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Abstract

Background: The relationship between airway structural changes (remodeling) and airways hyperresponsiveness
(AHR) is unclear. Asthma guidelines suggest treating persistent asthma with inhaled corticosteroids and long acting
b-agonists (LABA). We examined the link between physiological function and structural changes following
treatment fluticasone and salmeterol separately or in combination in a mouse model of allergic asthma.

Methods: BALB/c mice were sensitized to intraperitoneal ovalbumin (OVA) followed by six daily inhalation
exposures. Treatments included 9 daily nebulized administrations of fluticasone alone (6 mg/ml), salmeterol (3 mg/
ml), or the combination fluticasone and salmeterol. Lung impedance was measured following methacholine
inhalation challenge. Airway inflammation, epithelial injury, mucus containing cells, and collagen content were
assessed 48 hours after OVA challenge. Lungs were imaged using micro-CT.

Results and Discussion: Treatment of allergic airways disease with fluticasone alone or in combination with
salmeterol reduced AHR to approximately naüve levels while salmeterol alone increased elastance by 39%
compared to control. Fluticasone alone and fluticasone in combination with salmeterol both reduced inflammation
to near naive levels. Mucin containing cells were also reduced with fluticasone and fluticasone in combination with
salmeterol.

Conclusions: Fluticasone alone and in combination with salmeterol reduces airway inflammation and remodeling,
but salmeterol alone worsens AHR: and these functional changes are consistent with the concomitant changes in
mucus metaplasia.

Background
There is a variety of pathological changes that are thera-
peutic targets in asthma [1]. Principal among these is
periodic or persistent inflammation, which is the cardi-
nal feature of allergic asthma that presumably leads to
the persistent structural changes known as remodeling.
Remodeling includes a spectrum of alterations including
collagen deposition, epithelial thickening, goblet cell
hyperplasia and smooth muscle thickening. The overall
functional consequences of airway remodeling remain
uncertain [2], but the consequences are generally cast as
detrimental. The propensity for the distal airways of
asthmatics to become plugged with mucus is a well-

known hallmark of fatal asthma [3]. Mucus also likely
plays an important role in the distal airway closure that
underlies the AHR of allergically inflamed mice [4-6].
Mitigation of the inflammation induced remodeling may
therefore, be a key goal in asthma treatment.
Clinical guidelines call for asthma treatment with

inhaled corticosteroids (ICS) and long acting b-agonists
(LABA) for moderate and severe persistent asthma [7].
The combination of LABA and ICS is apparently more
effective than simply doubling the dose of ICS [8]; how-
ever, the precise mechanism of the effect of the com-
bined agents remains uncertain [9]. Despite the benefit
of combination therapy, clinical trials have found
adverse events associated with LABA used as monother-
apy, leading the US FDA to institute “boxed warnings”* Correspondence: Erik.Riesenfeld@uvm.edu
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related to LABA use [10-12]. The issue is further com-
plicated by the results of a recent clinical trial suggesting
that regular treatment with short acting bronchodilators
might also be detrimental, even when used in combina-
tion with ICS [13].
The multiplicity of sites of action that ICS have in the

inflammatory cascade explains why they are currently
the most efficacious therapy for asthma [7,14]. However,
it has been suggested that LABAs also have anti-inflam-
matory properties [9,15-17] in addition to being able to
relax airway smooth muscle. With this combination of
benefits, the finding that LABA use is associated with
adverse outcomes would seem to be puzzling. On the
other hand, studies of the anti-inflammatory properties
of LABA have so far focused primarily on epithelial per-
meability and cellular accumulation in the lungs [17].
This is a limited spectrum of action compared to that
attributed to ICS. It is therefore possible that the detri-
mental consequences of LABA use arise because other
aspects of the inflammatory response are increased such
as airway wall thickening and mucus hyper-secretion.
Accordingly, we hypothesized that LABA treatment

would upregulate components of the inflammatory or
“remodelling” response that exacerbate airway closure,
and that this is prevented by concomitant use of ICS.
To address this hypothesis, we focused on how airway
hyperresponsiveness in allergically inflamed mice is
modulated by treatment with an inhaled LABA (salme-
terol), or ICS (fluticasone), or the combination of the
two. We related these physiological outcomes to mea-
sures of airway and parenchymal remodeling based on
histological indices and micro-CT imaging.

Methods
Experiments were approved by the Institutional Animal
Care and Use Committee of the University of Vermont.

Animals and the OVA Allergic Airways Disease model
Female BALB/c mice (age 6-12 weeks with n = 6-8 per
group from Jackson Laboratories, Bar Harbor, ME) were
sensitized to ovalbumin (OVA) (Sigma-Aldrich St.
Louis, MO) with alum adjuvant (aluminum hydroxide)
(Pierce Chemical, Rockford, IL) as previously described
[18]. The experimental study design scheme is shown in
Figure 1. Because of technical limitations imposed by
the protocol for computed tomography (CT) imaging,
half of each group were subjected to CT imaging
whereas the other half had BAL and histology per-
formed. Mice received intraperitoneal OVA and alum
(days 0 and 14) followed by nebulized 1% OVA in sterile
phosphate buffered saline on days 21-26 (O group). A
naïve (N) group served as a control. Nebulized treat-
ments were given for 30 minutes in a compartmenta-
lized exposure chamber using an attached Pari LC plus®
nebulizer with a Proneb® Ultra II (PARI Innovative
Manufacturers, Inc Midlothian, VA).

Drug Treatments
The O group was sub-divided to receive the following
nebulized treatments; vehicle control (V) (D-PBS/0.17%
tween 80), fluticasone (F) (6 mg/ml), salmeterol (S) (3
mg/ml) or the combination of salmeterol (3 mg/ml) and
fluticasone (FS) (6 mg/ml) (GlaxoSmithKline Middlesex,
UK). Drugs were administered once a day for 20 minutes
using the same nebulizer arrangement described above in

Figure 1 Experimental Study Design Scheme. BALB/c mice were immunized intraperitoneally with 20 micrograms of Ovalbumin (OVA) on
days 0 and 14. OVA was then nebulized daily as a challenge on days 21 to 26. Different groups of mice were treated with 20 minute
nebulizations of vehicle, fluticasone 6,000 micrograms per ml, salmeterol 3,000 micrograms per ml, or the combination of fluticasone and
salmeterol. These were dosed once daily from days 19 to 27 (9 doses).
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the OVA model section on days 19-27 and data were col-
lected on day 28 (24 hours after the last dose).

Lung Mechanics
Mice were anesthetized with pentobarbital (90 mg/kg),
tracheostomized and ventilated with room air at a rate
of 200 breaths per minute with a tidal volume of 0.25
ml and positive end expiratory pressure of 3 cm H2O
(flexiVent, Scireq, Montreal). Mice received 2 sighs lim-
ited to a pressure of 25 cm H2O. Following this, two
baseline measurements of respiratory input impedance
(Zrs) were made followed by nebulized methacholine
challenges (saline control and methacholine at 3.125,
12.5, and 50 mg/ml). Methacholine was nebulized for 40
seconds with the inspiratory line of the ventilator con-
nected through a nebulizer (Beetle-Neb Ultrasonic
Nebulizer Drive Medical Design and Manufacturing
Port Washington, NY) using a tidal volume of 0.8 ml
with a rate adjusted to provide the same minute ventila-
tion as the baseline ventilation.
Newtonian Resistance (RN), tissue resistance or damp-

ing (G), and elastance (H) were calculated by fitting the
constant-phase model to respiratory impedance as
described previously [19-22]. Mice were then euthanized
followed by either a CT scan or a bronchoalveolar
lavage (BAL) [4,23].

Histology
Bronchoalveolar lavage (BAL) cell counts were recorded as
previously described [24]. Lungs were inflation fixed with
10% formalin at 30 cm pressure and stained with Hema-
toxylin and Eosin (H+E), Sirius red (for collagen) [25], or
fluorescent periodic acid Schiff (PAFS) to evaluate mucus
containing cells as per Evans et al. [26]. PAFS staining was
used due to its greater specificity with less background
staining than the standard PAS stain. Immersion fixation
was done with additional mice (2 from O and 2 from FS)
so that the luminal space could be visualized without dis-
ruption caused by lavage or inflation.

Morphometry
Semi-quantitative assessment of inflammation, collagen
deposition and epithelial damage was performed by
three masked readers. Epithelial thickness, collagen, and
mucin containing cells were quantified using customized
Image J software (see online supplement for a detailed
description) [27]. Slides were viewed (Zeiss, Axioskop 2
plus, Göttingen, Germany) at 10 × or 20 ×. Scoring for
inflammation and epithelial damage used a four point
scale (0-least to 3-most). The epithelial damage score
incorporated epithelial cell thickness and cell disruption.
Collagen was determined quantitatively and semi-quan-
titatively from polarized Sirius Red stained slides (see
additional file 1 for details). PAFS positive cells were

recorded as a number of cells per micron of basement
membrane. Epithelial thickness was measured as the
area between the luminal cell membrane and the base-
ment membrane (BM) divided by the BM length in
microns.

Computed Tomography
After euthanasia, mice the mouse trachea was tied off at
3 cm H2O and imaged at 80 kV and 450 mA for 80 min
using a micro-CT scanner (eXplore, GE Medical sys-
tems) [4]. Images were converted into iso-surface ren-
derings for visualization of the air-tissue interface.
Thoracic gas volume (VTG) was determined by summing
the fractions of air in each pixel as previously described
by Lundblad et al. [4].

Statistics
Statistics were calculated using Origin 7.5 (OriginLab
Corp, Northampton, MA). ANOVA followed by Tukey-
Kramer pairwise comparisons were used to compare
treatment effects. Lung mechanics parameters were
compared using a two way ANOVA followed by a
means comparison using a Tukey test. Data are
expressed as mean ± SE. Significance was taken as p <
0.05.

Results
Bronchoalveolar Lavage
The BAL cellularity was greater in the O and V and S
groups compared to N, F and FS. Variability in the cell
counts limited the statistical significance with the con-
servative statistical test of an ANOVA with Tukey’s
Multiple Comparison Test (see Figure 2) (p < 0.01 for
ANOVA). The greatest cellularity was seen in the S
group but significance was noted only for S compared
to N, F and FS for total cells. Cell counts were at naüve
levels in both the F and FS treated groups. BALF fluid
return ranged from 0.6-0.9 ml per mouse.

Histology
Figure 3 presents representative photomicrographs from
each group. These images have pathology scores similar
to their respective group means shown in Figure 4. Sen-
sitization and challenge with O caused a significant
increase in peribronchial inflammation in the O group
compared to the N group. Fluticasone, either alone (F)
or in combination with salmeterol (FS), dramatically
reduced peribronchial inflammation to N group levels
(see Figure 3, panels D and E). There was no evidence
of reduced inflammation in the S group in which mucus
frequently adhered to the airway wall as depicted in
Figure 3, panel C. In comparing the scores of the three
readers for inflammation, an Intraclass Correlation
Coefficient (ICC) was calculated to be 0.861. P values
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for Pearson correlations were all < 0.0017. Mucus plug
formation and abundant peribronchial inflammation
were seen in the OVA treated lungs that were immer-
sion fixed (see Figure 3 panel F).
Scores of epithelial injury and thickness are also

shown in Figure 4. OVA caused an increase in epithelial
thickening that was reduced to naive levels with nebu-
lized fluticasone. Epithelial damage and thickening were
greatest in the O, V and S groups. The thickness of the
epithelium was less variable than the global pathology
score, and there was no difference attributable to airway
size in either endpoint (data not shown).
There was no significant change in peribronchial air-

way collagen deposition assessed by Sirius red staining
at the 28 day time point (data not shown).

Physiology
Baseline lung mechanics parameters (RN, G, and H)
were essentially equivalent between the treatment
groups (see Additional File 2, Figure S2). Overall, the
biggest differences between the treatment groups
occurred in H (Elastance) (see Figure 5). The S group
had the greatest change in H with a 6-7 fold increase
above baseline, with the next biggest response occurring
in the V group. Moreover, in both these groups the con-
stant-phase model of lung mechanics was frequently

unable to provide a satisfactory fit to impedance at the
highest methacholine doses (see Additional File 2, Fig-
ure S3). Mice in the N, F and FS groups all had similar
responses to methacholine. Salmeterol treatment alone
caused a significant increase in G (tissue resistance or
damping). There was no significant different in RN

between any of the groups at any methacholine dose.
Mice treated with fluticasone and salmeterol together
(FS) generally demonstrated the lowest level of airways
hyperresponsiveness in inflamed mice compared to
those treated with either salmeterol or fluticasone alone.

Computed Tomography
Micro-CT images revealed probable atelectasis in distal
lung regions in OVA treated mice (See Additional File
2, Figure S4). These findings were not completely elimi-
nated by any of the treatments. Lung volume measured
as the thoracic gas volume calculated from the CT
(VTG) was not significantly different among any of the
groups (data not shown).

Mucin
The number of airway epithelial cells containing airway
mucin was greatest in the V and S groups and was sig-
nificantly less in the F and FS groups (Figures 6 and 7).
There was a trend for increased PAFS positive cells in

Figure 2 BALF Cell Counts. Total cells (Total), macrophages (MAC), eosinophils (EOS), neutrophils (PMN), and lymphocytes (LYM). Treatment
groups; Naïve mice (N), Inhaled OVA (6 doses) (O), OVA with vehicle control (V), salmeterol (S), fluticasone (F), and the combination (fluticasone
and salmeterol) (FS). Mean cells per ml of BAL fluid ± SE. * in Total cells p < 0.05 for S compared to. N, FS, and F. † in Total cells p < 0.05 for N,
F and FS compared to S. * in MAC p < 0.05 for S compared to V and FS. † in MAC p < 0.05 for V and FS compared to S.
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Figure 3 Histology. Representative* Hematoxylin and Eosin stained tissue sections taken with 10× objective. A) Naïve, B) OVA, C) Salmeterol
(arrow indicates mucus adherent to wall), D) Fluticasone, E) Fluticasone and Salmeterol, F) immersion fixed lung from OVA challenged mouse
demonstrating airway obstruction with mucus in bronchial lumen. *Representative figures were chosen using criteria described in the text.
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Figure 4 Tissue Scores. Peribronchial inflammation, epithelial
thickening and injury. A) Semi-quantitative score for peribronchial
inflammation. B) Semi-quantitative score for global epithelial
damage. C) Quantitative epithelial thickness. Groups; naïve mice (N),
OVA (O), and O mice with vehicle control (V), salmeterol (S),
fluticasone (F), and a combination of fluticasone and salmeterol (FS).
N = 4-6 mice in each group with 4 airways per mouse (averaged
for each mouse/slide). Results expressed as mean ± SE. * p < 0.05.

Figure 5 Lung Mechanics. Mechanics parameters following
nebulized saline and increasing concentrations of methacholine
(peak response as percent of baseline). Groups; naïve mice (N) (n =
7) and OVA mice treated with vehicle (V) (n = 6), salmeterol (S) (n =
7), fluticasone (F) (n = 8), salmeterol and fluticasone (FS) (n = 8). R =
RN = Newtonian resistance, G = tissue damping, H = tissue
elastance. Results expressed as mean ± SE Panel with R: NS no
significant differences between the groups. Panel with G: * p < 0.05
for S compared to V, N, F, or FS. Panel with H: * p < 0.05 for S
compared to V (p is also < 0.05 for S compared to N, F, or FS). † p
< 0.05 for S or V compared to N, F, or FS. All comparisons in this
figure are by a two way ANOVA followed by Tukey pairwise
comparisons.

Riesenfeld et al. Respiratory Research 2010, 11:22
http://respiratory-research.com/content/11/1/22

Page 6 of 11



Figure 6 Mucus Staining. Representative* PAFS stained tissue sections imaged with a dual excitation filter (FITC/Texas Red) and the 20×
objective (F imaged at 10×.). A) naïve, B) OVA, C) Salmeterol, D) Fluticasone, E) Fluticasone and Salmeterol, F) immersion fixed lung from OVA
mouse demonstrating airway obstruction with mucus. *Representative figures were chosen using criteria described in the text.
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the S group compared to the V (Figure 7) but this did
not reach statistical significance.

Discussion
The goal of the present study was to elucidate if, and to
what extent, ICS and LABA, both separately and in
combination, alter the pathophysiology of allergic
asthma. We found that fluticasone by itself, as might be
expected, completely reversed the inflammatory changes
assessed both by bronchoalveolar lavage and histologic
sections (Figures 2, 3, and 4). Alternatively, treatment
given throughout the antigen challenge phase such as
ICS may prevent the inflammatory changes from being
initiated by having a direct effect on the lung (e.g. innate
immunity). In either case, lung remodeling, particularly
in terms of mucus metaplasia and epithelial thickening,
was essentially abrogated (Figures 4, 6, and 7) and corre-
spondingly, methacholine responsiveness was returned
to (or remained at) baseline levels (Figure 5). These
findings are in keeping with the well established efficacy
of ICS that results from their broad anti-inflammatory
activity and that makes ICS the treatment of choice for
asthma [7,28].
In stark contrast to the beneficial effects of ICS, treat-

ment with the LABA salmeterol alone increased hyper-
responsiveness (Figure 5) assessed at a time point when
bronchodilation should be minimal since the measure-
ments were made 24 hours after the last dose of salme-
terol and the baseline resistance is not significantly
different (Additional File 2, Figure S2). The S group
exhibited significantly more total cells than the naive
controls and mice treated with fluticasone (Figure 2).

While there are statistically insignificant increases in
inflammation (Figure 2), epithelial damage (Figure 4), or
mucus production (Figure 7), we think that an increase
in mucus containing cells or mucus within the airway,
in combination with epithelial injury or increased
inflammation too subtle to be quantified by simple his-
tological measurements could explain the physiological
findings. Alternatively, LABA treatment might have a
more direct effect on mucin containing cells that is
independent of any effects on the inflammatory
response. We base these conclusions on a number of
interrelated findings and deductions. First, using compu-
tational modeling, we have previously shown that
increased airways hyperresponsiveness can be explained
by increased epithelial thickening and airway closure [6].
Mucus metaplasia would be expected to enhance airway
closure and the S group tended to show increased
mucus cell numbers. Consistent with this is the putative
role of mucus plugging in fatal human asthma cases [3].
Second, while the trend towards an increase in mucus
containing cells within the airway did not reach statisti-
cal significance, it is important to point out that the dis-
tribution of airway closure is decidedly not uniform [4].
Histological measurements that were done are averaged
through the lung and would be expected to lack the
sensitivity to detect the changes that are clearly ampli-
fied in physiological measurements. Third, the concept
that beta agonists may upregulate mucus is supported
by previous work implicating beta agonists in mucus
production in rats [29], as well as in airway epithelial
cell proliferation and airway wall thickening or injury
[30]. Fourth we have showed that hyperresponsiveness
in elastance (H), a measure of airway closure to metha-
choline challenge is extremely sensitive to small
increases in epithelial thickness and/or airway secretions
through the formation of liquid bridges that occlude the
lumen of small airways [4,6,21,31,32]. This is supported
in the present study by CT imaging that is consistent
with airway collapse in the S group. Finally, we found
that the constant-phase model frequently did not fit
measurements of impedance very well in this particular
treatment group, consistent with instability of airway
patency and airway closure (See Additional File 2, Figure
S3) [21]. Thus, taken together the increased AHR mani-
fested in the parameter H suggests that augmentation in
AHR by S is due to enhanced airway closure likely the
result of mucus metaplasia and/or epithelial changes.
The current study supports the hypothesis that

extended therapy with LABA monotherapy worsens air-
ways hyperresponsiveness, possibly by upregulating either
aspects of the inflammatory response or mucin contain-
ing cells and exacerbating distal airway closure thus, pro-
viding a potential explanation for the rare severe adverse
events associated with LABA mono-therapy in asthmatic

Figure 7 Mucus Quantification. Mucus containing (PAFS positive)
cells. Groups include naïve mice (N) and OVA sensitized and
challenged mice treated with vehicle control (V), salmeterol (S),
fluticasone (F), and a combination of fluticasone and salmeterol (FS).
Results are expressed as means ± SE. N = 4 mice with 4 airways
averaged per mouse (slide). ANOVA p < 0.0001. * p < 0.05.
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patients [10,11]. Asthma deaths were first ascribed to
the use of beta agonists more than a decade ago [33],
and there have been scattered reports that beta ago-
nists can increase secretory cell numbers in human air-
ways [34]. Also, airway closure has been demonstrated
to be an important feature in human asthma [35]. It is
therefore possible that peripheral airway closure played
a role in the LABA-related deaths. Of course, one
could argue that the acutely inflamed mice utilized in
the present study have limited relevance to the chronic
disease of human adult asthma. On the other hand, the
FDA recently brought attention to the possible adverse
consequences of salmeterol use in the pediatric popula-
tion [36] which our acute antigen-challenged mouse
model may more closely reflect. Although the result of
the present study seems to fit with corresponding
observations in human asthmatics, they must be viewed
in the light of certain limitations. Foremost among
these is the fact that mice have important physiological
and pharmacologic differences to humans, and that
the model of allergic asthma we used reflects simply
the acute inflammatory response to a single foreign
protein. There may also be differences in the delivery
of drugs by nebulization compared with dosing a
powdered formulation. Initial titration studies with flu-
ticasone demonstrated evidence of dose dependant
anti-inflammatory effects of fluticasone suggesting ade-
quate delivery. We used this model because it has a
number of practical advantages, has been well charac-
terized, and exhibits at least some of the features
thought to be central to human asthma [6]. And while
there are a wide variety of other inflammatory animal
models or investigative techniques that exist [37], each
of these approaches has its limitations and advantages.
The most important finding of the present study is

that the adverse physiological consequences and likely,
any related inflammatory or early remodeling changes
attributable to salmeterol seem to be completely avoided
if LABA is administered in conjunction with fluticasone
(Figures 2, 2, 3, 4, 5, 6, 7). This finding is consistent
with a recent meta analysis of human clinical data show-
ing the deleterious effects of LABA appear to be abro-
gated by concomitant use of ICS [38]. Indeed, the
combination therapy used in our study was at least as
effective as fluticasone alone, and may even have been
slightly better when all of the outcomes are taken
together. Even so, the anti-inflammatory role of salme-
terol remains controversial [15,16,39]. The principal
rationale for combination therapies in asthma remains
the notion that ICS allow for the benefits of LABAs
while at the same time mitigating their disadvantages. In
other words, combining these two drugs produces an
effect that is not simply the sum of their individual
effects. Exactly why synergy should exist between ICS

and LABA is not entirely clear. One possibility is beta
agonists directly activate the glucocorticoid receptor
[9,40]. Alternatively, we have recently demonstrated
synergistic interactions between the peripheral remodel-
ing of allergic inflammation and enhanced central air-
way narrowing in mice [21]. Thus, there is more than
one reason why a combination therapy would be super-
ior as one agent treats inflammation and the other treats
abnormal smooth muscle function and may involve pre-
viously underappreciated mechanisms.
Structural remodeling has long been linked to asthma

and this topic has been heavily reviewed [1]. What is
unclear is what portion of these structural changes lead to
the greatest changes in lung function. Fibrotic changes tra-
ditionally considered targets for therapy may in fact; serve a
protective role in reducing AHR [2,25]. On the other hand,
early changes such as those seen in this model including
epithelial thickening and mucus production may produce a
more significant decrement in lung function and hyperre-
sponsiveness representing the physiologically important
early elements of the remodeling process [41-43]. Several
potential therapies impact mucus metaplasia including the
MARCKS related peptide that can reduce mucus release
into airways [44,45]. Cysteinyl leukotrienes receptor antago-
nists have been shown to reduce mucus plugging, smooth
muscle hyperplasia, and subepithelial fibrosis [46]. Surpris-
ingly, beta blockers have also been shown to reduce mucin
content [47]. Taken together with our findings it is reason-
able to suggest that airway mucus metaplasia might be a
promising therapeutic target in asthma, particularly in
patients who are resistant to steroids [28].

Conclusions
We have investigated the effects of fluticasone and sal-
meterol, both separately and in combination, on lung
structure and function in allergically inflamed mice. Sal-
meterol alone worsened airways hyperresponsiveness
and increased (or failed to reduce) histologic markers of
inflammation, remodeling and mucus hyperplasia at
least as severely as those associated with untreated
inflamed animals. The pattern of hyperresponsiveness
was consistent with increased closure of small airways.
Concomitant administration of fluticasone maintained
or reduced all biomarkers to the level of naüve animals.
These results have implications related to the treatment
of early asthma and suggest that treatment with LABA
alone is detrimental, but that any adverse effects are
ameliorated with the combined use of ICS, in support of
current clinical practice.

Abbreviations used
AHR: airways hyperresponsiveness; BALF: bronchoalveolar
lavage fluid; BM: basement membrane; COD: coefficient of
determination; F: fluticasone; FS: combination of
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fluticasone and salmeterol; G: tissue damping; H: tissue
elastance; ICS: inhaled corticosteroid; LABA: long acting
bronchodilator; O: OVA (ovalbumin); Rn: Newtonian
Resistance; S: salmeterol; SABA: short acting bronchodila-
tor; V: Vehicle control in addition to OVA; VTG: Thoracic
gas volume (lung volume calculated from the CT).

Additional file 1: Supplemental morphometry methods. This file
contains additional technical information for the morphometry
techniques used. Figure S1: This illustrates the quantitative collagen
measurement technique using image J software.
Click here for file
[ http://www.biomedcentral.com/content/supplementary/1465-9921-11-
22-S1.DOC ]

Additional file 2: Additional Data including baseline mechanics, z
values and CT images: Figure S2: Baseline lung mechanics parameters
(Supplemental Figure 2.doc) Figure S3. Number of z values with a
coefficient of determination (COD) less than 0.8. Figure S4:
Representative CT images.
Click here for file
[ http://www.biomedcentral.com/content/supplementary/1465-9921-11-
22-S2.DOC ]

Acknowledgements
The authors would like to thank Burton Dickey PhD and Christopher Evans
PhD at MD Anderson, Houston TX for assistance with PAFS stain protocol.
Lisa Rinaldi’s technical assistance was invaluable. We also thank Joan M.
Skelly MS and Taka Ashikaga PhD for their assistance with statistical analysis.
CGI received support for this research from an investigator-initiated
respiratory CRT grant from GSK. EPR was supported by a National Institute of
Health Training Grant (T32-HL076122)

Authors’ contributions
EPR analyzed the data, and performed the histology analysis and wrote the
manuscript. MAS modified Image J for histological analysis and reviewed the
manuscript, JAT managed the CT scans and assisted with the image
reconstruction, HCH assisted with manuscript editing and data analysis, LKL
assisted with study design, analysis and manuscript review, JHTB assisted
with data review and manuscript preparation, and CGI created the study
design, obtained funding and assisted with all data management and
manuscript preparation.
All authors have read and approved the final manuscript.

Competing interests
Charles Irvin received support for this research from an investigator-initiated
respiratory CRT grant from GSK. Dr. Irvin also reports receiving funding from
Merck and Sepracor.

Received: 1 July 2009
Accepted: 24 February 2010 Published: 24 February 2010

References
1. James AL, Wenzel S: Clinical relevance of airway remodelling in airway

diseases. Eur Respir J 2007, 30:134-155.
2. McParland BE, Macklem PT, Pare PD: Airway wall remodeling: friend or

foe?. J Appl Physiol 2003, 95:426-434.
3. Kuyper LM, Pare PD, Hogg JC, Lambert RK, Ionescu D, Woods R, Bai TR:

Characterization of airway plugging in fatal asthma. The American Journal
of Medicine 2003, 115:6-11.

4. Lundblad LKA, Thompson-Figueroa J, Allen GB, Rinaldi L, Norton RJ, Irvin CG,
Bates JHT: Airway Hyperresponsiveness in Allergically Inflamed Mice: The
Role of Airway Closure. Am J Respir Crit Care Med 2007, 175:768-774.

5. Wagers SS, Norton RJ, Rinaldi LM, Bates JHT, Sobel BE, Irvin CG: Extravascular
fibrin, plasminogen activator, plasminogen activator inhibitors, and airway
hyperresponsiveness. J Clin Invest 2004, 114:104-111.

6. Wagers S, Lundblad LKA, Ekman M, Irvin CG, Bates JHT: The allergic mouse
model of asthma: normal smooth muscle in an abnormal lung?. J Appl
Physiol 2004, 96:2019-2027.

7. The National Asthma Education and Prevention Program (NAEPP): The
Expert Panel Report 3 (EPR-3): Guidelines for the Diagnosis and
Management of Asthma. 2007, 2007.

8. Woolcock A, Lundback B, Ringdal N, Jacques LA: Comparison of addition
of salmeterol to inhaled steroids with doubling of the dose of inhaled
steroids. Am J Respir Crit Care Med 1996, 153:1481-1488.

9. Anderson GP: Interactions between Corticosteroids and beta -Adrenergic
Agonists in Asthma Disease Induction, Progression, and Exacerbation.
Am J Respir Crit Care Med 2000, 161:188S-196.

10. Nelson HS, Weiss ST, Bleecker ER, Yancey SW, Dorinsky PM, the SMART
Study Group: The Salmeterol Multicenter Asthma Research Trial: A
Comparison of Usual Pharmacotherapy for Asthma or Usual
Pharmacotherapy Plus Salmeterol. Chest 2006, 129:15-26.

11. Salpeter SR, Buckley NS, Ormiston TM, Salpeter EE: Meta-Analysis: Effect of
Long-Acting {beta}-Agonists on Severe Asthma Exacerbations and
Asthma-Related Deaths. Ann Intern Med 2006, 144:904-912.

12. FDA Public Health Advisory Serevent Diskus (salmeterol xinafoate
inhalation powder), Advair Diskus (fluticasone propionate & salmeterol
inhalation powder), Foradil Aerolizer (formoterol fumarate inhalation
powder). http://www.fda.gov/Drugs/DrugSafety/PublicHealthAdvisories/
ucm162678.htm.

13. Papi A, Canonica GW, Maestrelli P, Paggiaro P, Olivieri D, Pozzi E, Crimi N,
Vignola AM, Morelli P, Nicolini G, et al: Rescue Use of Beclomethasone
and Albuterol in a Single Inhaler for Mild Asthma. N Engl J Med 2007,
356:2040-2052.

14. Barnes PJ: Scientific rationale for using a single inhaler for asthma
control. Eur Respir J 2007, 29:587-595.

15. Li X, Ward C, Thien F, Bish ROS, Bamford T, Bao X, Bailey M, Wilson JW,
Haydn Walters E: An Antiinflammatory Effect of Salmeterol, a Long-acting
beta 2 Agonist, Assessed in Airway Biopsies and Bronchoalveolar Lavage
in Asthma. Am J Respir Crit Care Med 1999, 160:1493-1499.

16. Whelan C, Johnson M, Vardey C: Comparison of the anti-inflammatory
properties of formoterol, salbutamol and salmeterol in guinea-pig skin
and lung. Br J Pharmacol 1993, 110:613-618.

17. Howarth P: Effects of Beta2-Agonists on Airway Inflammation. Beta2-
Agonists in Asthma Treatment New York: Marcel Dekker IncPauwels R,
O’Byrne PM 1997, 106:67-86.

18. Takeda K, Hamelmann E, Joetham A, Shultz LD, Larsen GL, Irvin CG,
Gelfand EW: Development of Eosinophilic Airway Inflammation and
Airway Hyperresponsiveness in Mast Cell-deficient Mice. J Exp Med 1997,
186:449-454.

19. Bates JHT, Wagers SS, Norton RJ, Rinaldi LM, Irvin CG: Exaggerated airway
narrowing in mice treated with intratracheal cationic protein. J Appl
Physiol 2006, 100:500-506.

20. Hantos Z, Daroczy B, Suki B, Nagy S, Fredberg JJ: Input impedance and
peripheral inhomogeneity of dog lungs. J Appl Physiol 1992, 72:168-178.

21. Bates JHT, Cojocaru A, Haverkamp HC, Rinaldi LM, Irvin CG: The Synergistic
Interactions of Allergic Lung Inflammation and Intratracheal Cationic
Protein. Am J Respir Crit Care Med 2008, 177:261-268.

22. Ito S, Ingenito EP, Arold SP, Parameswaran H, Tgavalekos NT, Lutchen KR,
Suki B: Tissue heterogeneity in the mouse lung: effects of elastase
treatment. J Appl Physiol 2004, 97:204-212.

23. Poynter ME, Cloots R, van Woerkom T, Butnor KJ, Vacek P, Taatjes DJ,
Irvin CG, Janssen-Heininger YMW: NF-{kappa}B Activation in Airways
Modulates Allergic Inflammation but Not Hyperresponsiveness. J
Immunol 2004, 173:7003-7009.

24. Poynter ME, Irvin CG, Janssen-Heininger YMW: Rapid Activation of Nuclear
Factor-{kappa}B in Airway Epithelium in a Murine Model of Allergic
Airway Inflammation. Am J Pathol 2002, 160:1325-1334.

25. Alcorn JF, Rinaldi LM, Jaffe EF, van Loon M, Bates JHT, Janssen-
Heininger YMW, Irvin CG: Transforming Growth Factor-beta1 Suppresses
Airway Hyperresponsiveness in Allergic Airway Disease. Am J Respir Crit
Care Med 2007, 176:974-982.

26. Evans CM, Williams OW, Tuvim MJ, Nigam R, Mixides GP, Blackburn MR,
DeMayo FJ, Burns AR, Smith C, Reynolds SD, et al: Mucin Is Produced by
Clara Cells in the Proximal Airways of Antigen-Challenged Mice. Am J
Respir Cell Mol Biol 2004, 31:382-394.

Riesenfeld et al. Respiratory Research 2010, 11:22
http://respiratory-research.com/content/11/1/22

Page 10 of 11

http://www.ncbi.nlm.nih.gov/pubmed/17601971?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17601971?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12794101?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12794101?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12867228?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17255559?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17255559?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15232617?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15232617?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15232617?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14660507?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14660507?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8630590?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8630590?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8630590?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16424409?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16424409?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16424409?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16754916?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16754916?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16754916?dopt=Abstract
http://www.fda.gov/Drugs/DrugSafety/PublicHealthAdvisories/ucm162678.htm
http://www.fda.gov/Drugs/DrugSafety/PublicHealthAdvisories/ucm162678.htm
http://www.ncbi.nlm.nih.gov/pubmed/17507703?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17507703?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17329493?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17329493?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10556111?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10556111?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10556111?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7902175?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7902175?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7902175?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9236197?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9236197?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16239609?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16239609?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1537711?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1537711?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17962637?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17962637?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17962637?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15020580?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15020580?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15557197?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15557197?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11943717?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11943717?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11943717?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17761617?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17761617?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15191915?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15191915?dopt=Abstract


27. Rasband WS: ImageJ. U. S. National Institutes of Health, Bethesda,
Maryland, USA. 1997.

28. Barnes PJ: Efficacy of inhaled corticosteroids in asthma. The Journal of
allergy and clinical immunology 1998, 102:531-538.

29. Kamachi A, Munakata M, Nasuhara Y, Nishimura M, Ohtsuka Y, Amishima M,
Takahashi T, Homma Y, Kawakami Y: Enhancement of goblet cell
hyperplasia and airway hyperresponsiveness by salbutamol in a rat
model of atopic asthma. Thorax 2001, 56:19-24.

30. Tamaoki J, Tagaya E, Kawatani K, Nakata J, Endo Y, Nagai A: Airway
Mucosal Thickening and Bronchial Hyperresponsiveness Induced by
Inhaled {beta}2-Agonist in Mice. Chest 2004, 126:205-212.

31. Wagers SS, Haverkamp HC, Bates JHT, Norton RJ, Thompson-Figueroa JA,
Sullivan MJ, Irvin CG: Intrinsic and antigen-induced airway
hyperresponsiveness are the result of diverse physiological mechanisms.
J Appl Physiol 2007, 102:221-230.

32. Allen GB, Pavone LA, DiRocco JD, Bates JHT, Nieman GF: Pulmonary
impedance and alveolar instability during injurious ventilation in rats. J
Appl Physiol 2005, 99:723-730.

33. Pearce N, Beasley R, Crane J, Burgess C, Jackson R: End of the New
Zealand asthma mortality epidemic. The Lancet 1995, 345:41-44.

34. Jones R, Reid L: Beta-agonists and secretory cell number and intracellular
glycoproteins in airway epithelium. The effect of isoproterenol and
salbutamol. Am J Pathol 1979, 95:407-421.

35. Chapman DG, Berend N, King GG, Salome CM: Increased Airway Closure is
a Determinant of Airway Hyperresponsiveness. Eur Respir J 2008.

36. Memorandum: Department of Health and Human Services Public Health
Services Food and Drug Administration Center for Drug Evaluation and
Research. http://www.fda.gov/ohrms/dockets/AC/07/briefing/2007-
4325b_03_05_Salmeterol%20Adverse%20Event%20Review.pdf.

37. Kariyawasam HH, Robinson DS: Airway remodelling in asthma: models
and supermodels?. Clinical & Experimental Allergy 2005, 35:117-121.

38. Bateman E, Nelson H, Bousquet J, Kral K, Sutton L, Ortega H, Yancey S:
Meta-analysis: effects of adding salmeterol to inhaled corticosteroids on
serious asthma-related events. Ann Intern Med 2008, 149:33-42.

39. Walters EH, Reid DW, Johns DP, Ward C: Nonpharmacological and
pharmacological interventions to prevent or reduce airway remodelling.
Eur Respir J 2007, 30:574-588.

40. Eickelberg O, Roth M, Lorx R, Bruce V, Rudiger J, Johnson M, Block L-H:
Ligand-independent Activation of the Glucocorticoid Receptor by beta
2-Adrenergic Receptor Agonists in Primary Human Lung Fibroblasts and
Vascular Smooth Muscle Cells. J Biol Chem 1999, 274:1005-1010.

41. Reader JR, Tepper JS, Schelegle ES, Aldrich MC, Putney LF, Pfeiffer JW,
Hyde DM: Pathogenesis of Mucous Cell Metaplasia in a Murine Asthma
Model. Am J Pathol 2003, 162:2069-2078.

42. Nakanishi A, Morita S, Iwashita H, Sagiya Y, Ashida Y, Shirafuji H, Fujisawa Y,
Nishimura O, Fujino M: Role of gob-5 in mucus overproduction and
airway hyperresponsiveness in asthma. Proceedings of the National
Academy of Sciences of the United States of America 2001, 98:5175-5180.

43. Cohen L, E X, Tarsi J, Ramkumar T, Horiuchi TK, Cochran R, DeMartino S,
Schechtman KB, Hussain I, Holtzman MJ, et al: Epithelial Cell Proliferation
Contributes to Airway Remodeling in Severe Asthma. Am J Respir Crit
Care Med 2007, 176:138-145.

44. Singer M, Martin LD, Vargaftig BB, Park Joungjoa, Gruber AD, Li2 Y, Adler KB:
A MARCKS-related peptide blocks mucus hypersecretion in a mouse
model of asthma. Nature Medicine 2004, 10:193-196.

45. Agrawal A, Rengarajan S, Adler KB, Ram A, Ghosh B, Fahim M, Dickey BF:
Inhibition of mucin secretion with MARCKS-related peptide improves
airway obstruction in a mouse model of asthma. J Appl Physiol 2007,
102:399-405.

46. Henderson WRJ, Tang L-O, Chu S-J, Tsao S-M, Chiang GKS, Jones F,
Jonas M, Pae C, Wang H, Chi EY: A Role for Cysteinyl Leukotrienes in
Airway Remodeling in a Mouse Asthma Model. Am J Respir Crit Care Med
2002, 165:108-116.

47. Nguyen LP, Omoluabi O, Parra S, Frieske JM, Clement C, Ammar-
Aouchiche Z, Ho SB, Ehre C, Kesimer M, Knoll BJ, et al: Chronic Exposure to
Beta-Blockers Attenuates Inflammation and Mucin Content in a Murine
Asthma Model. Am J Respir Cell Mol Biol 2008, 38:256-262.

doi:10.1186/1465-9921-11-22
Cite this article as: Riesenfeld et al.: Inhaled salmeterol and/or
fluticasone alters structure/function in a murine model of allergic
airways disease. Respiratory Research 2010 11:22.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

Riesenfeld et al. Respiratory Research 2010, 11:22
http://respiratory-research.com/content/11/1/22

Page 11 of 11

http://www.ncbi.nlm.nih.gov/pubmed/9802359?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11120899?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11120899?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11120899?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15249464?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15249464?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15249464?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17008432?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17008432?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15831795?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15831795?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/36762?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/36762?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/36762?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18653648?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18653648?dopt=Abstract
http://www.fda.gov/ohrms/dockets/AC/07/briefing/2007-4325b_03_05_Salmeterol%20Adverse%20Event%20Review.pdf
http://www.fda.gov/ohrms/dockets/AC/07/briefing/2007-4325b_03_05_Salmeterol%20Adverse%20Event%20Review.pdf
http://www.ncbi.nlm.nih.gov/pubmed/18523132?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18523132?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17766634?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17766634?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9873044?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9873044?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9873044?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12759261?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12759261?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11296262?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11296262?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17463414?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17463414?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14716307?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14716307?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16946028?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16946028?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11779739?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11779739?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18096872?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18096872?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18096872?dopt=Abstract

	Abstract
	Background
	Methods
	Results and Discussion
	Conclusions

	Background
	Methods
	Animals and the OVA Allergic Airways Disease model
	Drug Treatments
	Lung Mechanics
	Histology
	Morphometry
	Computed Tomography
	Statistics

	Results
	Bronchoalveolar Lavage
	Histology
	Physiology
	Computed Tomography
	Mucin
	Mucin

	Discussion
	Conclusions
	Abbreviations used
	Acknowledgements
	Authors' contributions
	Competing interests
	References

