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The increase of airway smoothmuscle (ASM)mass in asthma results
fromhypertrophic and hyperplastic stimuli, and leads to an increase
in cellular contractile proteins. However, little evidence correlates the
relative contributions of hypertrophic and hyperplastic muscle with
functional effects on airway resistance. We performed a ventilator-
based assessment of respiratory mechanics and responsiveness to
methacholine in amurinemodel of acute (3-week) ovalbumin (OVA)–
induced airway inflammation, compared with a chronic (12-week)
model. We correlated functional changes in airways Newtonian resis-
tance (RN), peripheral tissue damping (G), and elastance (H)with the
relative contributions of proliferation, hypertrophy, and apoptosis to
increased ASM mass. Immunohistochemical analyses of treated
(OVA-sensitized and OVA-challenged; OVA/OVA) and control (OVA-
sensitized and saline-challenged; OVA/PBS) murine lungs showed an
increase in ASM area in chronic, but not acute, OVA/OVA-treated
mice that correlated positively with increased airway resistance to
methacholine. Acute OVA/OVA-treated ASMexhibited an increase
in proliferation with diminished apoptosis, which resolved in the
chronicOVA/OVAmodel. ChronicOVA/OVA-treatedASMexhibited
hypertrophy. Distinct temporal differences exist in the response of
murine airways to antigenic challenge.We report that ASMprolifer-
ation and diminished apoptosis occur during the acute phase, fol-
lowed by the development of smooth muscle hypertrophy and an
increasedmusclemasswith chronic challenge, that correlate strongly
with increased airway Newtonian resistance. The identification of
a functionally relevant hypertrophic bronchialmusclemass highlights
the possibility of regulating airway muscle hypertrophy as a novel
therapeutic target in asthma.
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Abnormal airway reactivity, which can be exacerbated by structural
remodeling, contributes to the pathophysiology of many lung dis-
eases, including asthma. Inflammation of the airways is implicated
as a causative factor underlying the changes in airway structure that

accompany disease progression (1–5). Typically these changes in-
clude mucosal thickening, inflammatory cell and fibroblast infiltra-
tion, epithelial hyperplasia, and goblet-cell metaplasia. Increased
airway smooth muscle cell (ASMC) mass, resulting from hyper-
trophy (increased ASMC size) and hyperplasia (increased ASMC
numbers, attributable to increased proliferation and/or diminished
apoptosis), is also observed (6–8).

Several functional consequences of the increased smooth
muscle mass that may underlie the pathophysiology of asthma
have been proposed. Mathematical models reveal that the in-
creased muscle mass is likely the most important abnormality re-
sponsible for the increased resistance observed in response to
bronchoconstricting stimuli in patients with asthma (9). The
increased muscle mass resulting from allergen sensitization
and repeated challenges is associated with airway hyperrespon-
siveness in murine models in vivo (10–12). In tissue culture
models of bronchial smooth muscle hypertrophy induced by
transforming growth factor–b1, cardiotropin-1, or LiCl, increases
in smooth muscle a-actin content correlate with increased cell
shortening in response to acetylcholine and KCl (13, 14). The
effect of ASMC proliferation on contraction is not as clear-cut.
Uncoupling of the proliferative response and smooth muscle con-
tractility has been demonstrated and appears to result from a tran-
sition of proliferating ASMCs to a synthetic phenotype expressing
fetal contractile protein isoforms with a diminished contractile
capacity and lower contractile protein content (15). In contrast,
other studies demonstrated the enhanced in vitro proliferative
capacity and hypercontractility of ASMCs derived from patients
with asthma (16–18).

Both smooth muscle hypertrophy and hyperplasia were ob-
served to increase the airway muscle mass in human asthma,
and the variations in the relative proportions reported seem
to depend in some part upon disease severity, disease duration,
and the generation airways assessed (6–8, 19). For example, the
morphometric analysis of endobronchial biopsies from patients
with differing severities of asthma revealed airway smooth mus-
cle hypertrophy and fibroblast accumulation to be selective de-
terminants of severe, persistent asthma (6). Subjects with mild
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CLINICAL RELEVANCE

We demonstrate that the proliferative and hypertrophic
responses of airway smooth muscle occur in temporally
distinct, sequential phases in murine models of allergen-
induced airway inflammation. The hypertrophic muscle
mass is the predominant feature of the remodeled airway
that correlates with airway hyperreactivity, and it could
constitute an important therapeutic target in the treatment
of asthma.
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to moderate asthma showed a smooth muscle cell size similar to
that of their control counterparts, but with nearly double the
number of cells (7). Despite the widespread knowledge that
both increased cell number and increased cell size/contractile
protein content contribute to the increased muscle content of
asthmatic airways, the relative contributions of these two pro-
cesses to altered pulmonary mechanics in vivo and their relative
distribution in the asthmatic airway remain uncertain. Accord-
ingly, the purpose of the present study was to determine the rel-
ative contributions of airway smooth muscle hypertrophy, muscle
cell proliferation, and diminished apoptosis to airway hyperres-
ponsiveness and remodeling in acute and chronic murine models
of OVA-induced allergic airway inflammation. Furthermore, we
sought to perform correlative analyses between these morpholog-
ical changes and the in vivo physiological responsiveness of the
airways, to reveal the relationship between impaired function and
the increased smooth muscle mass induced by cellular hypertro-
phy, cellular proliferation, or reduced cell loss through the inhi-
bition of apoptosis.

MATERIALS AND METHODS

Please see the online supplement for detailed experimental protocols.

Acute and Chronic Ovalbumin-Sensitization

and Challenge Models

We used two well-established models of allergic airway inflammation to
ovalbumin (OVA) (20). Female BALB/c mice were sensitized to chicken
OVA (intraperitoneal), and randomized to repeated exposure to nebu-
lized 2.5% OVA or PBS for 3 weeks (acute model) or 12 weeks (chronic
model). Twenty-four hours after the final OVA or PBS challenge, the mice
were anesthetized and intubated for an in vivo, ventilator-based assessment
of methacholine responsiveness, using flexiVent (Scireq, Inc., Montreal,
PQ, Canada). We determined the Newtonian resistance of the airways
(RN) and peripheral tissue damping and elastance (G and H, respec-
tively) (21–25). After measurement of the airways responsiveness to
methacholine, the mice were killed and their lungs were isolated and
inflation-fixed in formalin.

Tissue Preparation, Immunohistochemistry,

Immunofluorescence and Terminal Deoxyribonucleotidyl

Transferase–Mediated Deoxyuridine Triphosphate Nick-End

Label Assay

Isolated lungs were cut into 5-mm sections, and airways were selected
for histologic assessment according to established criteria (26). Serial
sections were used for immunohistochemistry, immunofluorescence,
and terminal deoxyribonucleotidyl transferase–mediated deoxyuridine
triphosphate nick-end label (TUNEL) staining, to determine airway
smooth muscle area and identify proliferating and apoptotic nuclei,
respectively.

Morphometric Assessment of Airway Smooth Muscle Mass

and Hypertrophic, Proliferation, and TUNEL Indices

Morphometric analysis of airway area and smooth muscle area was per-
formed with ImageJ software (National Institutes of Health, Bethesda,
MD). Smooth muscle area was normalized to airway basement mem-
brane length in each airway for comparative analyses and correlations.
Airways were also stratified into small (, 50,000 mm2), intermediate
(50,000–175,000 mm2), and large (. 175,000 mm2), based on the airway
area internal to the epithelial basement membrane, as previously de-
fined (26), for subsequent analyses and correlations.

To determine myocyte size and the extent of proliferation, immuno-
fluorescently stained sections were visualized, and total nuclei and Ki67-
positive (actively proliferating) nuclei within the smooth muscle were
counted in areas that stained positive for smoothmuscle actin. The smooth
muscle area was expressed per cell (i.e., airway muscle area/total number
of smooth muscle nuclei) and normalized to airway basement membrane

length as an index of hypertrophy (hypertrophic index). Similarly, the
number of proliferating nuclei (assessed by Ki67-positive staining) was
expressed as a ratio of total smooth muscle nuclei and normalized to air-
way basement membrane length (proliferation index). TUNEL-positive
nuclei were scored by three independent observers in a blinded manner.
Scores were expressed as the ratio of TUNEL-positive nuclei to total nu-
clei in the airway smooth muscle, normalized to basement membrane
length.

Statistical Analyses

Data are expressed as means 6 SEM. Methacholine dose–response
curves were compared using the F-test. Two-way ANOVA and the
Student t test were used to compare measures between groups, where
appropriate. For all normalized morphometric data, the mean of all
airway measurements per mouse was calculated at each time point (3
weeks or 12 weeks), and comparisons between OVA/OVA-treated and
OVA/PBS-treated mice were undertaken using the Student t test. For
comparisons across the predefined size-stratified airway cohorts (small,
medium, and large), data were assessed by two-way ANOVA. Statis-
tical significance was assumed in all cases if P , 0.05. Associations
between functional parameters (i.e., RN, G, and H) and morphometric
endpoints were made using the Spearman correlation, and these asso-
ciations were two-tailed.

RESULTS

OVA Sensitization and Challenge Increases Airway

Responsiveness to Methacholine

Methacholine (MCh; 0.01–100 mg/ml) was nebulized directly
into the ventilatory circuit to assess in vivo airway responsive-
ness (Figure 1). The RN of the airways was significantly aug-
mented in the OVA-sensitized and OVA-challenged (OVA/
OVA) mice in both the acute (Figure 1A) and chronic (Figure
1B) models, compared with the respective OVA-sensitized and
PBS-challenged controls (OVA/PBS). Peripheral tissue damp-
ing (Figures 1C and 1D) and elastance (Figures 1E and 1F)
were similarly augmented.

Airway Smooth Muscle Mass Is Increased in the Chronic

(12-Week) Model of Ovalbumin-Induced Allergic Asthma

Hematoxylin and eosin staining revealed a robust inflammatory
reaction centered on the bronchovascular bundles in the OVA-
sensitized and OVA-challenged mice from the acute 3-week
model, which had resolved substantially by 12 weeks in the
chronic model (Figure 2A). To identify and quantify the muscle
content of airways, we immunostained lung sections for
a–smooth muscle actin (Figure 2B), measured the area of bron-
chial smooth muscle, and normalized it to basement membrane
length (Figures 2C and 2D). In the chronic 12-week model,
a significant increase was evident in the smooth muscle area
of all airways in the OVA-sensitized and OVA-challenged mice
(7.72 6 0.52 mm2/mm) versus saline-challenged mice (5.36 6 0.28
mm2/mm; P, 0.05; Figure 2C, right). Further analysis revealed no
regional variation throughout the bronchial tree, insofar as this
significant increase in airway smooth muscle was noted in both
small airways (OVA/OVA, 7.05 6 0.76 mm2/mm versus OVA/
PBS, 4.89 6 0.23 mm2/mm; P , 0.05) and intermediate-sized
airways (OVA/OVA, 7.67 6 0.56 mm2/mm versus OVA/PBS,
5.27 6 0.48 mm2/mm; P , 0.05; Figure 2D, right). Although a
trend was observed toward increased smooth muscle in the large
airways as well, a statistical analysis could not be undertaken be-
cause of insufficient sample size. In contrast, in the acute model
(Figures 2C and 2D, left), no significant difference was noted in
the bronchial smooth muscle area of OVA-sensitized and OVA-
challenged mice versus PBS-challenged mice.
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Airway Smooth Muscle Content Correlates with Airway

Newtonian Resistance in the Chronic (12-Week) Model

of Ovalbumin-Induced Allergic Asthma

To determinewhether the functional endpoints were related to air-
way smoothmusclemass, we calculated the Spearman correlations
between the responsiveness to methacholine (submaximal re-
sponse to 30 mg/ml methacholine and maximal RN, G, and H)
and the small, intermediate, and all-airways morphometric data.
Although none of the parameters indicating responsiveness to meth-
acholine correlated with any of the smooth muscle content in the
acute model, in the chronic model, the airway RN to 100 mg/ml
nebulized methacholine correlated directly with the smooth
muscle content of all airways (r ¼ 0.77, P , 0.05; Figure 3).

Hypertrophy Contributes to Increased Peripheral Airway

Smooth Muscle Mass in the Chronic (12-Week) Model of

Ovalbumin-Induced Allergic Asthma, whereas Increased

Proliferation and Diminished Apoptosis Are Not Evident

To determine the relative contributions of ASMC proliferation
and hypertrophy to the increased smooth muscle area, we immu-
nostained lung sections from acute and chronic OVA/OVA and

OVA/PBS mice with a–smooth muscle actin (to measure total
area), 49-6-diamidino-2-phenylindole (DAPI) (for total nuclear
number), and Ki67 (for proliferating nuclei) (Figure 4A).

As an index of hypertrophy, the total smooth muscle area was
quantified by morphometry, and the number of smooth muscle
cells (i.e., DAPI-positive nuclei within the smooth muscle) was
counted. Smoothmuscle area was divided by total nuclear number
to determine muscle area/single cell, and then normalized to air-
way basement membrane length. When all airways were consid-
ered together, a significant increase was evident in smooth muscle
cell area in the OVA/OVA mice compared with OVA/PBS mice
in the chronic 12-week model (0.128 6 0.013 mm2/mm versus
0.086 6 0.012 mm2/mm, respectively; P , 0.05; Figure 4B, right),
which was not observed in the acute model (Figure 4B, left).
When myocyte size was considered in the predefined airway size
cohorts to assess for regional variations across the bronchial tree,
we observed an increase in smooth muscle cell area in both the
small airways (OVA/OVA, 0.130 6 0.013 mm2/mm versus OVA/
PBS, 0.087 6 0.015 mm2/mm; P , 0.05; Figure 4C, right) and
intermediate-sized airways (OVA/OVA, 0.113 6 0.009 mm2/mm
versus OVA/PBS, 0.078 6 0.013 mm2/mm; P , 0.05) in the
chronic model. A maximum of one large airway fulfilled the
inclusion criteria for morphometric assessment per mouse.

Figure 1. Airway hyperrespon-

siveness to methacholine in

acute (3-week) and chronic
(12-week) models of allergic

airways inflammation. The airway

(Newtonian) resistance (RN; in A

and B) was significantly aug-
mented in the ovalbumin (OVA)–

sensitized and OVA-challenged

(OVA/OVA; dashed lines) mice
in both the acute and chronic

models, compared with the re-

spective OVA-sensitized and

PBS-challenged control mice
(OVA/PBS; solid lines). Meas-

ures of peripheral tissue damp-

ing (G; in C and D) and

elastance (H; in E and F) were
also significantly increased in

the OVA/OVA mice (dashed

lines) in the acute and chronic

models, compared with OVA/
PBS mice (solid lines). #P ,
0.05 and ###P , 0.001, OVA/

OVA versus OVA/PBS, assessed
by two-way ANOVA. ***P ,
0.001 between OVA/OVA and

OVA/PBS methacholine dose–

response curves according to
F-test. Data are expressed as

means 6 SEM. n ¼ 11 and 12

mice in the acute OVA/PBS and

OVA/OVA treatment cohorts,
respectively. n ¼ 16 mice in

each of the chronic OVA/OVA

and OVA/PBS treatment co-
horts (MCh, methacholine).
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Thus a representative sample was not available for each ani-
mal, and this cohort was excluded from the analysis. No dif-
ferences were observed across the various airway size cohorts
in the acute model (Figure 4C, left).

To quantify proliferation in the airway smooth muscle, Ki67-
positive (Ki671) nuclei were counted, expressed as a ratio of the
total number of DAPI-positive nuclei, and normalized to airway
basement membrane length. In the acute 3-week model, a sig-
nificant increase was evident in smooth muscle cell proliferation
across all airways in the OVA-sensitized and OVA-challenged
mice (1.70 3 1024 6 0.60 3 1024 Ki671/mm) versus saline-
challenged mice (0.15 3 1024 6 0.09 3 1024 Ki671/mm; P ,
0.05; Figure 4D, left). Analysis within the predetermined airway
size cohorts to assess for regional variation across the bronchial
tree revealed an increase in proliferation in both small airways
(OVA/OVA, 1.96 3 1024 6 0.66 3 1024 Ki671/mm versus
OVA/PBS, 0.19 3 1024 6 0.11 3 1024 Ki671/mm; P , 0.05)
and intermediate-sized airways (OVA/OVA, 1.06 3 1024 6
0.39 3 1024 Ki671/mm versus OVA/PBS, 0.050 3 1024 6 0.02 3
1024 Ki671/mm; P , 0.05; Figure 4E, left). In contrast, no signif-
icant muscle proliferation was noted in the airways of mice in the
chronic 12-week model (Figures 4D and 4E, right).

Apoptosis plays an important role in controlling cell numbers
in various tissues and organs. For example, both the inhibition
of apoptosis and increased pulmonary artery smooth muscle cell
proliferation contribute to increases in pulmonary vascular
smooth muscle mass (27). To quantify apoptosis in our acute
and chronic models of murine allergic asthma, TUNEL-positive
nuclei (Figure 5A) in airway smooth muscle were counted,
expressed as a ratio of the total number of nuclei, and normal-
ized to basement membrane length. The increase in smooth
muscle area in chronic OVA/OVA-treated mice was likely
not a consequence of diminished cell death attributable to ap-
optosis, because the ratio of TUNEL-positive nuclei was not
significantly different between chronic OVA/OVA and OVA/
PBS mice (Figures 5B and 5C, right). In contrast, a significant
decrease was evident in the number of TUNEL-positive
(TUNEL1) nuclei in the acute OVA/OVA mice versus OVA/
PBS mice (0.13 3 1024 6 0.10 3 1024 TUNEL1/mm versus
0.81 3 1024 6 0.15 3 1024 TUNEL1/mm, respectively; P ,
0.05; Figure 5B, left) when all airways were considered together.

Figure 2. a–smooth muscle actin is increased in the airways of the
chronic murine model of allergic asthma. (A) Formalin-fixed, hematox-

ylin and eosin–stained histologic sections of lungs from mice sensitized

with OVA and serially challenged with saline (OVA/PBS) or OVA (OVA/
OVA) for 3 weeks (acute model) or 12 weeks (chronic model) reveal

a robust inflammatory reaction in the acute OVA/OVA mice that

resolves in the chronic OVA/OVA mice. (B) Serial sections were immu-

nostained for a–smooth muscle actin (brown staining). (C) The airway
a–smooth muscle actin area was quantified and then normalized to

basement membrane length. A significant increase was evident in the

a–smooth muscle actin area of the OVA/OVA mice (solid symbols) ver-

sus OVA/PBS mice (open symbols) in the chronic model, when all air-
ways were considered together (right; P , 0.05). (D) This difference

was seen throughout the bronchial tree from small (area,, 50,000 mm2;

right; P , 0.05) to intermediate-sized (area, 50,000–175,000 mm2; P ,
0.05) airways. In contrast, no significant difference was evident in

a–smooth muscle actin area in the airways of acute OVA/OVA mice

(solid symbols) versus OVA/PBS mice (open symbols) (C and D, left).

Scale bar ¼ 100 mm (n ¼ 7 mice in the acute OVA/PBS cohort; n ¼ 8
mice per group for all other cohorts).

Figure 3. Airway smooth muscle content correlates with airway New-

tonian resistance in the chronic (12-week) murine model of ovalbumin-

induced allergic asthma. Scatterplot indicates the methacholine-induced

changes in airway Newtonian resistance (RN) versus normalized airway
smooth muscle area (ASM) in all airways in the chronic 12-week model.

ASM area correlates with RN in all airways (P , 0.05) in the OVA/OVA-

treated mice (n ¼ 10 mice).
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Further analysis revealed that this decrease occurred through-
out the bronchial tree in the small and intermediate-sized air-
ways in the acute OVA/OVA mice (0.14 3 1024 6 0.12 3 1024

TUNEL1/mm and 0.05 3 1024 6 0.04 3 1024 TUNEL1/mm,
respectively; Figure 5C, left) versus OVA/PBS mice (0.77 3
1024 6 0.20 3 1024 TUNEL1/mm and 0.64 3 1024 6 0.12 3
1024 TUNEL1/mm, respectively; P , 0.05). A maximum of one
large airway fulfilled the inclusion criteria for morphometric
assessment per mouse. Thus a representative sample was not

available for each animal, and this cohort was excluded from the
analysis.

Smooth Muscle Proliferative Index Correlates with Peripheral

Tissue Damping and Elastance in the 3-Week Acute Model

of Ovalbumin-Induced Allergic Asthma

To determine whether the functional endpoints were related to
airway smooth muscle proliferation or apoptosis, we calculated

Figure 4. Assessment of cellular

proliferation and hypertrophy in
the airway smooth muscle of

acute and chronic murine mod-

els of OVA-induced asthma. (A)

Formalin-fixed histologic sec-
tions of lungs from acute and

chronic OVA/PBS and OVA/OVA

mice were immunostained for

a–smooth muscle actin (yellow),
49-6-diamidino-2-phenylindole

(blue) for total nuclei, and Ki67

(red) for proliferating nuclei.

The arrowhead indicates the
portion of airway wall magni-

fied to demonstrate a represen-

tative Ki67-positive nucleus
(arrows) within smooth mus-

cle. (B and C) The smooth

muscle area (yellow) was quan-

titated through morphometry
and divided by the total num-

ber of nuclei within the

smooth muscle, to determine

the average smooth muscle
cell area, and then normalized

to airway basement mem-

brane length. A significant in-
crease was evident in the

smooth muscle area per cell

in all airways in chronic OVA/

OVA mice (solid symbols) ver-
sus OVA/PBS mice (open sym-

bols; B, right). When airways

were categorized based on size

in the chronic model, the in-
crease in smooth muscle area/

cell of the OVA/OVA mice

(solid symbols) versus OVA/
PBS mice (open symbols) was

evident throughout the bron-

chial tree in small (area, ,
50,000 mm2) and intermediate-
sized (area, 50,000–175,000

mm2) airways (C, right). In con-

trast, no difference was detected

in the acute-model airways be-
tween OVA/OVA mice (solid

symbols) and OVA/PBS mice

(open symbols) (B and C, left).

(D and E) The numbers of
Ki67-positive (Ki671ve) nuclei

in airway smooth muscle were counted, expressed as a ratio of total nuclei, and normalized to basement membrane length. A significant increase was

evident in the number of proliferating nuclei across all airways in OVA/OVAmice (solid symbols) versus OVA/PBS mice (open symbols) in the acute model (D,
left). This increase was consistent throughout the bronchial tree in the small and intermediate-sized airways (E, left). No significant difference was evident in

the number of proliferating nuclei in airway smooth muscle of mice in the chronic model (C and D, right). Approximately 10 fields of view (340

magnification) were counted for each section, representing . 500 nuclei. SMA, smooth muscle actin. Scale bar ¼ 100 mm (n ¼ 7 mice in the acute

OVA/PBS cohort; n ¼ 8 mice per group in all other cohorts).
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the Spearman correlations between the responsiveness to meth-
acholine (RN, G, and H) and the small, intermediate, and all-
airways morphometric data. Although none of the parameters
indicating responsiveness to methacholine correlated with the
proliferative index in the chronic model, in the acute model, the
maximum methacholine-induced increase in peripheral tissue
elastance correlated directly with the proliferative index of
smooth muscle in all airways (r ¼ 0.86; P , 0.05) and small
airways (r ¼ 0.86; P , 0.05; Figure 6A). In addition, the max-
imum methacholine-induced increase in peripheral tissue damp-
ing correlated directly with the proliferative index of smooth
muscle in all airways (r ¼ 0.96; P , 0.005) and small airways
(r ¼ 0.96; P , 0.005; Figure 6B). None of the parameters indi-
cating responsiveness to methacholine correlated with the
TUNEL indices in the acute or chronic model.

DISCUSSION

This study investigated the relative contributions of smooth mus-
cle hypertrophy, proliferation, and apoptosis to airway hyperres-
ponsiveness in acute (3-week) and chronic (12-week) models of
OVA-induced allergic airway inflammation/asthma in BALB/c
mice. Using the flexiVent system and constant phase modeling
described by Hantos and others (21–23), we were able to delin-
eate changes in respiratory responsiveness, isolating contribu-
tions from the conducting central airways (airway RN) versus
peripheral lung tissue (G and H), thus providing a comprehen-
sive investigation of lung mechanics beyond the determination
of total respiratory system resistance, as classically employed in
rodent studies of asthma (10, 22, 28, 29). Indices of increased
airway hyperreactivity (AHR) were observed in both the acute
and chronic models, consistent with previous reports (10–12,
20). Morphometric analyses demonstrated significant increases
in airway smooth muscle area in the chronic model, which cor-
related directly with airway RN in response to methacholine. In
contrast, in the acute model, none of the parameters of

responsiveness to methacholine correlated with the airway
smooth muscle content. Rather, the acute group exhibited active
smooth muscle proliferation, which correlated with increased
parameters of peripheral tissue damping and elastance. Concom-
itant diminished apoptosis was also observed. This response was
mitigated in the chronic model, where the increased airway mus-
cle mass demonstrated hypertrophic growth. These findings sug-
gest that these two models represent the progression from an
initial proliferative muscle response after acute allergen challenge
to an increased muscle mass in which ASMC hypertrophy plays
an important role in the airway remodeling response to chronic
allergen challenge and bronchial hyperreactivity.

Previous studies demonstrated the temporality of the airway re-
sponse in themurine allergic asthmamodel (11, 12, 26, 30, 31), with
an early dominant inflammatory reaction that wanes over time,
and the concomitant development of airway remodeling. Those
studies did not, however, address the relative contributions of
ASMC hypertrophy versus hyperplasia to the increased muscle
mass. More recently, the presence of both hypertrophy and hyper-
plasia was reported in an OVA-sensitized and OVA-challenged
murine model assessing the smooth muscle phenotype at a point
(4 weeks) intermediate between our acute (3-week) and chronic
(12-week) models (28). When considered together with the present
study, these data support the premise that the initial muscle re-
sponse in the murine model of allergic asthma is proliferative,
antiapoptotic, and self-limited, whereas airway smoothmuscle hy-
pertrophy is a later, temporally distinct phenomenon.

Although we demonstrated in the chronic model that the in-
creased airway smooth muscle content correlates highly with
AHR centered specifically upon the airways (RN), interestingly,
the only positive correlations between muscle assessments and
functional outcomes in the acute model were between the pro-
liferation index of airway smooth muscle and peripheral lung
damping and elastance (i.e., measures of lung stiffness). We
speculate that the increased proliferation index in airway smooth
muscle is an indicator of the robust inflammatory, proliferative

Figure 4. (Continued ).
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response evident throughout the lung in the acute model. We
further speculate that the increases in tissue damping and ela-
stance demonstrate that AHR at this stage results, in part, from
abnormalities in the peripheral lung tissue and airway inflamma-
tion and closure (24, 25). The lack of correlation between airway
smooth muscle measures and RN suggests that the increased air-
way resistance in the acute model does not result from abnormal-
ities of the airway smooth muscle alone. Others assessed the
relative contributions of inflammation and airway remodeling
to AHR in a murine model of allergic asthma (11, 12, 30), and
reported that AHR is associated with inflammation and immune-
mediated events in the acute stages, but in the long term, the
AHR results from airway remodeling. The vast majority of these
studies, however, assessed total respiratory system resistance as
opposed to separating out airway and tissue mechanics. To date,
we are aware of only four studies that used the constant phase
model to investigate the relative contributions of inflammation
and airway remodeling to the alterations in AHR seen in the

murine model of allergic asthma (21, 24, 25, 31). These studies
variably demonstrated an acute inflammatory response through-
out the lung, with airway mucosal thickening attributable to
edema, epithelial hyperplasia (24), and extracellular matrix (31)
deposition associated with increases in H and G (21, 24, 25, 31)
and, in some instances, RN (24, 25, 31). The enhanced AHR in
the acute time frame appears to result from these inflammatory
changes and the propensity to airway closure, as opposed to
changes in smooth muscle content or intrinsic contractility (21,
24, 25, 31). Airway smooth muscle remodeling with increased
mass is not evident in the acute time frame in any of these studies,
and is evident only in chronic models.

The relevance of our present findings to human disease
becomes apparent when considering that, as with the murine
model of allergen-induced asthma, the airways in human asthma
exhibit both smooth muscle hypertrophy and hyperplasia (6, 7,
19). ASMCs isolated from patients with asthma and cultured
in vitro retain an enhanced capacity for hypertrophic growth

Figure 5. Apoptosis in the airway smooth

muscle of acute and chronic murine

models of OVA-induced asthma. (A) TdT-
mediated dUTP nick-end label (TUNEL)

staining of formalin-fixed histologic sec-

tions of lungs from acute and chronic

OVA/PBS mice (open symbols) and OVA/
OVA mice (solid symbols). Hematoxylin

was used as a counterstain. TUNEL-positive

apoptotic nuclei stain brown. Pink stars

indicate the portion of airway wall mag-
nified in the insets. Arrows indicate repre-

sentative brown TUNEL-positive nuclei.

(B) OVA challenge induced a significant de-

crease in the ratio of apoptotic nuclei in
airway smooth muscle when all airways

were considered together in acute OVA/

OVA mice compared with acute OVA/PBS
mice (B, left; P , 0.05). (C) There was no

regional variation, because the decrease

was evident in both small and intermedi-

ate-sized airways (C, left). Airways from
OVA/OVA chronic model mice showed

no significant change in apoptosis, com-

pared with OVA/PBS mice (B and C, right).

Approximately 10 fields of view (340mag-
nification) were counted for each section,

representing . 500 nuclei. Scale bar ¼
100 mm (n ¼ 7 mice in the acute OVA/
PBS cohort; n ¼ 8 mice per group in all

other cohorts).
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and an enhanced proliferative capacity (16, 18, 32–34). These
“asthmatic” ASMCs were also reported to be hypercontractile
in vitro and thus primed to respond to bronchoconstricting stim-
uli (17). However, in contrast to the murine models, the relative
contributions of hypertrophic versus hyperplastic muscle to air-
flow obstruction in human asthma remain controversial. For
example, some studies assessing endobronchial biopsies from
patients with differing severities of asthma reported that airway
smooth muscle hypertrophy and fibroblast accumulation were
selective determinants of severe, persistent asthma (6), whereas
others noted that both ASMC hyperplasia and hypertrophy com-
prise the increased airway smooth muscle mass in severe disease
(8). In addition, whether a temporal sequence is involved with the
development of hyperplasia and hypertrophy in humans remains
unknown. Similar to the murine model of chronic disease, human
studies have demonstrated that airway lability occurs in associa-
tion with airway remodeling (including smooth muscle hypertro-
phy) in the absence of evidence of ongoing airway inflammation
(8). Although this result may be partly attributable to an individ-
ual’s use of long-term oral and high-dose inhaled glucocorticoid

therapy, these findings raise the possibility that remodeling oc-
curs independent of inflammation.

Determination of the airway-muscle processes that influence
AHR and airflow limitation suggest that current approaches to
the treatment of asthma may require reassessment. Attenuation
of the inflammatory response and stimulation of bronchodilata-
tion remain the mainstays of asthma therapy, but no treatment,
short of laser ablation of airway muscle (35, 36), is currently aimed
specifically at diminishing the increased muscle mass, or inducing
atrophy, of ASMCs. Signaling networks that regulate pulmonary
smooth muscle hypertrophy are currently being delineated, and
the activation of the well-characterized AKT/glycogen synthase
kinase (GSK) 3b pathway, known to induce a hypertrophic re-
sponse in skeletal muscle (37, 38), was recently recognized to
induce hypertrophy of airway smooth muscle as well (13, 28).
The increased proliferative rate described in human ASMCs
was suggested to result from dysfunctional translational regulation
of the CCAAT/enhancer binding protein (C/EBP-a) (18, 33), in
addition to Ca21-induced enhanced mitochondrial biogenesis (32).
Developing pharmacologic therapies to influence the specific
cellular signaling pathways regulating airway smooth muscle
hypertrophy and proliferation is critical, would complement
anti-inflammatory and bronchodilator therapies, and likely
would favorably influence outcomes in those with moderate to
severe persistent asthma.

This study contains some limitations. Although we demon-
strated a hypertrophic smooth muscle mass in the airways of mice
that correlates with airway hyperreactivity in allergic asthma, we
did not directly demonstrate the hypercontractility of these
muscle cells using ex vivo or in vitromethods. Other investigators
assessed the contractile properties of hypertrophic bronchial
smooth muscle cells in vitro, and found that increases in contrac-
tile protein content result in increased smooth muscle cell con-
tractile shortening in response to acetylcholine and KCl (13, 14),
supporting our premise. Furthermore, our OVA dosing regimen
was not identical between our two models, with 7 consecutive
days of OVA dosing administered in the acute model, and two
consecutive daily doses administered every 2 weeks for 3 months
in the chronic model. It is unlikely that the absence of prolifer-
ation in the chronic model simply reflects this different dosing
regimen, because other short-term studies reported that only 3
consecutive days of OVA treatment can induce proliferation
(28). We speculate that the loss of stimulation to a proliferative
response may result from the induction of tolerance to the aller-
gen during chronic, repeated exposures. Finally, although the
constant phase model provides a means by which to distinguish
between the resistance provided by the conducting airways
versus measures of peripheral lung stiffness (G and H), this
model, as with systems measuring total respiratory resistance,
does not rule out the influence of the thoracic cage and chest
wall on pulmonary mechanics, because we did not assess intra-
pleural pressures.

Overall, we have shown that the proliferative, apoptotic, and
hypertrophic responses in airway smooth muscle are temporally
distinct in a murine model of allergic asthma. Proliferation with
diminished apoptosis comes first as part of a large inflammatory
reaction to allergen challenge, followed by the resolution of pro-
liferation, the normalization of apoptosis, and the increased syn-
thesis of contractile proteins, with hypertrophy of pulmonary
smooth muscle. This increased, hypertrophied muscle mass corre-
lated strongly with an index of methacholine hyperreactivity that
is centered on the airway tree (Newtonian resistance). The iden-
tification of a hypertrophic muscle mass that is functionally im-
portant indicates that ongoing investigation should focus on the
regulation of pulmonary smooth muscle hypertrophy as a compo-
nent of asthma management.

Figure 6. Airway smooth muscle proliferation index correlates with pe-

ripheral tissue damping (G) and elastance (H) in the acute (3-week)

murine model of OVA-induced allergic asthma. Scatterplots indicate

the methacholine-induced changes in (A) peripheral tissue elastance
and (B) peripheral tissue damping versus the airway proliferation index

in all (solid symbols and solid lines) and small (open symbols and dashed

lines) airways, respectively, in the acute 3-week model. The maximum

methacholine-induced increase in peripheral tissue elastance correlated
directly with the proliferative index of smooth muscle in all airways, and

specifically the small airways (P , 0.05) of OVA/OVA-treated mice. The

maximum methacholine-induced increase in peripheral tissue damping
correlated directly with the proliferative index of smooth muscle in all

airways and, specifically, in the small airways (P , 0.005) of OVA/OVA-

treated mice (n ¼ 7 mice).
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