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ABSTRACT: Airway hyperresponsiveness (AHR), the exaggerated response to con-
strictor agonists in asthmatic subjects, is incompletely understood. Changes in either
the quantity or properties of airway smooth muscle (ASM) are possible explanations
for AHR. Morphometric analyses demonstrate structural changes in asthmatic air-
ways, including subepithelial fibrosis, gland hyperplasia/hypertrophy, neovascular-
ization and an increase in ASM mass.

Mathematical modelling of airway narrowing suggests that, of all the changes in
structure, the increase in ASM mass is the most probable cause of AHR. An increase
in ASM mass in the large airways is more closely associated with a greater likelihood
of dying from asthma than increases in ASM mass in other locations within the airway
tree. ASM contraction is opposed by the elastic recoil of the lungs and airways, which
appears to limit the degree of bronchoconstriction in vivo. The cyclical nature of tidal
breathing applies stresses to the airway wall that enhance the bronchodilating in-
fluence of the lung tissues on the contracting ASM, in all probability by disrupting
cross-bridges. However, the increase in ASM mass in asthma may overcome the
limitation resulting from the impedances to ASM shortening imposed by the lung
parenchyma and airway wall tissues. Additionally, ASM with the capacity to shorten
rapidly may achieve shorter lengths and cause a greater degree of bronchoconstric-
tion when stimulated to contract than slower ASM.

Changes in ASM properties are induced by the process of sensitization and aller-
gen-exposure such as enhancement of phospholipase C activity and inositol phosphate
turnover, and increases in myosin light chain kinase activity. Whether changes in
ASM mass or biochemical/biomechanical properties form the basis for asthma re-
mains to be determined.
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The three defining characteristics of asthma are airway
hyperresponsiveness (AHR), airway inflammation and in-
termittent airway obstruction. In the past, each of these
characteristics has been the focus of research attention by
investigators looking for abnormalities that could pot-
entially contribute to the expression of disease. Neural
control of airway calibre, epithelial modulation of airway
smooth muscle (ASM) responses, airway inflammation,
microvascular leakage and structural changes in the air-
ways have been among the areas extensively explored.
Although all of these factors have a place as modulators of

the extent of airway narrowing in response to a contractile
stimulus, the primary effector of airway responsiveness
seems likely to be the airway smooth muscle itself. Some
of the evidence for this is reviewed here.

Mechanical factors influencing airway narrowing

Mechanical factors are of paramount importance in de-
termining the magnitude of bronchoconstriction induced
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by contractile agonists. Although support for this notion
rests on circumstantial evidence rather than direct proof,
bronchoconstriction is a function of ASM shortening, and
thus of the mechanical forces acting to limit such shor-
tening. It seems very likely that airway responsiveness
reflects the balance between forces contracting ASM and
the impedance to shortening of that muscle. Excised air-
way smooth muscle has an exceptional capacity to shorten
in vitro (by 80±90% of its initial length) when stimulated.
Shortening of this degree would result in complete airway
closure if it were to take place in vivo. As airway closure
does not appear to occur to any great extent following sup-
ramaximal stimulation in normal subjects, potent factors
must exist that limit the degree of airway narrowing in vivo
[1].

The analysis of bronchial provocation test results has
been particularly helpful in providing insights into the
mechanisms by which bronchoconstriction is limited in
vivo. Lung volume is an important determinant of the
degree of bronchoconstriction that can be induced by su-
pramaximal doses of inhaled methacholine in normal sub-
jects. Breathing at low lung volumes accentuates the
degree of methacholine-induced bronchoconstriction mar-
kedly, whereas breathing at volumes greater than the
functional residual capacity reduces the degree of bron-
choconstriction [2]. The observation that breathing at low
lung volumes greatly enhances the magnitude of airway
narrowing whereas high volumes are "bronchoprotective"
has been interpreted as evidence that the parenchymal
attachments to the airway wall impose an impedance to
airway narrowing. This impedance results from the elastic
recoil of the parenchyma as well as from the forces of
interdependence between the airway wall and the paren-
chymal attachments. Simply stated, the elastic recoil of
the lung parenchyma helps to keep the airways open by
transmitting a pressure equivalent to pleural pressure
through the parenchymal attachments to the outer aspect
of the airway walls. Indeed, the protective effect of these
forces is amplified as a function of the degree of broncho-
constriction [3]. There is no conclusive evidence of im-
pairment of the elastic properties of the lungs in asthma
but it is possible that the transmission of the elastic impe-
dance to the ASM may be affected by adventitial oedema.

The airway wall itself is likely to resist compression by
causing contraction of ASM. The constitutive properties of
the airway wall that help to prevent airway closure are
likely to vary as a function of airway generation; airway
cartilage is one of the components that resists airway com-
pression. It has been postulated that alterations in the
cartilage in asthma, through the action of proteolytic en-
zymes released by infiltrating leukocytes, might allow the
airways to narrow more easily [4]. The mucosal surface of
the airway wall forms folds which may vary in number as
a function of both airway wall dimensions and wall mat-
erial properties [5]. Thickening or stiffening of a thin
inner structural layer, such as may result from increased
subepithelial collagen levels in asthmatic airways, would
be predicted to reduce the number of mucosal folds and
thereby render the airway more susceptible to closure [5].
The formation of mucosal folds may also lead to an al-
teration in surface forces in the region of these interstices,
causing a reduction in pressures and favouring transuda-
tion of fluid and further retraction of the airways [6].

The contribution of airway smooth muscle to airway
narrowing

If lung elastic recoil or the constitutive properties of the
airway walls alters the degree of induced bronchoconstric-
tion by changing impedances on ASM, then a corollary is
that the force of contraction of ASM should also influence
airway narrowing. Indeed, it seems entirely plausible that
the asthmatic state is the result of an increase in the force-
generating capacity of ASM through alterations in its bio-
chemistry or through an increase in the quantity of ASM.
There is considerable evidence that the mass of ASM is
increased in asthma, as discussed by JAMES and CARROLL

elsewhere in this series [7]. It is presumed that increased
ASM mass is the result of enhanced muscle growth, pro-
bably mediated by the complex mix of growth factors and
contractile agonists that are present in the airways in
asthmatic subjects. Furthermore, the site of the increase in
muscle mass may be of prognostic significance. Subjects
who have died of asthma show not only more ASM ov-
erall but also have a particularly noteworthy increase in
ASM in the large airways compared to subjects with
nonfatal asthma [8]. Whether an excess of ASM in large
airways is simply a marker of a more extensive remod-
elling or accounts for the death of these subjects has not
been resolved. However, the mechanical consequences of
large airway narrowing should more profoundly affect
airflow and the work of breathing than peripheral airway
narrowing. Given the very large number of airways and
assuming independence of their behaviour, the prob-
ability of synchronous closure of many airways is very
low. This is certainly true for peripheral airways; the sim-
ultaneous closure or profound constriction of a suffi-
ciently large number of airways to cause catastrophic
increases in respiratory impedance and ventilatory failure
would seem less probable than the simultaneous narrow-
ing of a small number of central airways. Although it is
unclear whether the impedances opposing airway narrow-
ing are similar in central and peripheral airways, the
potential for cartilage to assist in the stabilization of the
central airways makes it likely that airway collapsibility
does indeed vary at different sites in the airway tree.

The cyclical nature of lung inflation caused by tidal
breathing also seems to protect against the induction of ex-
cessive airway narrowing by bronchoconstrictor agonists.
Periodic inflation of the lungs by means of deep breaths
appears to serve a bronchodilator function. Preventing
normal subjects from taking deep breaths during inhalation
of bronchoconstrictor agonists mimics the exaggerated
response of an asthmatic subject [9], supporting the notion
of breathing movements as modifiers of the extent of
induced airway narrowing. Interestingly, asthmatic sub-
jects seem to be relatively insensitive to the bronchodi-
lator effects of deep breaths. Current evidence points to an
action of tidal breathing on ASM function as an explana-
tion for the above phenomena. Consistent with findings in
intact human subjects, the application of cyclical stresses
to airway segments in vitro potently reduces active stress
generation by contracting ASM [10, 11]. As illustrated in
figure 1, the magnitude of stretch required to reduce the
active force generated by maximally stimulated airways
by 50% was only 2% of muscle length [10]. This pertur-
bation is only half that imposed by normal tidal breath-
ing. The reduction of active stress by stretching has been
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interpreted as resulting from the disruption of cross-
bridges in ASM cells, reducing the number of actin/myo-
sin interactions and increasing their rate of turnover [12].

Mathematical models of airway narrowing

In an effort to understand the quantitative relationships
between the many factors that potentially contribute to
bronchial responsiveness, several investigators have turned
to mathematical models [13, 14]. These models examine
the sensitivity of airway narrowing to structural changes
such as ASM mass and distribution within the airway
wall, airway wall thickening and lung volume. Each of
these factors theoretically has the potential to increase
airway responsiveness. Several of the earliest analyses of
airway narrowing drew attention to the importance of the
shortening capacity of ASM in airway responsiveness [1].
The sensitivity of airway luminal narrowing to airway
wall thickness was addressed by MORENO et al. [15]. They
demonstrated that, for any given degree of ASM shorten-
ing, the degree of encroachment on the airway lumen by
the subepithelial tissues was a function of the thickness of
these tissues. The potential for both of these properties of
the airway to modulate the dose/response curve of the
human lung to bronchoprovocation was clearly illustrated
by modelling the airways as a simple tube. Subsequently,
JAMES et al. [16] used a similar analysis to show that
airway wall thickening of the degree found in asthma is of
sufficient magnitude to substantially augment the degree
of airway narrowing caused by any given degree of ASM
shortening. Similarly, based on experimental data, it has
been argued that, in asthma, peribronchial oedema also
enhances airway responsiveness [17, 18], in large part by
uncoupling the airway from the parenchyma. Finally, a
consistent finding of all the modelling studies is that
increases in ASM mass may lead to greater force genera-
tion within the airway wall, overcoming more easily the
impedances opposing ASM shortening [13, 14].

An additional architectural feature of the airways that
may have some bearing on airway responsiveness is the
orientation of the ASM within the airway wall [19]. ASM
is arranged in a spiral that may vary in its pitch [20].

Depending on the mechanical properties of the airway
wall, in particular its resistance to compression in various
axes, the orientation of the smooth muscle could mar-
kedly affect responsiveness. To date, there is insufficient
experimental data to allow further interpretation of the
predictions arising from the model.

MACKLEM [14] has recently performed a quantitative
analysis of the various forces involved in airway narrow-
ing (fig. 2). He computed the intrawall stress as a function
of the degree of ASM shortening and estimated the effects
of changing lung volume and ASM thickness. The analy-
sis reveals several features of interest to the understanding
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Fig. 1. ± Time course of force (F) in a tracheal smooth muscle strip. Each line corresponds to a different series of observations in the trachealis muscle at
graded increments of stretching ( ÐÐÐ : 0.25; .......... : 0.5; ± ± ± ± : 1; Ð . Ð : 2; Ð Ð : 4; and Ð . . Ð : 8% of initial length) over a time interval of
400±900 s. The vertical arrow denotes application of 10-4 M acetylcholine. Note the profound reduction in force generation by the tidal stretching.
(Adapted from [10].)
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Fig. 2. ± Tension developed by airway smooth muscle (ASM) in caus-
ing airway narrowing as a function of ASM length (l). The tension
generation was calculated based on published data for canine airways.
Assumptions have been made concerning the shear modulus of the
parenchyma and the forces of interdependence between the airway and
lung parenchyma. Each curve is based on calculations made at a given
lung volume, as reflected in the magnitude of the transpulmonary
pressure (Ptp). The figures labelling each curve represent initial Ptp in
cmH2O. At low Ptp, the degree of ASM shortening can be sufficient to
cause airway closure (vertical arrow) without requiring tension genera-
tion by the muscle in excess of the maximum tension-generating
capacity of the ASM. Ð Ð; - - - -: length-tension curves). Note the
dependence of the maximum tension available on the thickness of the
ASM ( - - - - : 20 mm; Ð Ð : 10 mm). l0: ASM length at a Ptp of 30
cmH2O. (Adapted from [14].)
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of airway narrowing. At low lung volumes (transpulmon-
ary pressures), the stress development required to cause
the airways to narrow is low and may result in airway
closure before the maximal force-generating capacity of
the muscle is reached. Increasing the transpulmonary
pressure increases the stress requirements for airway
narrowing into a zone that may be beyond the maximal
capacity of the muscle to develop force, preventing air-
way closure. Conversely increasing the thickness of the
muscle bundles may restore the contractile force to the
levels necessary to cause airway closure despite the im-
pedance. The modelling clearly illustrates the dependence
of airway narrowing on the force of contraction of the
ASM and the impedances to ASM shortening while also
providing explanations for the sensitivity of bronchocon-
striction to lung volume and ASM mass.

Some perspective on the relative importance of the
various above-mentioned factors to airway responsiveness
has been obtained by testing the effects of the observed
structural changes in the airways of asthmatic subjects on
the predicted dose/response curves to methacholine chal-
lenge. The weight of evidence suggests ASM thickness as
the most likely modifier of the severity of acute asthma.
For example, the modelling experiments of LAMBERT et al.
[13] support the prediction that increased ASM mass is a
more important cause of airway narrowing and hyperre-
sponsiveness in asthma than is airway wall thickening.
Indeed, the measured increases in ASM mass in asthma
could entirely account for the substantial differences in
methacholine dose/response curves between asthmatic
and normal subjects. Although analysis of the importance
of remodelling has focused mainly on airway submucosal
thickening, alterations in the adventitial area have re-
ceived less attention. Thickening of the adventitia could
uncouple the airway from the parenchyma and exert a
much more profound effect on airway responsiveness
than changes in the airway wall interior to the ASM
[14].

The above models treat airway narrowing as a quasi-
static phenomenon. The observation that the application of
cyclical stresses to ASM profoundly influences airway nar-
rowing has raised important questions regarding the con-
trol of force generation by ASM. FREDBERG et al. [12] have
developed the concept of airway narrowing as dyna-
mically determined, such that the degree of airway nar-
rowing depends on the relative rates of actin/myosin
cross-bridge cycling and tidal stretching of ASM. This
concept depends on the observation that, during contrac-
tion, smooth muscle appears to exhibit two phases. Dur-
ing the initial phase, corresponding to rapid cycling of
actin/myosin cross-bridges, smooth muscle shortens rap-
idly while developing relatively little tension. During the
subsequent "latchbridge" phase, the rate of cross-bridge
cycling is greatly reduced, shortening velocity is slowed
and tension development greatly increased [21]. By virtue
of greater tension development under latch conditions,
smooth muscle can resist the modulating influence of
length changes. Applying these observations to the air-
ways, FREDBERG and coworkers [12, 22] have postulated
that hyperresponsiveness could result from resistance of
ASM to the modulating influence of tidal breathing stret-
ches of the airway wall on ASM. Specifically, they have
proposed that, by shortening more quickly, ASM could
enter the latch state before tidal stretch can exert its re-

laxant effect. This hypothesis remains controversial, how-
ever, and more study is required to confirm that the
shortening velocity of asthmatic ASM is indeed incre-
ased.

In considering the processes contributing to the degree
of bronchoconstriction induced by bronchoconstrictive
agonists, the potential importance of heterogeneity in air-
way narrowing across the airway tree should not be lost
sight of. This question has been addressed in two recent
studies investigating the contribution of heterogeneity to
the increase in pulmonary impedance in response to bron-
choconstrictive agonists [23, 24]. In both instances, the
authors used the Horsfield asymmetric airway tree and
computational models to determine lung resistance and
elastance. These authors examined the effect of assigning
differing degrees of variation (SDs) in individual airway
diameters while maintaining the same mean airway dia-
meter. Although different approaches were used, in both
studies, the variability in airway narrowing itself accoun-
ted for additional increases in the calculated lung resis-
tance. Presumably this reflects the bias introduced by the
dependence of resistance on the radius of the airway to
the fourth power, such that narrowed airways exert undue
influence on overall lung resistance.

Changes in the properties of airway smooth muscle
in asthma

The limit of ASM shortening may not be entirely a
function of ASM mass and mechanical impedances to
ASM contraction. Alterations in ASM biochemical proper-
ties may also be of considerable importance. There are
changes in the function of ASM from the standpoint of its
contractile apparatus [25, 26] and signalling pathways
[27] as well as lesser-known synthetic capabilities. It has
been argued that functional differences in ASM are pre-
sent in asthmatic subjects because enhanced force genera-
tion by excised muscle does not seem to be entirely
accounted for by increases in mass [28]. A number of
experimental studies have provided convincing evidence
of changes in the biochemical characteristics of ASM as a
result of either sensitization or challenge with allergen.
Tracheal and bronchial smooth muscle from sensitized
dogs shows an increase in its maximal velocity of shor-
tening [29], which appears to be attributable to an in-
crease in the activity of myosin light chain kinase [26].
There was no increase in isometric force, however. The
significance of changes in the velocity of contraction
were not immediately apparent because preceding ana-
lyses of airway narrowing treated the airways in the bron-
choconstricted state as being in static equilibrium. Two
recent studies have demonstrated a relationship between
airway responsiveness in vivo and the velocity of contrac-
tion of ASM within explanted lung tissues from the rat
[30] and mouse [31]. The significance of the altered dy-
namic properties for AHR has been greatly clarified by
the recent analyses of FREDBERG and coworkers [12, 22].
Perhaps asthmatic smooth muscle is, for some reason,
resistant to the perturbing effects of the forces applied to it
by the movements of the parenchyma. Alternatively, as
mentioned above, the architectural changes in the airway
wall, particularly thickening or oedema exterior to the
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ASM layer in the adventitial region of the wall may in-
terfere with the transmission of forces from the paren-
chyma to ASM.

Activation of the contractile apparatus of ASM appears
to be dependent on ASM length. For example, myosin
light chain phosphorylation, a measure of the activation of
the contractile apparatus, following stimulation of bovine
ASM varies as a function of muscle length [32, 33], such
that phosphorylation diminishes as muscle length is re-
duced. The precise explanation for this phenomenon has
not been elucidated but a reduction in inositol phosphate
turnover has been shown [34], suggesting that the degree
of activation of phospholipase C (PLC) may be affected.
An alternative possibility is that the availability of the
membrane phospholipid, phosphatidylinositol 4,5- bipho-
sphate, the substrate of PLC, may have been reduced. The
observation that normal ASM responds to changes in
length by altering the degree of myosin light chain phos-
phorylation raises the hypothetical possibility that, in
asthma, ASM may be less sensitive to the inactivating
effects of shortening.

Other alterations in the properties of ASM that have
been shown to be caused by allergic sensitization or chal-
lenge are changes in membrane potential, PLC activity
[27] and cyclic adenosine monophosphate synthesis in
response to b-agonist stimulation [35]. In addition to the
effects of allergic sensitization on the contractile appara-
tus of ASM, it is likely that there are also alterations in its
synthesis of a variety of factors involved in the promotion
of cell growth, matrix protein turnover and leukocyte
adhesion [35, 36]. ASM shows considerable plasticity of
its phenotype in vitro [37] and it is probable that some of
this plasticity may also be present in the airways in the
setting of inflammation. Indeed, the fact that ASM can be
stimulated to undergo a hyperplastic response on expo-
sure of an experimental animal to allergen indicates that
ASM can undergo substantial changes in phenotype in
situ. Although ASM can change from an extreme contrac-
tile phenotype to a completely noncontractile secretory
phenotype, there are, presumably, a range of phenotypic
characteristics that may be expressed depending on the
balance of cytokines, growth factors, contractile agonists
and matrix proteins. Both the secretory and contractile
phenotypes have the potential to influence the severity of
asthma, by promoting airway remodelling or bronchos-
pasm, respectively. ASM has the capacity to synthesize
and release pro-inflammatory molecules such as eotaxin
and regulated on activation, normal T-cell expressed and
secreted (reviewed elsewhere in this series by CHUNG

[38]), both noted for their eosinophil chemoattractant pro-
perties, although formal proof that ASM is involved in the
promotion of inflammation is lacking.

Animal models of airway remodelling in asthma

The development of animal models of airway remodel-
ling in asthma has lagged behind other attempts at re-
creating the features of asthma through the stimulus of
allergen and other agents of potential relevance to asthma.
However, there are now several reports indicating that
certain airway structural changes can be induced in experi-
mental animals. Allergen-challenged cats reportedly dev-
elop histopathological airway changes (eosinophil-rich
inflammation, ASM growth and mucous gland enlarge-

ment) that mimic very well the changes described for
human asthmatic airways [39]. There is accompanying
AHR. This is perhaps not very surprising since feline as-
thma is a condition that occurs spontaneously and which
appears to be closely related to human asthma. However,
it has also been possible to cause ASM hyperplasia in
Brown Norway rats following allergic sensitization and
repeated allergen exposure [40, 41]. A critical role for
cysteinyl-leukotrienes in ASM growth and AHR has been
confirmed [40, 42]. Guinea-pigs undergoing repeated
allergen challenges have also been shown to incorporate
bromodeoxyuridine (a thymidine analogue) into ASM
[43], indicating that the cells enter the synthetic (S) phase
of the cell cycle. Curiously no increase in ASM mass was
detected, suggesting failure to progress through the cell
cycle or accelerated cell death (apoptosis). A murine mo-
del of subepithelial fibrosis, a lesion that receives much
attention but is of uncertain significance to the issue of
airway narrowing in asthma, has also been reported [44].
These models will be very helpful in the dissection of the
mechanisms of airway remodelling, but establishing
cause and effect relationships with AHR may prove to be
very problematic.

Conclusions

Experimental data and mathematical models suggest
that alterations in the mass of airway smooth muscle or
changes in its contractile properties may explain the ex-
cessive airway narrowing in asthma. However, the inter-
action between the contracting smooth muscle and the
surrounding structures, including the constituents of the
airway wall and lung parenchyma, may be of equal impor-
tance. In particular, the cyclical stresses applied to airway
smooth muscle by tidal breathing or episodic deep breaths
may serve an important function in maintaining the air-
ways in a dilated state. Several biochemical changes of
potential importance to airway hyperresponsiveness, in-
cluding increased activity of myosin light chain kinase and
phospholipase C, have been shown to result from allergic
sensitization. Perhaps alterations in the dynamic properties
of airway smooth muscle, such as increases in the velocity
of shortening, may permit the muscle to better resist the
dilating influence of cyclical stress imposed by tidal bre-
athing. Whether hyperplastic airway smooth muscle under-
goes changes in its dynamic properties merits exploration.
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