
 1

Budesonide Prevents but Does Not Reverse Sustained Airway Hyperresponsiveness in Mice 
 
David S. Southam1, PhD, Russ Ellis1, MSc, Jennifer Wattie1, RVT, Simon Young2, BSc, and 
Mark D. Inman1, MD PhD 
 
1 Firestone Institute for Respiratory Health, Department of Medicine, McMaster University, 
Hamilton, Ontario, Canada L8N 4A6. 
2 AstraZeneca, R&D Charnwood, Loughborough, United Kingdom LE11 5RH. 
 
Corresponding author: David S. Southam, PhD 
    Firestone Institute for Respiratory Health 
    St. Joseph’s Healthcare 
    50 Charlton Avenue East 
    Hamilton, Ontario, L8N 4A6 
    Canada 
  Telephone: 905-522-1155 ext. 33694  
  Fax:  905-540-6510 
  E-mail: southads@mcmaster.ca 
 
Funding: 
This work is supported by an operating grant from the Canadian Institutes of Health Research 
(CIHR) and an educational grant from AstraZeneca D.S. Southam is an Ontario Graduate 
Scholar, CIHR Canada Graduate Scholar Doctoral Award recipient, and an National Sciences 
and Engineering Research Council of Canada (NSERC) Post-graduate Scholar Doctoral Award 
recipient.  
 
Short Title: 
Budesonide Prevents but does not Reverse AHR 
 
 
 
 
 
 
 
 
 
 
     
     
 
 
Word Count: 3,500 
ABSTRACT 

 . Published on May 28, 2008 as doi: 10.1183/09031936.00125307ERJ Express

 Copyright 2008 by the European Respiratory Society.



 2

 Despite the effectiveness of corticosteroids at resolving airway inflammation, they are 

only moderately effective at attenuating airway hyperresponsiveness. The extent to which 

corticosteroids are able to reverse, or inhibit the development of, sustained airway 

hyperresponsiveness is not known. This study aimed to determine if budesonide can resolve and 

or prevent the development of sustained airway hyperresponsiveness in mice.  

 In this study, mice were chronically exposed to allergen and treated with budesonide 

either: (i) briefly during the final weeks of exposure to allergen, (ii) prolonged concurrent 

throughout exposure to allergen, or (iii) delayed following final exposure to allergen. Airway 

hyperresponsiveness was assessed 24h (brief treatment) or 4wk (prolonged concurrent and 

delayed treatments) following final exposure to allergen.  

 Brief budesonide intervention significantly attenuated the inflammation-associated 

airway hyperresponsiveness assessed immediately following final exposure to allergen. 

Similarly, prolonged concurrent budesonide treatment prevented the development of sustained 

airway hyperresponsiveness. Delayed budesonide intervention, however, did not resolve 

sustained airway hyperresponsiveness.  

 In conclusion, the early introduction, and importantly the persistence, of corticosteroid 

treatment prevented the development of sustained airway hyperresponsiveness; however, the 

inability of corticosteroids to reverse established airway dysfunction indicates a limitation in 

their use for the complete long-term management of airway hyperresponsiveness. 
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Abbreviations: 

AHR  airway hyperresponsiveness 

AUC  area under curve 

BUD  budesonide 

CS  corticosteroids 

MCh  methacholine 

OVA  ovalbumin 
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INTRODUCTION 

Asthma is a heterogenous disease, defined by reversible airway obstruction, and associated with 

chronic airway inflammation, airway remodeling, and airway hyperresponsiveness (AHR). AHR 

refers to the tendency of the airways to exhibit excessive narrowing in response to various 

stimuli. AHR is present in nearly all individuals with asthma and often relates to disease severity 

(1). The mechanisms underlying AHR appear complex and multifactorial (2). Although these 

mechanisms are incompletely understood, airway inflammation and structural remodeling appear 

to be fundamentally involved (2;3). A characteristic feature of asthmatic inflammation is the 

presence of eosinophils. Indeed, the accumulation of eosinophils and their mediators in the 

airway and periphery correlate significantly with asthma severity, lung function, and AHR (4-6). 

Airway remodeling, including subepithelial fibrosis, and hyperplasia/hypertrophy of smooth 

muscle cells may, at least in part, be responsible for AHR (3;7). Indeed, airway biopsies from 

asthmatics suggest both the degree of smooth muscle thickness and the extent of subepithelial 

fibrosis relate to disease severity (8) and magnitude of AHR (7;9). 

 Inhaled corticosteroids (CS) are the most effective intervention currently available for the 

management of asthma. They appear to reduce the risk of asthma exacerbations (10), irreversible 

airway changes (11), and asthma associated fatalities (12). Furthermore, evidence suggests that 

the earlier inhaled CS are introduced, the greater the degree of improvement in lung function 

(13;14). Although early prolonged CS intervention significantly reduces the asthma-like 

symptoms and number of exacerbations in children receiving treatment; following the 

withdrawal of CS, it appears that this early treatment dose not produce long-term benefits (15). 

The effectiveness of inhaled CS is generally attributed to their wide spectrum anti-inflammatory 
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properties, which reduce the number of inflammatory cells, especially eosiniophils. Whether or 

not inhaled corticosteroids are effective at reversing indices of airway remodeling in asthma is 

less clear. While studies have found significant treatment effects on specific indices, including 

smooth muscle actin in small airways only(16), tenascin (17), endothelin(18)  and collagen 

subtype III(19) , these effects appear small and other studies have observed no effects on these or 

other  markers of airway remodeling (16;20) .Conflicting evidence from experimental models, 

however, does suggest that CS intervention may attenuate indices of remodeling, including 

extracellular matrix deposition (21-23) and smooth muscle thickness ((22;23)). The majority of 

these studies, however, failed to address the effect of CS intervention on established indices of 

remodeling. Despite the clear anti-inflammatory and possible anti-remodeling effect of CS 

intervention, they are ineffective at completely reversing airway dysfunction observed in human 

asthma. Indeed, inhaled CS appear to contribute to only a 1-2 doubling dose improvement in 

PC20 (provocative concentration of bronchoconstrictor required to produce a 20% fall in forced 

expiratory volume in 1 sec (FEV1)) (24-26). This relatively small attenuation of airway 

dysfunction is hypothesised to be primarily attributed to a reduction in inflammatory indices. It 

seems likely that the persistent airway dysfunction is attributable, at least in part, to airway 

remodeling. While it is clear that CS intervention is able to attenuate inflammatory-associated 

AHR in animals (21;27;28) and humans (29-31), it is unclear whether CS intervention is able to 

prevent or reverse persistent, or sustained, AHR which characteristically dominates airway 

dysfunction in human asthma.  

 We have previously described a model of airway dysfunction in mice following chronic 

exposure to allergen (32). In addition to reflecting transient responses to inhaled allergens (32-
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34), our model uniquely exhibits airway dysfunction associated with remodeling that persists for 

at least 8 wk following final allergen exposure, well beyond the resolution of acute inflammatory 

events. This model is ideally suited to allow us to explore the effect of CS intervention on 

sustained AHR. 

 The purpose of the current study was to: (i) confirm that brief CS intervention is able to 

resolve inflammatory-associated AHR, (ii) determine if early prolonged CS intervention, 

concurrent with exposure to allergen, is able to prevent the development of sustained AHR, and 

(iii) determine if delayed CS intervention following the development of AHR, during allergen 

avoidance, is able to reverse sustained AHR. We hypothesised that early prolonged CS 

intervention throughout chronic exposure to allergen would prevent the development of 

sustained AHR, while delayed CS treatment following chronic exposure to allergen would be 

ineffective at attenuating sustained AHR. 
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MATERIAL AND METHODS 

Note that a more detailed description of some methods is provided in this article’s Online 

Supplement. 

Animals 

Female BALB/c mice, age 8-10 wk, were purchased from Harlan Sprague Dawley Inc. 

(Indianapolis, IN). Mice were housed using BioBubble technology in environmentally controlled 

specific pathogen-free conditions for the duration of the study. All procedures were reviewed 

and approved by the Animal Research Ethics Board at McMaster University (Hamilton, ON, 

Canada). 

    

Allergen Exposure 

Chronic Protocol 

Mice (n=8-10/group) were sensitized with intraperitoneal ovalbumin (OVA) (80 µg in 200 µl 

saline) precipitated with aluminum potassium sulfate and subsequently challenged intransally 

with OVA (100 µg in 25 µl saline), as described previously (32;35). Mice were studied 24h and 

4wk following chronic exposure to allergen. Control mice were subjected to the same 

sensitization protocol but received saline challenges. Control mice were similarly studied 24h 

and 4wk following chronic exposure to saline. 

 

Corticosteroid Intervention 

Mice (n=8-10/group) were intraperitoneally injected with 200 µl of budesonide (3 mg/kg) SID 

approximately 30 min prior to allergen challenge (a therapeutic dose that was established as the 
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lowest dose capable of preventing increases in airway responsiveness and bronchoalveolar 

lavage eosinophils in a brief allergen exposure protocol (that study is presented in detail in this 

article’s Online Supplement)). Intervention consisted of: (i) brief treatment everyday beginning 

on day 76 for the remaining 2wk duration of allergen exposure protocol; (ii) prolonged 

concurrent treatment every other day beginning on day 19 for the duration of allergen exposure 

and the 4wk duration following the cessation of allergen exposure protocol; and (iii) delayed 

treatment every other day beginning on day 91 for the 4wk duration following the cessation of 

the allergen exposure protocol (Figure 1). Budesonide was suspended in a vehicle of 1% 

carboxymethylcellulose solution following 10 min of sonication according to recommendations 

by AstraZeneca. Control mice were subjected to the same treatment protocol but only received 

vehicle. 

 

Airway Responsiveness 

Airway responsiveness was measured based on the response of total respiratory system 

resistance (RRS) to saline and increasing intravenous doses (10, 33, 100 and 330 µg/kg) of MCh, 

using the flow interrupter technique as described previously (32;35). Maximum RRS was 

determined as the maximum MCh induced RRS. Airway reactivity was calculated by linear 

regression as the slope of the line for RRS at 10, 33, and 100 µg/kg MCh. Overall AHR, 

represented by area under the curve (AUC), was calculated as the area below the curve of total 

RRS in response to 0 (saline), 10, 33, 100, and 330 µg/kg MCh. 

 

Bronchoalveolar Lavage 
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Bronchoalveolar lavage was performed by injecting and withdrawing two 250 µl aliquots of 

phosphate buffered saline as described previously(35). Cytospins were prepared and differential 

counts performed.  

 

Lung Histology and Morphometry 

Lungs were dissected, processed, and stained as described previously (see this article’s Online 

Supplement for further details) (32;36). Tissue sections were stained with picrosirius red or 

periodic acid Schiff to quantify collagen deposition or mucin containing goblet cells 

respectively. Additional sections were prepared for immunohistochemistry using a monoclonal 

antibody against α-smooth muscle actin (Clone 1A4, Dako Corporation, Carpinteria, CA) to 

quantify contractile elements. Morphometric quantification of stained sections was performed 

using a customized digital image analysis system (Northern Eclipse, Empix Imaging, 

Mississauga, ON, Canada) as described previously (32;36). For assessment of changes in 

collagen and smooth muscle actin positive tissue, this involved quantifying the percentage of the 

20µm band beneath the epithelium that was positive for the stain of interest. For goblet cells, 

morphometry involved counting the number of mucin positive cells per mm basement 

membrane. Morphometric analysis was performed on all mice (8-10 per group) and sample 

images were selected for illustrative purposes. 

 

Statistical Analysis 

Reported values are expressed as means and SEMs. Data from saline control were combined, as 

there was no significant difference between groups in any assessed measurement. Data analysis 
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was performed for planned comparisons using independent Student’s t test due to 

heteroscedasticity of variance. To minimize the probability of type I errors, α was adjusted 

below 0.05 using Bonferroni correction, based on the number of comparisons. Data analysis was 

performed using Statistica software.  
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RESULTS 

Brief Treatment with Budesonide During Chronic Exposure to Allergen Attenuates 

Inflammation-Associated AHR  

When assessed immediately following chronic exposure, ovalbumin (OVA) resulted in an AHR 

compared to saline control. This AHR was expressed as a significant increase in MCh-induced 

total respiratory system resistance (RRS) [9.3 (1.0) cmH2O/ml/s vs. 5.4 (0.3) cmH2O/ml/s; 

p<0.001], airway reactivity (slope of RRS-MCh dose-response curve) [5.5 (1.1) vs. 2.2 (0.2); 

p<0.001], and overall AHR (area under RRS-MCh dose-response curve [AUC]) [12.5 (2.2) vs. 

5.8 (0.6); p<0.001]. This chronic allergen-induced AHR was associated with a significant 

increase in bronchoalveolar lavage eosinophils compared with saline control [3.7 (0.5) × 104 

cells vs. 0.0 (0.0) × 104 cells; p<0.001]. Brief budesonide treatment administered during the final 

2wk of chronic OVA exposure significantly attenuated this allergen-induced AHR (Figure 2). 

The attenuation in AHR comprised a significant decrease in MCh-induced maximal RRS [6.7 

(0.4) cmH2O/ml/s vs. 9.3 (1.0) cmH2O/ml/s; p<0.05], airway reactivity (slope) [2.9 (0.2) vs. 5.5 

(1.1); p<0.05], and a strong trend towards a reduction in overall AHR (AUC) [7.8 (0.8) vs. 12.4 

(2.2); p=0.06]. While there were significant elevations in BAL total cells, lymphocytes, 

neutrophils and eosinophils following chronic exposure to allergen (all p<0.05), a significant 

treatment effect of budesonide was only observed on eosinophils (p<0.001) (Table 1).  

  

Prolonged Concurrent Treatment with Budesonide Throughout Chronic Exposure to 

Allergen is Able to Prevent the Development of Sustained AHR 
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When assessed 4wk following chronic exposure, OVA resulted in a sustained AHR compared to 

control. This AHR was expressed as an increase in maximal RRS [7.7 (0.7) cmH2O/ml/s vs. 5.4 

(0.3) cmH2O/ml/s; p<0.001], airway reactivity (slope) [4.2 (0.4) vs. 2.1 (0.2); p<0.001], and 

overall AHR (AUC) [9.3 (1.1) vs. 5.8 (0.6); p<0.01] (Figure 3). The chronic allergen-induced 

sustained AHR was not associated with an ongoing airway eosinophilia, as these cells resolved 

to baseline levels by 4wk following final allergen exposure [0.0 (0.0) × 104 cells vs. 3.7 (0.5) × 

104 cells; p<0.001]. As well as sustained increases in AHR, however, chronic exposure to OVA 

resulted in a significant increase in collagen staining (as a percent of the 20 µm band beneath the 

epithelium)  [23.7% (1.9%) vs. 17.2% (2.2%); p<0.05], smooth muscle staining  (as a percent of 

the 20 µm band beneath the epithelium) [35.0% (1.0%) vs. 24.5% (1.9%); p<0.001], and mucin 

containing goblet cells (number per mm basement membrane) [16.2 (3.0) vs. 0.0 (0.0); p<0.001] 

assessed 4wk following final allergen exposure.  

 When assessed 4wk following chronic exposure to allergen, early prolonged concurrent 

budesonide treatment was able to prevent the development of the allergen-induced sustained 

AHR (Figure 3). The prevention of AHR following concurrent budesonide intervention was 

illustrated by the maximal RRS [5.1 (0.3) cmH2O/ml/s vs. 7.7 (0.7) cmH2O/ml/s; p<0.01], airway 

reactivity (slope) [1.7 (0.2) vs. 4.2 (0.4); p<0.001], and overall AHR (AUC) [4.7 (0.3) vs. 9.3 

(1.1); p<0.01]. Prolonged concurrent budesonide treatment significantly prevented indices of 

airway remodeling, including the allergen-induced increased collagen deposition [15.1% (1.7%) 

vs. 23.7% (1.9%); p<0.01] and mucin containing goblet cells [0.7 (0.2) vs. 16.2 (3.0); p<0.001], 

with a trend towards preventing the allergen-induced increase in smooth muscle mass [30.8% 
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(2.2%) vs. 35.0% (1.0%); p=0.09]. Morphometric analyses was performed based on images from 

all study mice (8-10 per group), representative images are illustrated (Figure 4). 

 

Delayed Treatment with Budesonide Following Chronic Exposure to Allergen is Unable to 

Reverse Sustained AHR  

Delayed budesonide treatment administered during the 4wk following chronic exposure to 

allergen, was unable to reverse the allergen-induced sustained AHR (Figure 3). The persistence 

of AHR, despite delayed budesonide intervention, was illustrated by the maximal RRS [7.1 (0.6) 

cmH2O/ml/s], airway reactivity (slope) [3.2 (0.3)], and overall AHR (AUC) [7.6 (0.4)]. Despite 

this lack of effect on sustained AHR, delayed budesonide significantly reversed some indices of 

airway remodeling, including the allergen-induced increase in smooth muscle mass [24.4% 

(2.2%) vs. 35.0% (1.0%); p<0.001] and mucin containing goblet cells [0.4 (0.2) vs. 16.2 (3.0); 

p<0.001] (Figure 4).  Delayed budesonide treatment, however, was unable to reverse the 

allergen-induced increase in collagen deposition [23.1% (1.6%) vs. 23.7% (1.9%) ] (Figure 4).  
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DISCUSSION 

 In this study, we have shown that early prolonged continuous CS intervention is able to 

prevent the development of allergen-induced sustained AHR, while delayed CS intervention is 

unable to reverse allergen-induced sustained AHR. Brief treatment with budesonide during the 

final 2wk of chronic exposure to allergen is able to reverse airway eosinophilia and 

inflammation-associated AHR when assessed 24h following final exposure to allergn. Early 

prolonged budesonide treatment continuous throughout exposure to allergen and the subsequent 

period of allergen avoidance, is able to prevent the development of sustained AHR. Conversely, 

delayed treatment with budesonide during the 4wk following chronic exposure to allergen is 

unable to completely reverse sustained AHR. These findings suggest that early prolonged 

concurrent, but not delayed, CS intervention may be beneficial in the prevention and 

management of sustained AHR. 

 We have confirmed that brief treatment with budesonide is able to reverse airway 

eosinophilia and AHR assessed immediately following chronic exposure to allergen. This 

finding is consistent with previous reports in which CS treatment reduced AHR when 

assessments were made immediately following exposure to allergen in both animals (21;37) and 

humans (29-31). Furthermore, we have reported that inhibition of immune-mediated events 

attenuates AHR (32-34). These findings support the hypothesis that airway inflammation 

contributes to AHR. Given the presence of airway inflammation immediately following exposure 

to allergen, however, treatment efficacy on AHR may simply reflect acute anti-inflammatory 

properties of the intervention, while not addressing the sustained AHR that persists beyond the 

resolution of airway inflammation. Previously, we have  reported that the persistence of AHR is 
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not dependent on ongoing airway inflammation (2;32), although we recognize that early 

immune-mediated events are likely responsible for its development. 

 In an attempt to determine the effect of CS intervention on the development of sustained 

AHR, we treated mice with budesonide concurrently throughout chronic exposure to allergen. 

This treatment strategy allowed us to prevent the development of allergen-induced airway 

inflammation. Comparable studies in human asthma would be impractical, as they would require 

long-term preemptive inhaled CS treatment, presumably beginning during infancy, prior to the 

development of asthma. Our findings indicate that the early introduction of prolonged treatment 

with budesonide throughout chronic exposure to allergen is able to prevent the development of 

sustained AHR. Taken together, our findings suggest that the early introduction of CS therapy as 

advocated by current asthma treatment guidelines for improved asthma management (38;39), and 

importantly that persistent treatment may prevent the development of sustained airway 

dysfunction. It is worth mentioning that the mice that were protected from sustained AHR with 

regular concomitant budesonide had not actually been exposed to OVA for the previous 4 weeks. 

This was because we were primarily interested in whether treatment could prevent the 

development of sustained AHR, which needs to be assessed at this time point. We can not say 

for certain that these mice did not have  AHR at an earlier time point. Given that the inhibiting 

effect of corticosteroids on transient inflammatory associated AHR is well established, and 

confirmed in this manuscript, we predict that no AHR would have been observed at earlier time 

points.   

 To determine the effect of CS intervention on the resolution of sustained AHR, we 

treated mice with budesonide during a period of allergen avoidance following chronic exposure 
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to allergen. This treatment strategy allowed us to intervene with CS after the development of 

allergen-induced airway inflammation, indices of remodeling, and AHR. Comparable 

experiments in human asthma would be impractical, requiring the complete ablation of airway 

inflammation in addition to prolonged therapeutic compliance. Our current findings indicate that 

delayed treatment with budesonide is unable to attenuate sustained AHR. 

 Our findings confirm that a major component of AHR persists despite the complete 

ablation of airway inflammation. Interestingly, the magnitude of AHR that persists following 

delayed CS intervention, assessed at a time following the resolution of allergen-induced airway 

inflammation, is comparable to that observed following brief CS intervention, assessed 

immediately following exposure to allergen (Figure 5). This supports our hypothesis that AHR 

observed following chronic exposure to allergen is multi-faceted, with steroid-sensitive transient, 

and steroid-insensitive sustained components. Indeed, this hypothesis is supported by Gronke 

and colleagues (40) who reported that AHR in asthmatics with short duration of disease was 

primarily associated with airway inflammation, while AHR in asthmatics with longer duration 

disease was primarily associated with impaired lung function attributed to ongoing structural 

alterations. Thus, although CS intervention offers many therapeutic benefits to asthmatic 

individuals, including the reduction of severe exacerbations and improvement of asthma control 

(10;15), our findings suggest that delayed CS treatment strategies initiated once asthma has 

developed may have limited effectiveness at reversing sustained airway dysfunction.  It is 

possible,  however,  that giving a greater dose, or more frequent delivery could have resulted in a 

greater benefit with delayed intervention. More extensive research is certainly required before a 
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definitive statement on the role of steroids in reversing the effects of chronic allergen can be 

made. 

 The sustained AHR that persists despite the resolution of transient AHR by CS 

intervention is hypothesised to be due, at least in part, to structural remodeling of the airway. We 

have previously reported the expression of various indices of remodeling, including increased 

collagen deposition and smooth muscle area, following chronic exposure to allergen that are 

associated with sustained AHR (32-34). Here we observed that the prevention of sustained AHR 

with early prolonged continuous budesonide treatment was associated with the prevention of 

some, but not all allergen-induced indices of remodeling. The nature of the attenuation in indices 

of remodeling is consistent with Miller and colleagues (41) who reported similar protective 

effects of concurrent dexamethasone treatment on allergen-induced changes in extracellular 

matrix, but not on smooth muscle in mice. Conversely, we observed the persistence of sustained 

AHR following delayed budesonide intervention, despite the resolution of the allergen-induced 

increases in smooth muscle mass. These findings suggest that an aspect of sustained AHR is 

associated with the persistence of collagen deposition, but independent of smooth muscle mass. 

This is in fact consistent with our recent findings, where the development of sustained AHR 

followed a time course similar to that of increases in airway collagen, but slower than increases 

in smooth muscle actin staining (42). The incomplete attenuation of indices of remodeling 

following delayed CS intervention is also consistent with Cho and colleagues (22) who similarly 

reported the attenuation of smooth muscle area, but not extracellular matrix deposition, 

following delayed dexamethasone treatment in mice. Although further work is required to fully 
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understand the impact of airway remodeling on AHR, it appears that additional pharmacological 

strategies beyond CS intervention, are required for optimal management of sustained AHR. 

 The observation that dissociation between AHR and allergen-induced changes in smooth 

muscle is at odds with current views on the role of airway smooth muscle in airway dysfunction 

in asthma (43;44). It is important to point out, that in this study, we have quantified only the area 

occupied by smooth muscle actin positive cells in a cross section of the airway wall. As there is 

an obvious importance of smooth muscle in airway narrowing, we are reluctant to suggest that 

functional changes following chronic exposure to allergen are independent of smooth muscle 

change. Clearly, possible phenotypic changes in the smooth muscle  need to be addressed. 

Futhermore, it is entirely possible that the aspect of human asthma, responsible for major 

functional changes in smooth muscle is simply not present in this or other murine models. Thus, 

while our study supports early introduction of steroids in the prevention of extra-cellular matrix 

changes, we caution against over-interpretation of the negative effect on smooth muscle changes. 

 In this study we have employed a well described animal model of allergen-induced 

airway dysfunction, however, it is important to recognize the limitations of such model systems. 

Thus, while we have begun to explore the effect of CS intervention on the development and 

resolution of sustained AHR, it remains unclear whether animal models effectively undergo the 

same pathophysiological changes that occur in human disease. The observed changes in airway 

dysfunction in all animal models are relatively small when compared to the many-fold contrast 

seen between asthmatic and non-asthmatic individuals. Despite these limitations, we propose 

that further understanding of important, relevant, pathophysiological relationships will come 
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from animal models and permit the identification of improved therapeutic approaches to disease 

management. 

 In summary, these findings suggest that intervention with corticosteroid, although 

effective at reducing inflammation-associated AHR, and sustained AHR when given 

continuously, prior to the development of airway dysfunction, is ineffective at resolving 

established sustained AHR. Additionally, these findings support the hypothesis that AHR is 

comprised of both transient steroid-sensitive and sustained steroid-insensitive components, and 

illustrate the importance of making clear distinctions between transient and sustained AHR when 

exploring the efficacy of novel therapeutics. In conclusion, our finding that CS treatment was 

effective at controlling the transient, airway inflammation associated, AHR and preventing the 

development of sustained AHR, clearly supports their use as first-line therapy in asthma; the 

failure to reverse the sustained inflammation-independent aspect of AHR, however, suggests that 

optimal disease management may not be achievable using CS alone. 
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TABLES 

 

Table 1 Total cells and differentials from BAL performed immediately following 

chronic exposure to saline (SAL) or OVA. Also included are values from 

OVA exposed animals treated with budesonide for the 2 weeks prior to 

sacrifice (OVA + BUD). 

  * Different than SAL (p<0.05) 

  ** Different than OVA (p<0.05) 

 SAL OVA OVA + BUD 

TCC (x102) 567.4   (119.2) * 937.8   (107.2)   704.4   (79.7) 

Neutrophils 72.5   (50.5) * 724.4   (233.5) * 750.7   (201.9) 

Lymphocytes 188.3   (46.6) * 805.6   (282.0) * 976.1   (246.2) 

Eosinophils (x102) 1.07   (0.63) * 340.3   (19.9) ** 28.9   (4.9) 

Macrophages (x102) 563.3   (118.4) 608.8   (77.6) 675.3   (97.9) 
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FIGURE LEGENDS 

 

Figure 1. Chronic allergen exposure and corticosteroid intervention protocols. Intraperitoneal (IP) sensitization with ovalbumin (OVA) was 

followed by intranasal (IN) challenges with OVA as indicated, while negative control mice received saline. IP budesonide (BUD) intervention [or 

vehicle for positive and negative control mice] occurred as indicated, either once daily everyday, or every other day. Outcomes were made either 

24h or 4wk following final exposure to allergen.      
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Figure 2. Airway responses measured 24h following chronic exposure to saline (SAL), ovalbumin (OVA), or OVA + brief budesonide (BUD) 

intervention. R
RS

-MCh dose-response curves were analysed to determine maximal airway resistance and airway reactivity (slope of R
RS

-MCh 

dose-response curve). Values are means (SEM). * indicates p < 0.001 compared to SAL. 
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Figure 3. Airway responses measured 4wk following chronic exposure to saline (SAL), ovalbumin (OVA), OVA + prolonged (prlg) budesonide 

(BUD), or OVA + delayed (dly) BUD. R
RS

-MCh dose-response curves were analysed to determine maximal airway resistance and airway 

reactivity (slope of R
RS

-MCh dose-response curve). Values are means (SEM). * indicates p < 0.001 compared to SAL.  
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Figure 4. Morphometric quantification and representative images of collagen deposition [picrosirius red (PSR); viewed using polarized light 

microscopy], smooth muscle area [α-smooth muscle actin (α-SMA)], or mucin containing goblet cells in the airways of mice measured 4wk 

following chronic exposure to saline (SAL), ovalbumin (OVA), OVA + prolonged (prlg) budesonide (BUD), or OVA + delayed (dly) BUD. Data 

are expressed as the percentage of positively stained tissue in the region of interest (see Materials and Methods for further details). Values are 

means (SEM). * indicates p < 0.05 (PSR) or p < 0.001 (α-SMA) compared to SAL. For representative images: Bar = 50µm and Magnification 

40X. 
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Figure 5. Illustration of the hypothesised constituents of airway hyperresponsiveness (AHR). Transient AHR, associated primarily with airway 

inflammation, is present following exposure to allergen and resolves with the resolution of airway inflammation. Sustained AHR, associated at 

least in part with persistent airway remodeling, is present following chronic exposure to allergen and persists following the resolution of airway 

inflammation. (A.U. = arbitrary units). 

  


