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a b s t r a c t

The relationship among airway responsiveness, inflammation and remodelling in asthma is incompletely
understood. To investigate potential mechanistic associations, allergen-induced asthma was studied in
C57Bl/6 mice. Mice were sensitized and challenged with ovalbumin (OVA) using sub-acute (SA) or chronic
(C) protocols. Responsiveness was assessed by measuring respiratory impedence which was partitioned
into airway resistance (Raw) and distal lung components (Gti, Hti) during methacholine-induced constric-
tion. Inflammation, airway mucus, airway smooth muscle, collagen, biglycan and decorin were quantified.
The airways were sub-divided into central or peripheral. In SA and C OVA, Raw, Gti and Hti responsiveness
were significantly increased; the peripheral response was significantly greater in SA vs C OVA. Airway
inflammation and mucus were increased in both groups, but more significantly in peripheral airways
Airway smooth muscle
in SA OVA. In the SA OVA model, inflammation and mucus appear to drive the mechanical response,
especially in the lung periphery; airway remodelling seems to contribute to hyper-responsiveness to an
equivalent degree, after both challenge protocols.
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. Introduction

The mouse model of allergen-induced asthma is commonly
sed to investigate questions related to the link among airway
yper-responsiveness, inflammation and remodelling. Different
pproaches involve delivery of allergen in acute or more chronic
hallenge protocols. Recent data published by Southam et al. (2007)
nd Locke et al. (2007) showed that more acute challenge leads to
irway inflammation, while more chronic challenge results in air-
ay wall remodelling. The precise link between these changes and

he degree of induced airway responsiveness, however, remains
ontroversial.

Asthma is a disease characterized by heterogeneous airway

onstriction, which is particularly prominent in the lung periph-
ry. The contribution of the distal lung to asthma pathology has
een an area of recent interest (Kraft, 1999). It is possible that
ome of the difficulty in correlating changes in responsiveness with

Abbreviations: ASM, airway smooth muscle; BAL, bronchoalveolar lavage; Gti,
amping; Hti, elastance; I, inertance; MCh, methacholine; OVA, ovalbumin; P, pres-
ure; Pbm, basement membrane perimeter; PEEP, positive end expiratory pressure;
tp, transpulmonary pressure; Raw, airway resistance; V, volume; ZRS, respiratory
ystem impedence.
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changes in inflammation and remodelling arises because published
studies do not separate out changes in more central and distal air-
ways. For example, a recent report by Hirota et al. (2006), showed
that changes in the extracellular matrix components, collagen and
fibronectin, were not seen at the distal lung level.

The studies cited above investigated allergen challenge in
BALB/c mice, a strain that has been reported to be intermediate
in its sensitivity to allergen-induced pathology (Shinagawa and
Kojima, 2003; Whitehead et al., 2003). Whether similar findings
would be evident in other mouse strains is not evident. C57Bl/6
mice are a strain commonly used in genetic modification. Some
data are reported in the literature using allergen challenge in this
strain; however, the results are varied. Whereas some studies
show minimal changes in indices of responsiveness, inflammation
or remodelling (Shinagawa and Kojima, 2003; Whitehead et al.,
2003), a recent study by Lee et al. (2004) demonstrated significant
eosinophilia and airway hyper-responsiveness in this mouse strain.

In order to investigate potential links among responsive-
ness, inflammation and remodelling, we employed sub-acute and
chronic allergen challenge protocols. We measured lung impe-
dence and methacholine responsiveness, partitioning changes
into central airway resistance and a more distal or peripheral

lung response (tissue damping and elastance). We characterized
changes in lung inflammation, mucus secretion, airway smooth
muscle and extracellular matrix remodelling, and separated out
these indices into central and distal airway components. Finally,
we carried out this experiment in the C57Bl/6 murine strain.

http://www.sciencedirect.com/science/journal/15699048
http://www.elsevier.com/locate/resphysiol
mailto:mara.ludwig@mcgill.ca
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. Materials and methods

.1. Animal preparation

Male and female C57Bl/6 mice were purchased from Charles
iver Laboratories (Saint-Constant, Quebec, Canada). Animals
etween the ages of 6–8 weeks were studied. All animals received
umane care in compliance with the Guide to the Care and Use
f Experimental Animals formulated by the Canadian Council of
nimal Care; procedures were reviewed and approved by an insti-

utional animal ethics committee of McGill University.

.2. Ovalbumin sensitization and challenge

Sensitization and challenge protocols for the different groups
n this study are summarised in Fig. 1. Mice were sensitized by
ntraperitoneal (ip) injection of 10 �g ovalbumin (OVA) (Sigma
hemical Co., St Louis, MO) and 1 mg aluminium hydroxide (Fisher
cientific Ottawa, ON). Mice were sensitized on two occasions,
even days apart. One week after the second sensitization, mice
ere challenged intra-nasally, under light halothane anesthesia,

y intra-nasal instillation of 10 �g OVA. Three groups of mice were
tudied. In the sub-acute (SA) group, OVA was delivered 3 times/wk
or 3 weeks, and mice studied at day 35. A second group was studied
t day 46, permitting recovery (R) from the sub-acute challenge. A
hird group of mice received 7 additional challenges between days
1 and 54, and were studied at day 57 (C). Control mice for all three
roups were sensitized and challenged with saline (SAL).

.3. Measurement of lung mechanics during methacholine
hallenge

Mice were injected ip with xylazine (10 mg/kg) and pentobarbi-
al sodium (30 mg/kg). Mice were tracheostomised and an 18 gauge
annula was inserted into the trachea. Mice were connected to a
omputer controlled small animal ventilator (Flexivent, Scireq Inc.,
ontreal, Canada) and mechanically ventilated at 150 breaths/min,

idal volume of 10 ml/kg, PEEP of 3 cm H2O (Alcorn et al., 2007). Ani-
als were then paralyzed with pancuronium bromide (1.2 mg/kg

p).

The forced oscillation technique was used to measure res-

iratory mechanics. Regular ventilation was interrupted and a
omputer generated volume signal that consisted of waveforms of
utually primed frequencies was delivered to the airway open-

ng. Piston displacement and cylinder pressure were measured.

ig. 1. Schematic of experimental protocol. Three groups of ovalbumin challenged mice w
hallenge (C) (57 days). Control mice were sensitized and challenged with saline at the eq
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Impedence values were obtained before and after the delivery of
increasing concentrations of methacholine aerosols. Prior to the
start of the methacholine concentration response curve, two total
lung capacity breaths were delivered. Methacholine (Sigma) dis-
solved in saline was given via an ultrasonic nebuliser (Hudson
RCI, Teleflex Medical) in increasing concentrations (6.25, 12.5, 25
and 50 mg/ml). After delivery of each aerosol, forced oscillations
were delivered every 15 s, over a 5-min duration. In between impe-
dence measurements, regular ventilation was resumed. The peak
response for each variable was determined.

2.4. Calculation of mechanical parameters

Respiratory system impedence (ZRS) was determined using the
equation:

ZRS(ω) = P(ω)
[dV(ω)/dt]

where P is pressure and V is piston displacement volume (ml). Both
are functions of angular frequency (ω).

Multiple linear regression was used to fit respiratory system
impedence to the constant phase model of the lung (Hantos et al.,
1992) using the equation:

ZRS = Raw + JωI + Gti + jHti
ωa

where Raw is airway resistance, I is airway inertance, Gti is tis-
sue damping, Hti is tissue elastance, J is the imaginary unit and
˛ = (2/�)tan−1(H/G). Values of Raw at the highest concentration
of MCh are not reported, as at this high level of induced con-
striction, significant heterogeneities in airway constriction were
introduced and many negative values for Raw were recorded. Only
model fits that resulted in a coefficient of determination >0.80 were
used.

2.5. Bronchoalveolar lavage

After lung mechanics measurements were completed, bron-
choalveolar lavage (BAL) was performed by two intra-tracheal
instillation of 1 ml ice-cold saline. Total cells in the BAL were

counted using a hemocytometer. Differential counts of eosinophils,
neutrophils, lymphocytes, and monocytes were determined on
cytospin slides fixed and stained with Diff-Quick (Fisher Scien-
tific, Kalamazoo, MI). Three hundred cells were counted. Results
are expressed as total cells number × 104.

ere studied: sub-acute challenge (SA) (35 days); recovery (R) (46 days) and chronic
uivalent timepoints.
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.6. Tissue preparation and fixation

Following these measurements, the chest wall was opened and
ungs were excised. The lungs were inflated with 10% phosphate-
uffered formalin at 25 cm H2O Ptp for 25 min. The lungs were then
laced in 10% formalin overnight. The left lung was placed in a tis-
ue processor. After processing, lungs were embedded in paraffin
locks and sagittal tissue sections cut (5 �m).

.7. Histochemistry

Hematoxylin and eosin (H&E): In order to evaluate tissue inflam-
ation, hematoxylin and eosin staining was performed on paraffin

mbedded sections. Tissue sections were rehydrated and then
mmersed in hematoxylin (Gill II hematoxylin, Sigma–Aldrich) for
min. Subsequently, slides were rinsed with water, followed by sat-
rated lithium carbonate, and then water again. Next, slides were

mmersed in 1% eosin (Sigma–Aldrich) for 1 min, after which the
issue sections were dehydrated, and mounted in resinous media
CytosealTM 60 mounting medium, Low viscosity, Co. Richard–Allen
cientific, Kalamazoo, MI) and cover slips applied.

Periodic-Acid Schiff (PAS): Mucus secretion was visualized using
eriodic-acid Schiff staining. Paraffin embedded lung tissue sec-
ions were de-waxed and hydrated. Following rehydration, tissue
ections were treated with Periodic-acid Solution (Aqueous solu-
ion, 1 g/l, Sigma–Aldrich) for 10 min. After washing repeatedly
n water, slides were covered with Schiff’s reagent solution
pararosaniline HCl, 1% (w/v) Sodium bisulfite, 4% (w/v) in HCl,
.25 mol/l, Sigma–Aldrich) for 15 min. Slides were then washed

n water and immersed in Harris Hematoxylin, followed by
differentiation in acid alcohol (HCL concentration 4 ml; 95%

thOH—396 ml). Sections were washed in water, followed by
ithium carbonate, followed by water once more. The tissue sections

ere then dehydrated through different concentrations of alcohol,
nd sections were mounted in Cytoseal and cover slips applied.

Picro-sirius red: This stain was used to visualize collagen within
ung tissue sections. Tissue sections from both control and OA chal-
enged animals were de-waxed and hydrated. The tissue sections

ere subsequently immersed in picro-sirius red solution (Sirius
ed F3B 0.5 g; saturated aqueous solution of picric acid—500 ml;
olid picric acid; Sigma–Aldrich) for 1 h. The tissue sections were
hen washed in two changes of acidified water (0.5% glacial acetic
cid), followed by dehydration through alcohol. Sections were then
leared in Xylene, mounted in Cytoseal and cover slips applied.

.8. Immunohistochemistry

Alpha-smooth muscle actin: Antigen retrieval was initially per-
ormed on tissue sections using sodium citrate buffer 0.01 M (pH
.0). Sections were then incubated overnight at 4 ◦C in a humid
hamber with the primary antibody �-smooth muscle actin (1:250
ilution, rabbit anti-mouse �-sma, Abcam Laboratories, Cam-
ridge, MA). The secondary antibody applied was biotinylated goat
nti-rabbit (1:100 dilution, Vector Laboratories), and immunoper-
xidase was used for detection. Slides were counterstained using
ematoxylin (Gill II Hematoxylin, Sigma–Aldrich). All immunos-
aining was developed using DAB. Positive stain for �-SMA was
isualized to be brown under a light microscope (Olympus BX51,
N, Canada).

Decorin and Biglycan: Tissue sections were incubated overnight
ith the primary antibody for decorin (rabbit anti-decorin
:800 dilution), or biglycan (rabbit anti-biglycan 1:500 dilu-
ion, both provided by Dr. Larry Fisher, NIH). The biotinylated
econdary antibody used was goat anti-rabbit (1:100 dilution,
ector Laboratories). Immunoperoxidase was used for detec-

ion. Slides were then counterstained using hematoxylin (Gill II
Neurobiology 169 (2009) 36–43

Hematoxylin, Sigma–Aldrich). All immunostaining was developed
with DAB.

2.9. Morphometry

Eight mice were examined per group and five airways per
mouse were chosen randomly (excepting PASs, where 3 air-
ways/mouse were examined). Airway selection criteria included an
intact epithelial lining and a minimum to maximum internal diam-
eter (D2/D1) ≥ 0.5. Slides were examined with a light microscope
and images were captured with either an Olympus Qcolor5 Cam-
era (Olympus, Center Valley, PA) or a Cool-Snap PROcf color camera
(Media Cybernetics, Baltimore, MD) and Image pro PLUS software
(Version 5.2, Media cybernetics L.P., Silver Spring, MD, U.S.A.).

Tissue inflammation: Inflammation was expressed as the num-
ber of inflammatory cells per wall area (WA). Inflammatory cells
included both granulocytes and mononuclear cells. The WA was
defined as the area between the basement membrane and the
outer aspect of the adventitial layer, defined by the alveolar attach-
ments. Results were calibrated according to the magnification of
the captured image. Values were obtained from two operators and
correlations calculated. (r2 = 0.91).

Mucus staining: Mucus was quantified by outlining the area of
PAS positive staining within the epithelial area, using Image Pro
Plus software. Results were expressed as the percent (%) mucus
area divided by total epithelial area.

Airway smooth muscle: Basement membrane perimeter (Pbm)
was measured as was the total area of ˛ smooth muscle actin
immunostaining (ASM) within the airway wall. Results were
expressed as ASM divided by Pbm squared. Values were obtained
from two operators and correlations calculated (r2 = 0.98).

Collagen, decorin, and biglycan: Positive staining for collagen,
decorin and biglycan within the WA was measured, based on pre-
viously determined stain-specific color settings (Image Pro Plus).
Results were expressed as the area of positive stain/WA.

Central vs peripheral airways: Airways were sub-divided into
central or peripheral according to basement membrane length. We
calculated the median size of airways as 800 �m, and defined those
airways greater than the median as central, and those less than the
median as peripheral.

2.10. Data analysis

Data are expressed as mean and standard error of the mean
(SEM). Comparison of mechanical parameters and BAL cell differen-
tials between saline and OVA-exposed mice was performed using
one way analysis of variance (ANOVA) and Bonferoni’s post-test.
Comparisons of the OVA and saline groups with regards to num-
ber of inflammatory cells, mucus, airway smooth muscle, collagen
and proteoglycans were made using 2 way ANOVA and Bonfer-
oni’s post-test, as were data comparing large and small airways.
Differences were considered statistically significant at p < 0.05.

3. Results

3.1. Measurement of lung mechanics and responsiveness

Measurements of airway resistance (Raw), tissue damping (Gti)
and tissue elastance (Hti) during methacholine-induced constric-
tion are shown in Fig. 2. Data for the three saline (SAL) groups were
pooled, as there were no significant differences among the three

groups. Both the sub-acute (SA) and chronic (C) OVA groups showed
significant increases in Raw as compared to saline (Fig. 2A). The SA
group showed a significant increase with methacholine 12.5 and
25 mg/ml (p < 0.01 and 0.001 vs SAL, respectively) whereas the C
group showed a significant increase in Raw with MCh 25 mg/ml,
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Fig. 2. Changes in airway resistance (Raw), tissue damping (Gti) and tissue elastance
(Hti) with delivery of methacholine (MCh) aerosol in the three ovalbumin challenged
groups and saline control (A–C). (A) At the highest level of MCh (50 mg/ml), the sub-
acute (SA) and chronic groups (C) showed an equivalent increase in Raw as compared
to the saline control; at the 25 mg/ml concentration, only the SA group showed a
significant increase in Raw; the recovery group (46 days) showed a response that
was no different from the saline group. (B) Gti responsiveness was increased in both
the SA and C groups compared to saline; however, the SA group showed a significant
response at a lower concentration of MCh (12.5 mg/ml). Furthermore, the increase
in the SA was significantly greater than the increase in the C group at the highest
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Fig. 3. (A) Total BAL cell count. Cell number was increased in the SA group only
(p < 0.001 vs the respective saline control). (B) Tissue inflammation in the airway
wall. The number of inflammatory cells per wall area (mm2) was increased in the
SA group as compared to the respective saline controls (p < 0.001). The increase in
the SA group was greater than in the C group (p < 0.01). (C) Airways were divided into
central and peripheral groups according to basement membrane perimeter. While
both large and small airways showed increases in the number of inflammatory cells
oncentration of MCh. (C) Increases in Hti responsiveness were significant for both
he SA and C challenge groups; again the SA group showed a significant response at
lower concentration of MCh (12.5 mg/ml) than did the C group. *p < 0.05 vs saline

ontrol; **p < 0.01 vs saline control; ***p < 0.001 vs saline control; ##p < 0.01 SA vs C.

nly (p < 0.001 vs SAL). There were no differences in Raw between
he SA and C groups at all levels of MCh-induced airway constric-
ion. The recovery (R) group was not different from SAL.

Measurement of tissue damping (Gti) (Fig. 2B) showed that Gti
as increased in the SA group in response to MCh after delivery of

2.5 (p < 0.05); 25 (p < 0.001) and 50 (p < 0.001) mg/ml. The C group
howed an increase in Gti after MCh 25 and 50 mg/ml (p < 0.001).
here was a significant difference in Gti between the SA and C
roups at the highest concentration of MCh (p < 0.01). The recovery

R) group was not different from SAL.

Tissue elastance (Hti) was increased in the SA group in response
o MCh after delivery of 12.5 (p < 0.05); 25 (p < 0.001) and 50
p < 0.001) mg/ml (Fig. 2C). The C group showed an increase in Hti
fter MCh 25 and 50 mg/ml (p < 0.001). There were no significant
in both SA and C groups as compared to the respective saline controls, the greatest
increase was in the SA small airways as compared to both the large airways and the
C group. *p < 0.05 vs saline control; **p < 0.01 vs saline control; ***p < 0.001 vs saline
control; ##p < 0.01 vs SA; ++p < 0.01 vs small airways.

differences in the Hti response between the SA and C groups. The
recovery (R) group was not different from SAL.

3.2. Indices of inflammation

Broncholalveolar lavage (BAL) results are reported in Fig. 3A.
The total cell number was increased after SA challenge (p < 0.001
vs the respective SAL) and returned to control levels after a period
of recovery (R). The increase in cell number in C OVA did not attain
statistical significance. The cell differential, however, showed a
similar increase in eosinophils with OVA, in the SA and C groups

(67.3 ± 3.9% and 54.8 ± 5.6%, respectively). For the R group, the cell
differential resembled that of the saline control (data not shown).

Photomicrographs of tissue inflammation in the airway wall
are shown in Fig. 4a–c, and the number of inflammatory cells/WA
quantified in Fig. 3B and C. There was a significant increase in the
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Airway smooth muscle was identified by immunostaining.
ig. 4. Photomicrographs of tissue inflammation (H&E) (a–c); mucus (PAS) (d–f);
AL airways; middle panels are SA OVA airways; right hand panels are C OVA airwa
taining. All images are taken at 10× magnification.

umber of cells after SA challenge (p < 0.001). The number of cells
as greater in the SA vs C group (p < 0.01). The increase in inflam-
atory cell number was further examined to determine whether

his was a central or distal airway response. There were signifi-
ant increases in inflammatory cells in large and small airways in
oth SA and C groups vs their respective saline controls. The rela-
ive increase was greatest in small vs large airways in the SA group
p < 0.01) and in the small airways in the SA vs C groups (p < 0.01).

.3. Airway mucus
Airway mucus expression is shown in representative airways in
ig. 4d–f. The area of PAS positive staining, was increased in both
he SA and C OVA groups as compared to SAL (Fig. 5A). There was no
ifference between these SA and C OVA. PAS staining was increased
en (picrosirius red) (g–i); and decorin immunostaining (j–l). Left hand panels are
rows in panel (b) identify inflammatory cells. Arrows in panel (e) highlight mucus

in both large and small airways after SA and C OVA (Fig. 5B). The
increase in mucus in the peripheral airways was greater in the SA
vs C challenge group, whereas, in the central airways, the increase
was greater in C OVA. In C OVA, the increase in mucus staining
was greater in large vs small airways. In the R group, airway mucus
expression resembled that of the saline control (data not shown).

3.4. Airway smooth muscle
While there was a trend towards an increase in the area of
ASM/Pbm2 with OVA challenge when compared to SAL, in both
SA and C groups, these changes did not reach statistical signifi-
cance [2.57 ± 0.47 × 103 vs 1.73 ± 0.44 × 103 (SA OVA vs SA SAL)
and 2.29 ± 0.25 × 103 vs 1.48 ± 0.26 × 103 (C OVA vs C SAL)].
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Fig. 5. Airway mucus in the epithelial layer as measured by PAS positive staining.
(A) The % PAS positive staining within the epithelial layer per total epithelial area
was increased in both SA and C OVA groups as compared to their respective saline
controls (p < 0.001). The increase in the SA and C group was similar. (B) Airways
were divided into central and peripheral groups according to basement membrane
perimeter. Both large and small airways showed increases in the area of mucus in
both SA and C OVA groups as compared to saline. In the SA OVA, the increase in mucus
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Fig. 6. Staining for collagen using picrosirius red. (A) The area of positive staining
for collagen per airway wall area was increased compared to the respective saline
controls in both SA and C OVA groups as compared to their respective saline controls
(p < 0.05). (B) Airways were divided into central and peripheral according to base-
ment membrane perimeter. In the SA OVA group, collagen staining was increased
n the small airways was greater than in the C OVA; in the C OVA, the increase in the
arge airways was greater than that in the SA OVA and in the C OVA small airways
p < 0.001). *p < 0.05 vs saline control; **p < 0.01 vs saline control; ***p < 0.001 vs saline
ontrol; +++p < 0.001 vs small airways.

.5. Extracellular matrix

To assess remodelling of the extracellular matrix, changes in
ollagen, biglycan and decorin deposition were quantified. Colla-
en deposition is shown in selected airways in Fig. 4g–i. In both the
A and C groups, there was an increase in the area of collagen as
ompared to the respective SAL (Fig. 6A). The increase in collagen
n SA OVA was evident in both central and peripheral airways; the
ncrease in C OVA was present in central airways, only (Fig. 6B). In
he R group, the area of collagen was equivalent to that of SAL (data
ot shown). Biglycan deposition in the airway wall was increased

n both SA and C OVA (Fig. 7A). The increased deposition was sig-
ificant in both the central and peripheral airways in the C group
nd in the central airways only in the SA group (Fig. 7B). Decorin
mmunostaining was significantly increased after both SA and C
VA (Figs. 4j–l and 7C); again, in C OVA, staining was increased in
oth central and peripheral airways. In SA OVA, decorin staining
as increased in the peripheral airways, only (Fig. 7D).

. Discussion

In this study, we show that both sub-acute and chronic
valbumin challenge in C57Bl/6 mice lead to significant airway
yper-responsiveness, evident at both the levels of the central air-

ays and more distal lung. In the sub-acute model, distal airway
yper-responsiveness occurred to a greater degree. Inflammation
as present after both sub-acute and chronic challenge, but more
arked after sub-acute challenge, particularly in the distal airways.
in both small and large airways as compared to their respective saline controls. In C
OVA, only the large airways showed an increase in the area of collagen (p < 0.001).
**p < 0.01 vs saline control; #p < 0.05 vs SA.

Airway mucus was similarly enhanced. Airway remodelling, specif-
ically increases in extracellular matrix, occurred to an equivalent
degree, after both sub-acute and chronic challenge. In this mouse
model, relative differences in peripheral vs central airway hyper-
responsiveness, seem to be related to differences in the degree of
inflammation, rather than remodelling, per se.

A number of investigators have used allergen challenge in
murine models in an attempt to dissect the mechanisms driv-
ing the various components of the asthmatic response (Shinagawa
and Kojima, 2003; Hirota et al., 2006; Southam et al., 2007; Locke
et al., 2007). Whereas hyper-responsiveness has been specifically
linked to inflammation in some studies (Lee et al., 2004), other
studies have defined airway remodelling as an important contrib-
utor (Leigh et al., 2002; Locke et al., 2007). One of the issues that
have been identified, is the duration of allergen challenge. It has
been suggested that after acute challenge, inflammation drives
hyper-responsiveness, whereas remodelling becomes a more criti-
cal mechanism after chronic challenge (Leigh et al., 2002; Southam
et al., 2007). The data of the current experiment refute this argu-
ment somewhat, at least in C57Bl/6 mice. We found that the degree
of remodelling was essentially equivalent after both sub-acute and
chronic challenge. Conversely, inflammation was greater after sub-
acute challenge. This increased inflammation was associated with
a relatively greater degree of hyper-responsiveness.

Responsiveness was further characterized by partitioning phys-
iologic changes into central and peripheral lung components.
Complex impedence was measured, and changes in mechanics
were separated into central airway resistance and the peripheral

indices, tissue damping and elastance. The latter reflect responses
in the peripheral airways and parenchymal tissues (Hantos et al.,
1992; Lutchen et al., 1996). Under control conditions, tissue damp-
ing reflects energy dissipation in the lung tissues or tissue viscance,
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Fig. 7. Biglycan and decorin immunostaining. (A) The area of positive staining for
biglycan per airway wall area was increased compared to the respective saline con-
trol in both SA and C OVA (p < 0.01 and 0.001, respectively). (B) Airways were divided
into central and peripheral groups according to basement membrane perimeter. In
the SA OVA group, biglycan staining was significantly increased in the large airways,
only. In the C OVA group, both the large and small airways showed an increase in the
area of biglycan (p < 0.001). **p < 0.01 vs saline control; ***p < 0.01 vs saline control. (C)
The area of positive staining for decorin per airway wall area was increased in both
SA and C OVA compared to the respective saline controls (p < 0.001). (D) Airways
were divided into central and peripheral groups according to basement membrane
p
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mucus and remodelling. The ability of these mice to recover to their
erimeter. In SA OVA, decorin staining was significantly increased in the small air-
ays only. In C OVA, both the large and small airways showed an increase in the

rea of decorin. *p < 0.05 vs saline control; **p < 0.01 vs saline control; ***p < 0.01 vs
aline control.

nd tissue elastance reflects energy storage. During induced con-
triction, increases in tissue damping (Gti) are increasingly related

o peripheral airway heterogeneities and constriction-induced air-
ay closure, and hence, become more reflective of small airway

onstriction (Kaczka et al., 1997; Ito et al., 2007). Asthma is a dis-
ase characterized by heterogeneous airway constriction, and it
Neurobiology 169 (2009) 36–43

is generally accepted that much of this heterogeneous response
occurs in the distal lung (Hamid et al., 1997; Kraft, 1999). Therefore,
defining the contribution of central vs peripheral airways becomes
increasingly important, especially when trying to understand rela-
tions among changes in responsiveness and changes in indices such
as inflammation, airway mucus, airway smooth muscle and airway
remodelling. Other investigators have shown that remodelling in
asthma does not occur in a uniform manner throughout the air-
way tree, whether human asthma or animal models are studied
(de Medeiros et al., 2005; Bergeron et al., 2005; Pini et al., 2006;
Hirota et al., 2006). The data of the current experiment give insight
into the mechanisms driving the changes in responsiveness at the
different levels of the airway tree.

Increases in central airway responsiveness were similar after
sub-acute and chronic ovalbumin exposures. On the other hand,
increases in distal responsiveness were more significant in the sub-
acute model. Significant increases in tissue damping and elastance
occurred at lesser concentrations of methacholine in the sub-acute
model and the increase in damping at the highest concentration of
methacholine was significantly greater in the SA vs C OVA group.
These differences in physiology were associated with differences
in inflammation. BAL total cell number was greater in SA vs C OVA;
further, the increase in the number of airway inflammatory cells
was greater in SA OVA. This difference was largely accounted for
by differences found in the number of cells populating airways
with Pbm < 800 �m. Another potential contributor to this differ-
ence in airway physiology is airway mucus. PAS positive staining
was significantly greater in the peripheral airways of the SA vs C
OVA group. Excess airway mucus may contribute to narrowing of
the airway lumen and subsequent hyper-responsiveness. The asso-
ciation between inflammatory mediators, such as IL-4 and IL-9, and
mucus hypersecretion has been previously reported (Temann et al.,
1997; Toda et al., 2002).

Surprisingly, the degree of remodelling was not different
after sub-acute and chronic challenge. While there were modest
increases in airway smooth muscle, these changes did not reach sta-
tistical significance. Collagen deposition was increased after both
sub-acute and chronic challenge (in C OVA, the increase vs saline
was evident in the large airways, only). However, there were no sig-
nificant differences between SA and C OVA. Similar findings were
observed for the two proteoglycans sampled, decorin and biglycan.
This lack of enhanced remodelling after more chronic challenge is
distinct from the pattern previously reported (Southam et al., 2007;
Locke et al., 2007), but may be attributable to differences in the
strain examined, or the precise protocol of the allergen challenge.
The similar remodelling observed in the current experiment, may
explain the similarities in the central airway responsiveness in the
SA and C OVA mice.

The apparent disconnection between inflammation and remod-
elling is worth considering further. The usual paradigm of
inflammatory cell influx with release of pro-inflammatory and pro-
remodelling cytokines leading to airway remodelling (Locke et al.,
2007), does not seem to be operative in the C57Bl/6 model studied
here. Inflammation was greater in the SA model, although the rel-
ative proportion of eosinophils in the BAL was similar in SA and C
OVA. One might have anticipated a greater degree of remodelling
in the SA OVA mice, given the greater degree of inflammation. One
could postulate that there was insufficient time for the remodelling
to fully develop in these mice, but the results in the recovery group
argue to the contrary. In the R group, airway hyper-responsiveness
reverted to control values, as did the indices of inflammation,
native state is worth remarking, and suggests that it is not simply a
lack of adequate time for the remodelling to occur, which explains
the differences in hyper-responsiveness in the SA and C OVA
mice.
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C57Bl/6 mice are a common background for genetic manip-
lation; defining the response of this mouse strain to allergen
ensitization and challenge is of particular interest. Strain-related
ifferences in response to allergen challenge is well described
Wills-Karp and Ewart, 1997; Ewart et al., 2000; Shinagawa and
ojima, 2003; An et al., 2007), and the strain of mouse chosen

or transgenic or knockout studies is “likely to impact the results”
Shapiro, 2006). The data of the current study underline differences
n the response of C57Bl/6 mice, as compared to that observed in
ther strains, such as BALB/c, or A/J. Insofar as murine models of
sthma provide a valuable tool, defining a precise protocol whereby
he C57Bl/6 mouse responds to ovalbumin challenge, and charac-
erizing the specifics of that response, is important for the study
f mechanisms underlying the development of asthmatic disease
Shapiro, 2006).

. Conclusion

The present study highlights the contribution of inflammation,
ucus production and various indices of remodelling in both the

entral and peripheral airways of C57Bl/6 mice exposed to a sub-
cute and a chronic challenge protocol. In particular, the data
uggest that inflammation and airway mucus in the lung periphery
rive the mechanical response in the sub-acute challenge model.
oreover, the presence of airway remodelling, which occurred to
similar extent in both sub-acute and chronic challenge models,
ay be a contributing factor accounting for the similar increases in

entral airway responsiveness between these experimental groups.
his study also defines and characterizes an ovalbumin challenge
rotocol in a murine strain that is extensively used for knockout or
ver-expression studies.
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