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Budesonide prevents but does not reverse
sustained airway hyperresponsiveness

IN Mice

D.S. Southam*, R. Ellis*, J. Wattie*, S. Young” and M.D. Inman*

ABSTRACT: Despite the effectiveness of corticosteroids at resolving airway inflammation, they
are only moderately effective at attenuating airway hyperresponsiveness (AHR). The extent to
which corticosteroids are able to reverse or inhibit the development of sustained AHR is not
known. The present study aimed to determine whether budesonide can resolve and or prevent the
development of sustained AHR in mice.

Mice were chronically exposed to allergen and treated with budesonide either: 1) briefly during
the final weeks of exposure to allergen; 2) prolonged concurrently throughout exposure to
allergen; or 3) delayed following final exposure to allergen. AHR was assessed 24 h (brief
treatment) or 4 weeks (prolonged concurrent and delayed treatments) following final exposure
to allergen.

Brief budesonide intervention significantly attenuated the inflammation-associated AHR
assessed immediately following final exposure to allergen. Similarly, prolonged concurrent
budesonide treatment prevented the development of sustained AHR. Delayed budesonide
intervention, however, did not resolve sustained AHR.

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.

KEYWORDS: Airway hyperresponsiveness, asthma, bronchial hyperreactivity, corticosteroid
treatment, pathophysiology, remodelling

Airway remodelling, including subepithelial

sthma is a heterogenous disease, defined
Aby reversible airway obstruction, and

associated with chronic airway inflamma-
tion, airway remodelling and airway hyper-
responsiveness (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 mechan-
isms are incompletely understood, airway
inflammation and structural remodelling appear
to be fundamentally involved [2, 3]. A character-
istic feature of asthmatic inflammation is the
presence of eosinophils. Indeed, the accumula-
tion of eosinophils and their mediators in the
airway and periphery correlate significantly with
asthma severity, lung function and AHR [4-6].

fibrosis, and hyperplasia/hypertrophy of smooth
muscle cells may, at least in part, be responsible
for AHR [3, 7]. Airway biopsies from asthmatics
suggest that 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 (ICS) are the most effec-
tive 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 fatal-
ities [12]. Furthermore, evidence suggests that the
earlier ICS are introduced, the greater the degree
of improvement in lung function [13, 14].
Although early prolonged ICS intervention sig-
nificantly reduces the asthma-like symptoms and
number of exacerbations in children receiving
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treatment, following the withdrawal of ICS it appears that this
early treatment dose not produce long-term benefits [15]. The
effectiveness of ICS is generally attributed to their wide
spectrum anti-inflammatory properties, which reduce the
number of inflammatory cells, especially eosinophils.
Whether ICS are effective at reversing indices of airway
remodelling 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 remodelling [16, 20].
Conflicting evidence from experimental models, however,
suggests that ICS intervention may attenuate indices of
remodelling, including extracellular matrix deposition [21-23]
and smooth muscle thickness [22, 23]. The majority of these
studies, however, failed to address the effect of ICS interven-
tion on established indices of remodelling. Despite the clear
anti-inflammatory and possible anti-remodelling effect of ICS
intervention, they are ineffective at completely reversing
airway dysfunction observed in human asthma. Indeed, ICS
appear to contribute to only a one to two doubling dose
improvement in provocative concentration of bronchoconstric-
tor required to produce a 20% fall in forced expiratory volume
in one second [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 remodelling. While it is clear that ICS intervention is
able to attenuate inflammatory-associated AHR in animals [21,
27, 28] and humans [29-31], it is unclear whether ICS
intervention is able to prevent or reverse persistent, or
sustained, AHR, which characteristically dominates airway
dysfunction in human asthma.

A model of airway dysfunction in mice following chronic
exposure to allergen has previously been described [32]. In
addition to reflecting transient responses to inhaled allergens
[32-34], the current model uniquely exhibits airway dysfunc-
tion associated with remodelling that persists for >8 weeks
following final allergen exposure, well beyond the resolution
of acute inflammatory events. This model is ideally suited to
allow the effect of ICS intervention on sustained AHR to
be explored.

The purpose of the current study was to: 1) confirm that brief
ICS intervention is able to resolve inflammatory-associated
AHR; 2) determine whether early prolonged ICS intervention,
concurrent with exposure to allergen, is able to prevent the
development of sustained AHR; and 3) determine whether
delayed ICS intervention following the development of AHR,
during allergen avoidance, is able to reverse sustained AHR. It
was hypothesised that early prolonged ICS intervention
throughout chronic exposure to allergen would prevent the
development of sustained AHR, while delayed ICS treatment
following chronic exposure to allergen would be ineffective at
attenuating sustained AHR.

MATERIALS AND METHODS

A more detailed description of some of the methods is
provided in the online supplementary data.
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Animals

Female BALB/c mice, aged 8-10 weeks, were purchased from
Harlan Sprague Dawley Inc. (Indianapolis, IN, USA). Mice
were housed using BioBubble technology (BioBubble, Fort
Collins, CO, USA) 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 per group) were sensitised with intraperitoneal
ovalbumin (OVA; 80 pg in 200 pL saline), precipitated with
aluminum potassium sulphate and subsequently challenged
intranasally with OVA (100 pg in 25 pL saline), as described
previously [32, 35]. Mice were studied 24 h and 4 weeks
following chronic exposure to allergen. Control mice were
subjected to the same sensitisation protocol but received saline
challenges. Control mice were similarly studied 24 h and
4 weeks following chronic exposure to saline.

Corticosteroid intervention

Mice (n=8-10 per group) were intraperitoneally injected with
200 pL of budesonide (3 mg-kg™) once daily ~30 min prior to
allergen challenge (a therapeutic dose that was established as
the lowest dose capable of preventing increases in airway
responsiveness and bronchoalveolar lavage (BAL) eosinophils
in a brief allergen exposure protocol; for more details see the
online supplementary data). Intervention consisted of: 1) brief
daily treatment commencing on day 76 for the remaining
2-week duration of allergen exposure protocol; 2) prolonged
concurrent treatment every other day beginning on day 19 for
the duration of allergen exposure and the 4-week duration
following the cessation of allergen exposure protocol; and 3)
delayed treatment every other day beginning on day 91 for the
4-week duration following the cessation of the allergen
exposure protocol (fig. 1). Budesonide was suspended in a
vehicle of 1% carboxymethylcellulose solution following
10 min of sonication according to the recommendations of
AstraZeneca (Charnwood, UK). 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 pg‘kg'l) of
methacholine (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 pg-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 pg-kg™ MCh.

Bronchoalveolar lavage

BAL was performed by injecting and withdrawing two 250-pL
aliquots of PBS as described previously [35]. Cytospins were
prepared and differential counts performed.
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FIGURE 1. Chronic allergen exposure and corticosteroid intervention protocols.
Chronic protocol in a) inflammation-associated airway hyperresponsiveness (AHR)
and b) sustained AHR. Intraperitoneal (IP) sensitisation 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 or every other day.
Outcomes were made either 24 h or 4 weeks following final exposure to allergen.

Lung histology and morphometry

Lungs were dissected, processed and stained as described
previously (see online supplementary data) [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 immuno-
histochemistry using a monoclonal antibody against o-smooth
muscle actin (Clone 1A4; Dako Corporation, Carpinteria, CA,
USA) to quantify contractile elements. Morphometric quantifi-
cation of stained sections was performed using a customised
digital image analysis system (Northern Eclipse; Empix
Imaging, Mississauga, ON, Canada) as described previously
[32, 36]. Assessment of changes in collagen and smooth muscle
actin-positive tissue involved quantifying the percentage of the
20-pum band underneath 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
(eight to 10 per group) and sample images were selected for
illustrative purposes.

Statistical analysis

Reported values are expressed as mean+SEM. Data from the
saline control were combined, as there was no significant
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difference between groups in any assessed measurement. Data
analysis was performed for planned comparisons using an
independent unpaired t-test due to heteroscedasticity of
variance. To minimise the probability of type I errors, o was
adjusted <0.05 using Bonferroni correction, based on the
number of comparisons.

RESULTS

Brief treatment with budesonide during chronic exposure
to allergen attenuates inflammation-associated AHR

When assessed immediately following chronic exposure, OVA
resulted in AHR comparative to saline control. This AHR was
expressed as a significant increase in MCh-induced Rrs
(9.3+1.0 versus 5.4+0.3 emH,O-mL7t-s7%; p<0.001), airway
reactivity (slope of Rrs=MCh dose-response curve; 5.5+1.1
versus 2.24+0.2; p<0.001) and overall AHR (area under Rrs—
MCh dose-response curve; 12.5+2.2 versus 5.8 +0.6; p<<0.001).
This chronic allergen-induced AHR was associated with a
significant increase in BAL eosinophils compared with saline
control (3.7+0.5 versus 0.0+0.0x10* cells; p<0.001). Brief
budesonide treatment administered during the final 2 weeks

a) 10 -
A 5.
i
£
gm 6 -
1S
(]
3
c 44
i
L
1]
Q
¥ 2
O - I T T T 1
0 10 33 100 330
MCh dose pg-kg™’
b) 12 R c) 8+ *
‘TU) *kk [
-~ c *kk
©, 10 1 3
E (]
S 3 7
26 ]
§ T 3
[0) 6 - I 4 4
K] ©
8 47 S
= 2
£ g
= 2 5
g n
0 0

FIGURE 2. a) Airway responses measured 24 h following chronic exposure to
saline (SAL; 0), ovalbumin (OVA; M), or OVA+brief budesonide (BUD; @)
intervention. Total respiratory system resistance (Rrs)-methacholine (MCh) dose—
response curves were analysed to determine b) maximal airway resistance and c)
airway reactivity (slope of Rrs—=MCh dose-response curve). Data are presented as
mean+sem. [I: SAL; B OVA; m: OVA+brief BUD. *: p<0.05; ***: p<0.001
compared with SAL.
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1y-\:1B SR B Total cells and differentials from bronchoalveolar
lavage performed immediately following chronic
exposure to saline (SAL) or ovalbumin (OVA)

SAL OVA OVA+BUD

TCC x 102 567.4+119.2  937.8+107.2% 704.4479.7
Neutrophils 72.5+50.5 724.4+2335%  750.7+201.9%
Lymphocytes 188.3+46.6  805.6+282.07  976.1+246.2%

Eosinophils x 10° 1.07+0.63 340.3+19.97 28.9+4.9"

Macrophages x10°  563.3+118.4 608.8+77.6 675.3+97.9

Data are presented as mean+ sem. TCC: total cell counts; BUD: budesonide;
OVA+BUD: OVA-exposed animals treated with BUD for the 2 weeks prior to
sacrifice. #: p<0.05, different from SAL; ¥: p<0.05, different from OVA.

of chronic OVA exposure significantly attenuated this allergen-
induced AHR (fig. 2). The attenuation in AHR comprised a
significant decrease in MCh-induced maximal Rrs (6.7 +0.4
versus 9.34+1.0 cmH,O-mL™"s™"; p<0.05), airway reactivity
(slope; 2.9+0.2 versus 5.5+1.1; p<0.05), and a strong trend
towards a reduction in overall AHR (AUC; 7.8+0.8 versus
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

When assessed 4 weeks after chronic exposure, OVA resulted
in a sustained AHR compared with control. This AHR was
expressed as an increase in maximal Rrs (7.74+0.7 versus
54403 cmH,O-mL™"s™; p<0.001), airway reactivity (slope;
42404 wversus 2.1+0.2; p<<0.001) and overall AHR (AUC;
9.3+1.1 versus 5.8+0.6; p<0.01; fig. 3). The chronic allergen-
induced sustained AHR was not associated with an ongoing
airway eosinophilia, as these cells resolved to baseline levels
by 4 weeks following final allergen exposure (0.040.0 versus
3.7+0.5 x 10* 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 percentage of
the 20-pm band underneath the epithelium; 23.7+1.9 versus
17.2+£2.2%; p<<0.05), smooth muscle staining (as a percentage
of the 20-pm band underneath the epithelium 35.0+ 1.0 versus
24.5+1.9%; p<<0.001) and mucin-containing goblet cells (num-
ber per mm basement membrane; 16.2+3.0 versus 0.0+0.0;
p<<0.001) assessed 4 weeks following final allergen exposure.

When assessed 4 weeks following chronic exposure to allergen,
early prolonged concurrent budesonide treatment was able to
prevent the development of the allergen-induced sustained
AHR (fig. 3). The prevention of AHR following concurrent
budesonide intervention was illustrated by the maximal Rrs
(5.140.3 versus 7.7+0.7 cmH,O-mL-s™; p<0.01), airway reac-
tivity (slope; 1.7 +0.2 versus 4.2+ 0.4; p<0.001) and overall AHR
(AUC; 4.740.3 versus 9.3+1.1; p<0.01). Prolonged concurrent
budesonide treatment significantly prevented indices of airway
remodelling, including the allergen-induced increased collagen
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FIGURE 3. Airway responses measured 4 weeks following chronic exposure
to saline (SAL; O), ovalbumin (OVA; @), OVA+prolonged budesonide (BUD; W) or
OVA+delayed BUD (O). Total respiratory system resistance (Rrs)-methacholine
(MCh) dose-response curves were analysed to determine b) maximal airway
resistance and c) airway reactivity (slope of Rrs—MCh dose-response curve). [J SAL;

: OVA; B: OVA+delayed BUD; m: OVA+prolonged BUD. Data are presented as
mean +SEM. **: p<0.01; ***: p<0.001. *: p<0.001 compared with SAL.

deposition (15.1+1.7 versus 23.7+1.9%; p<<0.01) and mucin-
containing goblet cells (0.7 + 0.2 versus 16.2 4+ 3.0; p<<0.001), with
a trend towards preventing the allergen-induced increase in
smooth muscle mass (30.84+2.2 versus 35.0+1.0%; p=0.09).
Morphometric analyses were performed based on images from
all study mice (eight to 10 per group) and representative images
produced (figs 4 and 5).

Delayed treatment with budesonide following chronic
exposure to allergen is unable to reverse sustained AHR
Delayed budesonide treatment administered during the
4 weeks following chronic exposure to allergen was unable
to reverse the allergen-induced sustained AHR (fig. 3). The
persistence of AHR, despite delayed budesonide intervention,
was illustrated by the maximal Rrs (7.140.6 cmH,O-mL s,
airway reactivity (slope; 3.2+0.3), and overall AHR (AUC;
7.6+ 0.4). Despite the lack of effect on sustained AHR, delayed
budesonide significantly reversed some indices of airway
remodelling, including the allergen-induced increase in
smooth muscle mass (24.4+2.2% versus 35.0 +1.0%; p<<0.001)
and mucin containing goblet cells (0.4+0.2 versus 16.2+3.0;
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FIGURE 4. Representative morphometric images of a—d) collagen deposition (picrosirius red; viewed using polarised light microscopy), e-h) smooth muscle area
(a-smooth muscle actin), or i-l) mucin-containing goblet cells in the airways of mice measured 4 weeks after chronic exposure to saline (SAL; a, e, i), ovaloumin (OVA; b, f, ),
OVA+delayed budesonide (BUD; c, g, k), or OVA+prolonged BUD (d, h, I). Scale bars=50 pm.

p<0.001; figs 4 and 5). Delayed budesonide treatment, how- DISCUSSION
ever, was unable to reverse the allergen-induced increase in The present study has shown that early, prolonged
collagen deposition (23.1+1.6 versus 23.7 +1.9%; figs 4 and 5). continuous ICS intervention can prevent the development of
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FIGURE 5. Morphometric quantification of a) picrosirius red, b) o-smooth
muscle actin or ¢) mucin-containing goblet cells in the airways of mice measured
4 weeks following chronic exposure to saline (SAL; ), ovalbumin (OVA; ),
OVA+prolonged budesonide (BUD; [J) or OVA+delayed BUD (). Data are
expressed as the percentage of positively stained tissue in the region of interest
(see Materials and Methods section for further details) and presented as
mean +seM. BM: basement membrane. **: p<0.01; ***: p<0.001; #: p<<0.05
compared with SAL; ¥: p=0.09; *: p<0.001 compared with SAL; *: p<0.0001
compared with SAL.

allergen-induced sustained AHR, while delayed ICS interven-
tion is unable to reverse allergen-induced sustained AHR. Brief
treatment with budesonide during the final 2 weeks of chronic
exposure to allergen is able to reverse airway eosinophilia and
inflammation-associated AHR when assessed 24 h after final
exposure to allergen. Early prolonged budesonide treatment
administered continuously during exposure to allergen, and
the subsequent period of allergen avoidance, is able to prevent

EUROPEAN RESPIRATORY JOURNAL
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FIGURE 6. lllustration of the hypothesised constituents of airway hyperrespon-
siveness (AHR). Transient AHR (171), 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
remodelling, is present following chronic exposure to allergen and persists following
the resolution of airway inflammation. OJ: saline; B ovalbumin (OVA); #: OVA+brief
budesonide (BUD); N: OVA+delayed BUD; B: OVA+prolonged BUD. AU: arbitrary
units. **: p<0.01; #: p=0.03; *: p=0.06; *: p<0.01 compared with SAL.

the development of sustained AHR. Conversely, delayed
treatment with budesonide during the 4 weeks following
chronic exposure to allergen is unable to completely reverse
sustained AHR. These findings suggest that early, prolonged
concurrent, but not delayed, ICS intervention may be beneficial
in the prevention and management of sustained AHR.

It has been 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 ICS
treatment reduced AHR when assessments were made
immediately following exposure to allergen in both animals
[21, 37] and humans [29-31]. Furthermore, the present authors
reported that inhibition of immune-mediated events attenuates
AHR [32-34]. These findings support the hypothesis that
airway inflammation contributes to AHR. However, given the
presence of airway inflammation immediately following
exposure to allergen, 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. It has previously been
reported that the persistence of AHR is not dependent on
ongoing airway inflammation [2, 32], although it is recognised
that early immune-mediated events are likely to be responsible
for its development.

In an attempt to determine the effect of ICS intervention on the
development of sustained AHR, mice were treated with
budesonide concurrently throughout chronic exposure to
allergen. This treatment strategy allowed the present authors
to prevent the development of allergen-induced airway
inflammation. Comparable studies in human asthma would
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be impractical, as they would require long-term pre-emptive
ICS treatment, presumably beginning during infancy, prior to
the development of asthma. The current 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, the current
findings suggest that the early introduction of ICS therapy, as
advocated by current asthma treatment guidelines for
improved asthma management [38, 39], and importantly that
persistent treatment may prevent the development of sus-
tained 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 the primary
interest was to determine whether treatment could prevent the
development of sustained AHR, which needs to be assessed at
this time-point. The present authors cannot 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 con-
firmed in the present study, it was predicted that no AHR
would have been observed at earlier time-points.

To determine the effect of ICS intervention on the resolution of
sustained AHR, mice were treated with budesonide during a
period of allergen avoidance following chronic exposure to
allergen. This treatment strategy allowed intervention with ICS
after the development of allergen-induced airway inflamma-
tion, indices of remodelling and AHR. Comparable experi-
ments in human asthma would be impractical, requiring the
complete ablation of airway inflammation in addition to
prolonged therapeutic compliance. The current findings
indicate that delayed treatment with budesonide is unable to
attenuate sustained AHR.

The present study confirms that a major component of AHR
persists despite the complete ablation of airway inflammation.
Interestingly, the magnitude of AHR that persists following
delayed ICS intervention, assessed at a time following the
resolution of allergen-induced airway inflammation, is com-
parable to that observed following brief ICS intervention,
assessed immediately following exposure to allergen (fig. 6).
This supports the current authors’ 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 et al. [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 ICS
intervention offers many therapeutic benefits to asthmatic
individuals, including the reduction of severe exacerbations
and improvement of asthma control [10, 15], the current
findings suggest that delayed ICS treatment strategies initiated
once asthma has developed may have limited effectiveness at
reversing sustained airway dysfunction. However, it is
possible that administering 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 definitive statement on the role of steroids in reversing
the effects of chronic allergen can be made.
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The sustained AHR that persists despite the resolution of
transient AHR by ICS intervention is hypothesised to be due,
at least in part, to structural remodelling of the airway. The
expression of various indices of remodelling, including
increased collagen deposition and smooth muscle area,
following chronic exposure to allergen that are associated
with sustained AHR have previously been reported [32-34].
The present study 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 remodelling. The nature of the
attenuation in indices of remodelling is consistent with the
study of MILLER et al. [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, the persistence of sustained AHR
following delayed budesonide intervention was observed,
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. In fact,
this is consistent with the present authors’ 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 remodelling following
delayed ICS intervention is also consistent with CHO ef al. [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 understand the impact of airway remodelling
on AHR, it appears that additional pharmacological strategies
beyond ICS 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 the present study only the area occupied by smooth
muscle actin positive cells in a cross section of the airway wall
was quantified. As there is an obvious importance of smooth
muscle in airway narrowing, the present authors 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. Furthermore, 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 the current study supports early
introduction of steroids in the prevention of extracellular
matrix changes, the present authors warn against over-
interpretation of the negative effect on smooth muscle changes.

In the present study a well described animal model of allergen-
induced airway dysfunction was used; however, it is impor-
tant to recognise the limitations of such model systems. Thus,
while the effect of ICS intervention on the development and
resolution of sustained AHR has begun to be explored, 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

EUROPEAN RESPIRATORY JOURNAL



D.S. SOUTHAM ET AL.

animal models are relatively small when compared with the
many contrasts seen between asthmatic and nonasthmatic
individuals. Despite these limitations, it is proposed that
further understanding of important, relevant pathophysiolo-
gical relationships will stem from animal models and permit
the identification of improved therapeutic approaches to
disease management.

In summary, the current findings suggest that intervention
with corticosteroids is ineffective at resolving established
sustained airway hyperresponsiveness, even though they are
effective at reducing inflammation-associated airway hyperre-
sponsiveness and sustained airway hyperresponsiveness when
administered continuously prior to the development of airway
dysfunction. Additionally, these findings support the hypoth-
esis that airway hyperresponsiveness is comprised of both
transient steroid-sensitive and sustained steroid-insensitive
components, and illustrates the importance of making clear
distinctions between transient and sustained airway hyperre-
sponsiveness when exploring the efficacy of novel therapeu-
tics. In conclusion, the present finding that corticosteroid
treatment was effective at controlling transient, airway
inflammation-associated airway hyperresponsiveness and pre-
venting the development of sustained airway hyperrespon-
siveness clearly supports their use as first-line therapy in
asthma. The failure to reverse the sustained inflammation-
independent aspect of airway hyperresponsiveness, however,
suggests that optimal disease management may not be
achievable using corticosteroids alone.
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