated with prevention of 

sustained AHR (70). However, in the case of anti-leukotriene treatment AHR persisted, 

which may have been a result of ongoing acute immune events as measurements were 

made shortly after cessation of allergen exposure (34). It is important to emphasize that in 

the Vanacker study (70), topical corticosteroids were only effective at preventing indices 

of airway remodeling and sustained AHR when delivered throughout the period of 

allergen exposure; initiation of therapy after allergen exposure was ineffective in terms of 

attenuating airway pathology and function. These findings are perhaps not surprising, 

given our current understanding that a large component of AHR in asthma appears to be 

steroid insensitive. However, what these findings do suggest is that the extent and 

functional consequences of airway remodeling may be moderated if anti-inflammatory 

therapy with inhaled steroids and possibly other agents, including anti-leukotrienes, is 

initiated very early in the course of the disease. Whether such an approach is clinically 

feasible, given that the structural changes of airway remodeling are already present in 

early childhood and may precede the onset of asthma symptoms (67), remains to be 

established. The more common and challenging clinical scenario is that of patients who 

present with symptoms of asthma, at a time when the structural changes of airway 

remodeling are already established (71-73). In this context, studies have established that 
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treatment, including topical steroids, anti-leukotrienes and vanous molecular 

interventions, are able to attenuate airway remodeling to some degree, but to date no 

interventions have been able to demonstrate a functionally important reversal of this 

process (34;64;70). Our chronic model is therefore relevant in that it provides a novel 

opportunity to further our understanding of the non-acute inflammatory contributors to 

AHR, and may be useful in developing new treatment strategies that will address that 

those components of AHR that seem to be resistant to anti-inflammatory treatment. 

There are a number of outstanding research questions, relating specifically to our 

model, that remain to be answered, and which are likely to provide further novel insights 

into the pathophysiology of AHR. The first question relates to the fact that AHR appears 

to have a strong genetic component; genetic studies in human asthma point to different 

patterns of inheritance for AHR (74-76), and it has been proposed that a genetic 

predisposition to develop abnormal repair processes within the airway, secondary to 

various stimuli or inflammatory insults, likely plays an important role in predisposing 

individuals to asthma (77-79) This paradigm is further supported by the recent 

identification of a novel asthma susceptibility gene, ADAM33, which is a member of the 

ADAM (a disintegrin and metalloprotease) family of zinc-dependent metaUoproteases 

that are encoded on chromosome 20p13 (80). In linkage analyses, statistical significance 

was strengthened when AHR was included in the asthma phenotype but weakened when 

asthma was conditioned for serum IgE or allergen-specific 19E levels, indicting a gene 

more closely linked to altered airway function than to allergic inflammation per se (80). 
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At present, it is not apparent which tissue(s) contribute the most to the 

development of AHR. However, a recent report has described substantial phenotypic 

differences in the degree of airway dysfunction and structural remodeling changes in the 

airways of different mouse strains subjected to the same chronic allergen challenge 

protocol (81). A similar study, currently underway in our laboratory, will evaluate 

differences in the degree of sustained airway hypereactivity and indices of airway 

remodeling in different strains of mice, and will likely provide important dues as to 

which components of airway remodeling are more relevant regarding in the development 

of AHR. It is perhaps more tantalizing to hypothesize as to whether different indices of 

remodeling are influenced by different genetic control mechanisms; if this is the case, 

then specific gene deletion studies will facilitate quantification of the contribution of each 

of the structural components of airway remodeling to the pathophysiology of AHR. 

A second direction that needs to be further explored is the potential role of other 

indices of airway remodeling in the development of AHR. Both neuronal and vascular 

(enlargement of existing vessels as well as neo-vascularization) changes have been 

observed in the airways of asthmatic individuals (82-87). To date, we have not looked for 

evidence of either vascular or neuronal remodeling in our chronic model. It will be 

interesting to quantify whether such changes exist, and if so, whether they have any 

relationship to the sustained airway hyperreactivity that is present in the model. 

Identification of additional indices of airway remodeling, particularly if they are strongly 

associated with airway dysfunction, will provide additional potential therapeutic targets in 

the treatment of AHR. 
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A third question that remams to be answered is whether currently available 

therapies, including topical corticosteroids, anti-leukotrienes and vanous molecular 

interventions, are able to effect functionally important attenuations of any of the indices 

of airway remodeling, if treatment is initiated after the establishment of airway 

remodeling but then given for a prolonged period of time. We believe this is analogous to 

clinical practice, where patients usually present after the disease process is already 

established. Results from such a study will address the hypothesis of whether the early 

introduction of anti-inflammatory therapy is useful in reducing the development of airway 

remodeling and sustained AHR. 

In conclusion, it is likely that a number of different mechanisms interact to 

produce AHR. While we have proposed that there may be separate mechanisms 

responsible for the underlying AHR in asthma, and for the variability seen throughout the 

course of the disease, it is possible that this distinction is not complete. It is likely that 

immune-mediated inflammatory mechanisms, together with chronic structural changes, in 

combination with airway wall edema, combine to cause airway wall thickening and AHR. 

It is also likely that the underlying mechanisms responsible for the immune-mediated 

inflammatory cell recruitment and mediator release may, in the short-term, be responsible 

for the variability in AHR, as well as, in the longer-term, for the underlying structural 

changes that are responsible for sustained AHR. Increased airway responsiveness to a 

variety of non-specific physical, chemical or pharmacological bronchoconstrictor agonists 

may possibly develop when airway inflammation and remodeling have progressively 

increased over months or years, and symptomatic asthma could represent the final 
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outcome of such a process. Nonetheless, the results from the studies contained in this 

thesis support the paradigm that different mechanisms are involved in causing different 

components of AHR. It is likely that one mechanism (airway remodeling) is responsible 

for the underlying AHR in asthmatic patients, differentiating them from healthy 

individuals, while another mechanism (acute, immune-mediated airway inflammation) is 

important for the changes in AHR seen within individual asthmatic subjects during the 

course of the disease. 
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APPENDIX 

Methods Used in Mouse Model Experiments 

While aU the manuscripts that make up this 'sandwich" thesis provide a 

description of the methods used in each study, the following paragraphs provide a more 

detailed description of several of the methods used in the mouse model experiments. 

Some of the methods, such as airway morphometry, have been described in detail in 

several of the publications. However, because many journals place limitations on the 

space allowed for the description of methods, some of the methods in our manuscripts 

have been described in less detail; many times the reader is referred to previous 

publications for a more detailed understanding of the rationale and principles of the 

methods used. These additional descriptions of the methods used in our mouse model 

experiments should allow the reader to fully understand the principles underlying several 

of the methods used in our studies, without having to refer back to previous publications. 

Sensitization and Challenge: Mice are sensitized with intraperitoneal ovalbumin 

(IP OVA) injections on days 1 and 11, and intranasal ovalbumin (IN OVA) on day 11. 

Briefly, IP OV A is prepared by precipitating 10% aluminum potassium sulphate with 

0.05% ovalbumin (Grade V, Sigma Chemical Co, St Louis, MO) in sterile Dulbecco's 

phosphate buffered saline (PBS); the pH of the resultant suspension is adjusted to 6.5 by 

adding 2.5N NaOH. The suspension is then centrifuged, washed 3 times to remove excess 

aluminum, and the pellet re-suspended in sterile PBS; 200-1-11 is then injected into awake 
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mice intraperitoneally on days 1 and 11. Sham sensitized mice are injected with saline 

precipitated in alum. Intranasal ovalbumin (IN OVA), administered on day 11 and 

subsequently as part of the challenge protocols (see individual study protocols), involves 

dissolving 4 mg ovalbumin in 1 ml sterile PBS; 25-I.Ll (lOO-llg OVA) PBS is then 

instilled intra-nasally into mice lightly anesthetized with isoflurane (Abbott Laboratories, 

Ltd. Montreal, PQ Canada) according to the study protocol. This is best accomplished by 

using a P200 Gilson pipette to slowly eject the fluid onto the tip of the nasal cavity, and 

then allowing it to enter passively with respiration. 

Airway Responsiveness: in our laboratory, we measure airway responsiveness to 

increasing intravenous doses of methacholine (MCh) on the basis of the response of total 

respiratory system resistance (RRS) (l). In this model, RRS is measured using the flow 

interrupter technique, as modified for use with mice (2). Briefly, mice are anesthetized 

using 2,2,2-tribromoethanol (Avertin, 240mg/kg intraperitoneally; Aldrich Chemical 

CO., Milwaukee, WI), and when anesthesia is established, the trachea is exposed and 

cannulated using a blunted IS-gauge needle. The needle is then attached to a ventilator 

(RV5; Voltek Enterprises, Inc., Toronto, ON, Canada) designed to deliver constant 

inspiratory flow and tidal volume delivery independent of respiratory parameter changes 

that occur during the MCh challenge. The initial pattern of ventilation is based on a tidal 

volume of 0.1 mt/kg delivered over 45 ms, with a 530-ms end-inspiratory pause and a 95-

ms period of passive expiration (breathing frequency of 95 breaths/min). Heart rate and 

oxygen saturation are monitored via infrared pulse oxymetry (Biox 3700; Ohmeda, 

Boulder, CO) using a standard ear probe placed over the proximal portion of the mouse's 
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hind limb. After the mouse has been stabilized on the ventilator, the internal jugular vein 

is cannulated using a 25-gauge needle. Paralysis is achieved using pancuronium bromide 

(0.03 mg/kg intravenously; Sabex Inc, Boucherville, PQ Canada) to prevent respiratory 

effort during measurement. 

The response of RRS is then measured after intravenous injections of saline, and 

then 10,33, 100 and 330 mg/kg ofMCh (ACIC, Brantford, ON Canada), each delivered 

as a 0.2-ml bolus dose. To establish a constant volume history, mice are subjected to 

three inspirations to total lung capacity (TLC) (end-inspiratory pressure of 30 cm H20) 

followed by 60 seconds of 90-breaths per minute ventilation before each dose. Upon 

injection, the ventilatory pattern is changed so that the time allowed for passive 

expiration is extended to 1,425-ms thus reducing the breathing frequency to 30 breaths 

per minute as suggested by Volgyesi and associates (3). This change is done to prevent 

the dynamic hyperinflation (also termed breath-stacking) that is observed during MCh 

challenge when mice are ventilated with shorter expiratory times. Following the peak in 

RRS (20 to 30 s) the breathing pattern is returned to 90 breaths per minute. When RRS has 

returned to baseline, the mouse is again inflated three times to TLC and ventilated for 90 

seconds before beginning the next dose. During each MCh dosing, the mouth-pressure 

signal from the ventilator is converted to a digital signal (Dash 16, Metrabyte, Staughton, 

MA) and recorded at 400 Hz on a PC computer. RRS and respiratory system elastance are 

calculated as described previously (2). Briefly, compliance is measured based on the 

pressure and volume differences between the periods of no flow before and after the 

inspiration. RRS is calculated by subtracting the compliance-associated pressure from the 
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signal during inspiration and relating it to the flow rate at a simultaneous point. RRS and 

compliance are thus measured for the respiratory system. The measurements are made at 

a single time point in inspiration only. Evaluation of airway responsiveness is based on 

the peak RRS measured in the 30 seconds after the saline and Mch challenges. An index of 

airway reactivity is calculated as the slope of the straight-line regression between peak 

RRS and the lOglO of the MCh dose, using the data from the 10, 33, and 100 !1g/kg doses. 

The data at the 330-!1g/kg dose is not included in this regression because peak RRS has 

frequently reached a plateau at this dose. Furthermore, we have also previously observed 

a marked reduction in heart rate at this dose (l). An index of airway sensitivity is 

calculated as the MCh dose at which the above regression intersects with the baseline RRS 

(peak RRS after the saline challenge). The maximum inducible bronchoconstriction was 

measured as the greatest RRS achieved with any MCh dose. 

Broncnoalveolar Lavage (EAL): Following airway physiology measurements, 

and under continued anesthesia (A vertin, Aldrich Chern., Milwaukee, Wis, 240mg/kg 

i.p.), the chest cavity is opened and the mouse is sacrificed by performing cardiac 

puncture and terminal exsanguination. This procedure is performed prior to BAL, so as to 

prevent extravasation of blood into BAL fluid. Two aliquots of 250-1 . .tl phosphate 

buffered saline are then injected and withdrawn through the blunted IS-gauge needle 

previously used to cannulate the trachea. The BAL fluid is centrifuged for 10 min at 150 

g and 2(C. The supernatant is stored at _20°C for future analyses.The cell pellet is then 

resuspended in PBS and a total cell count performed using a hemocytometer. The cells 
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are then diluted to an approximate concentration of 5 x 105 Iml with PBS, cytocentrifuge 

slides are prepared (Cytospin 3; Shandon Scientific, Sewickley, PA) and stained with 

Diff-Quik® Fixative (Dade Behring Inc., Newark, DE). Differential cell counts are 

performed on 400 cells, by one investigator blind to the experimental conditions. Cells 

are classified, based on morphological criteria, as macrophages, neutrophils, lymphocytes 

or eosinophils. 
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