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Lung volume: a principle determinant of airway smooth
muscle function
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Asthma is a syndrome that is characterised by clinical

features that centre on disorders of lung function; indeed, the
diagnosis of asthma is best made by obtaining lung function
tests [1–3]. Asthma, unlike other lung diseases, shows a
functional and temporal instability, where lung function can
be both cyclic (e.g. nocturnal asthma) and prone to sudden
falls (e.g. exposure to allergens) in the ability to move air, as
assessed by peak flow variability. Yet the mechanisms that
may link peak flow variability and airways hyperresponsive-
ness are largely unknown [4, 5]. One possibility is that both of
these common features of asthma are linked by lung volume
or a lung volume-dependent mechanism.

Lung volume, airways smooth muscle and airway
hyperresponsiveness

Lung volume is a pivotal determinant of airway smooth
muscle (ASM) function and lung function. Animal studies
most clearly demonstrate the importance of how acute
alterations in lung volume significantly alter the response
of lung mechanics to bronchoactive agents. For example,
NAGASE et al. [6], who elevated lung volume using positive
end-expiratory pressure (PEEP), showed a 12% reduction in
the response of airway resistance (Raw) to inhaled histamine
for every cmH2O of PEEP increase. BATES et al. [7], using a rat
system where small volume oscillations were used to nearly
instantaneously measure airway responses to injected metha-
choline, showed that an increase in lung volume (2–6 cmH2O
of PEEP) caused a reduction in the rate of rise in Raw by an
order of magnitude. Collectively, these findings suggest that
ASM contractility is profoundly influenced by lung volume,
effects that are much larger than often observed in response to
inflammatory mediators. The situation is no less important in
humans. This is strikingly seen in the study of DING et al. [8],
where it was shown that 500 mL changes in lung volume
could, in essence, cause airway hyperresponsiveness (AHR)
in controls and largely reverse AHR in asthmatics, a truly
remarkable finding. SKLOOT et al. [9], in their seminal paper,
demonstrated that when large breaths are prohibited, normal
subjects became hyperresponsive to inhaled methacholine.
These findings suggest that failure to periodically inflate the
lung to high volumes allows for some protective mechanism
to be lost [9, 10]. This bronchoprotective effect, in more recent
studies, has been shown to be much more potent than
bronchodilation caused by a deep breath in controls [11]. In
asthmatics (and even in patients with rhinitis), the broncho-
protective effect of a deep breath is lost regardless of the
degree of asthma [12, 13]. Collectively, these studies suggest

that periodic lung volume changes are a critical determinant
of recovery from bronchospasm and in normal subjects serve
to prevent AHR.

Mechanisms

How would a lack of periodic large volume breaths, like
periodic sighs that everyone takes, alter ASM function? One
mechanism has been suggested by FREDBERG and co-workers
[14, 15]. They propose that the failure to periodically stretch
the activated ASM results in the ASM being altered, from a
state of disequilibrium to a "latch" state where it is frozen.
Given that under normal conditions the ASM is subjected to
cyclic stretch, it may come as no surprise that ASM would
have to adapt functionally to these cyclic changes in length.
Failure to periodically inflate and stretch the ASM results in a
potentially hyperresponsive state for the muscle or at least
sets it up to respond abnormally to an asthma trigger.

Another important mechanism by which lung volume
affects pulmonary function is through the mechanism of
interdependence [16]. On the external wall of intrapulmonary
airways there are radially arranged alveolar wall attachments.
As volume increases, the pull or tethering of these alveolar
wall attachments exerts an external force, dilating the airway
lumen. This is a powerful effect. As lung volume changes
from functional residual capacity (FRC) to residual volume,
the pulmonary resistance falls by one-half or more [12–19].
Acute asthma (nocturnal asthma) or sleep onset results in
rapid loss of this important defence mechanism [19]. Inter-
dependence would be expected to affect bronchial more than
extrathoracic airways, such as the trachea.

Effects of chronic volume loss

In the current issue of the European Respiratory Journal,
MCCLEAN et al. [20] show for the first time how chronic loss
of volume affects ASM function. In this clever model system,
lung volume was chronically reduced by having sheep wear
a leather corset for 4 weeks. Three groups were studied:
neonates, adolescents and adults. While the FRC was reduced
byy25%, no significant changes in tidal volume or number of
sighs were observed, nor were there changes in blood gases.
Tracheal ASM contractility was unchanged, but in adoles-
cents and adults bronchial ASM contractility was increased.
There were no apparent differences in the amount of ASM,
suggesting hypertrophy had not occurred. Moreover, neither
myosin light chain (MLC) kinase content nor MLC phos-
phorylation of the bronchial smooth muscle were changed.
Accordingly, it is unclear from this study what is the cause of
increased bronchial contractibility. In addition, it is equally
unclear how these findings may translate into altered in vivo
function. The authors speculate that lack of deep breaths
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or chronic low lung volume cause ASM to reorganise, which
is consistent with what is known about ASM plasticity
[21–24].

Implications

The results of this study have many important implications.
The first is that the marked change in ASM contractility or
plasticity appears to occur after fairly mild alterations in
length, which is consistent with the notion that the influence
of lung volume is large. The fact that ASM contractility is not
altered in neonates but that it is in adults was not commented
upon by the authors. It may be speculated that neonates
would suffer severely if changes in ASM contractility
occurred during rapid lung growth, which may be inhibited
by the leather corset restriction, and reinforces the point that
the factors that affect lung function in infants are clearly not
the same as in adults [25].

Lung volume derecruitment and airways smooth muscle
heterogeneity

At first glance the results reported in this issue of the ERJ
by MCCLEAN et al. [20] would seem to have little to do with
asthma, but indeed the increase in ASM contractility observed
with chronic volume loss may have important mechanistic
implications. Asthma, even in the mildest forms, is associated
with periodic airway closure and lung volume derecruitment
that worsens with asthma severity [26, 27]. An airways located
behind closed airways may be subjected to the same forces
and stimuli that occurred in the bronchioles removed from the
corseted sheep. In the asthmatic lung, as the airways close and
volume of the region falls due to gas reabsorption [28], a
similar situation may occur. In such an airway, trapped beyond
a point of larger airway closure, deep breaths may not result
in bronchoprotection [11–13], thus, this mechanism could
account for the well-known airway-to-airway heterogeneity of
ASM function [29]. Alternatively, the bronchial airways are
subjected, or not subjected with chronic volume, to tethering
forces that would then determine the functional phenotype.
Such a mechanism would be profoundly influenced by the known
heterogeneous pressure changes that occur in the thorax when
the rib cage motion is suppressed [30], which would be expected
to contribute to the regional heterogeneity of the response.

Clinical implications

MCCLEAN et al. [20] suggest that the AHR of obesity may
be the result of similar chronic volume loss [31, 32]. A more
likely mechanism in the obese, as shown by JOHNSTON et al.
[33], involves leptin, a pro-inflammatory cytokine-like pro-
tein, known to be elevated in the obese. This mechanism
would not involve changes in lung volume. Other possibilities
include other factors associated with obesity, such as diet [31,
32] or lack of exercise [34]. A more likely linkage between
AHR and chronic volume loss is observed in patients with
neural muscular disorders or chest wall abnormalities [35].
Here, limitation of the chest wall expansion, not unlike the
effects of the leather corset observed by MCCLEAN et al. [20],
is associated with increased airway responsiveness.

Airways smooth muscle plasticity and phenotype

The conclusion that ASM shows chronic changes in vivo
consistent with plasticity, which is observed in more acute

in vitro studies, is potentially very important. These experiments
teach us that ASM is a much more dynamic cell type than
previously thought. Aside from the well-known contractile
phenotype, ASM has been shown to exhibit a secretory
phenotype [36] and other functional forms seem possible. As
an example, it has been shown that ASM secretes a wide array
of potentially important mediators including interleukin
(IL)-6, IL-8 and granulocyte macrophage colony-stimulating
factor [37]. However, for the first time MCCLEAN et al. [20]
have demonstrated remodelling of the bronchial ASM to a
hyperresponsive phenotype due to chronic length inhibition,
which suggests that lung volume per se is an important
determinant of ASM function and phenotype.

Unanswered questions

This study raises many questions that need to be addressed.
How fast do the changes occur? Hours, days, weeks? More
importantly, how long do the changes persist after lung
volume is returned to normal? Why are neonates unrespon-
sive to chronic volume loss? What is the source of the change?
Perhaps, the most significant question is what is the primary
signal that initiates the response [38]? Is it volume or pressure?

Lung volume is an underappreciated factor that has a
profound effect on nearly all aspects of the functioning of the
lung. Yet, there is still poor understanding of all the functions
and mechanisms of the lung controlled or influenced by lung
volume. It appears that lung volume, either as a static signal
as shown by the current study, or as a dynamic signal reflected
by tidal volume or by sighs and deep breaths, to a large
extent, determines the function phenotype of the airway smooth
muscle. This suggests that volume or pressure has significant
effects on genetic mechanisms and cell signalling in the airway
smooth muscle and much of the lung in general [38]. There-
fore, lung volume must have effects that go beyond those
normally assessed in the pulmonary function laboratory, and
these effects clearly extend into the nucleus itself [38]. Given
the profound influence of lung volume on airway smooth muscle
function, exploration of these volume-dependent molecular
mechanisms should prove to be a fruitful avenue of future
research.
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