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The primary functional abnormality in asthma is airway hyperresponsiveness (AHR)—excessive airway narrowing to
bronchoconstrictor stimuli. Our understanding of the underlying mechanism(s) producing AHR is incomplete. While structure-
function relationships have been evoked to explain AHR (e.g., increased airway smooth muscle (ASM) mass in asthma) more
recently there has been a focus on how the dynamic mechanical environment of the lung impacts airway responsiveness in
health and disease. The effects of breathing movements such as deep inspiration reveal innate protective mechanisms in healthy
individuals that are likely mediated by dynamic ASM stretch but which may be impaired in asthmatic patients and thereby facilitate
AHR. This perspective considers the evidence for and against a role of dynamic ASM stretch in limiting the capacity of airways
to narrow excessively. We propose that lung function measured after bronchial provocation in the laboratory and changes in lung
function perceived by the patient in everyday life may be quite different in their dependence on dynamic ASM stretch.

1. Introduction

Excessive and variable airway narrowing is the primary
functional impairment observed in patients diagnosed with
asthma—usually on a basis of variable wheeze, shortness of
breath, cough, and chest tightness that responds well to bron-
chodilators. In the laboratory this is associated with apparent
increased sensitivity (left-ward shift in the dose-response
curve) and maximal response to inhaled bronchoconstricting
agents [1]. These functional abnormalities are collectively
referred to as airway hyperresponsiveness (AHR). In patients
with asthma, AHR predicts the susceptibility for an increased
rate of decline in lung function [2], increased risk of
exacerbations and increased requirements for inhaled cor-
ticosteroids [3, 4]. Identifying the mechanism(s) producing
AHR in asthma has been a priority research focus over
many decades, but our understanding of the pathophysiol-
ogy of asthma remains incomplete. Explanations for AHR

which focussed on the “static” structure-function models
of excessive airway narrowing [5, 6] have more recently
incorporated the integrated dynamic properties of airway
smooth muscle (ASM) (7, 8]. This perspective considers the
evidence for and against a role of dynamic ASM stretch
in limiting the capacity of airways to narrow excessively,
failure of which is proposed as a cause of AHR [9]. Other
mechanisms relating dynamic ASM stretch to altered airway
calibre include neural, hormonal, and paracrine pathways.
These have been summarised previously [10] and will not be
discussed in this paper.

2. In Vivo Response to Deep Inspiration:
Establishing the Hypothesis

The importance of lung volume to airway responsiveness
is well recognised: a small increase in volume produces



a substantial reduction in bronchoconstriction [11]. Sim-
ilarly, studies that alter positive end expiratory pressure
(PEEP) also report a strong inhibitory effect of lung volume
on bronchoconstriction [12-14]. The role of the dynamic
volumes during breathing, as distinct from persist changes
in volume occurring with PEEP, is demonstrated in vivo by
observing how a deep inspiration (DI) transiently stretches
the airway wall. Skloot et al. [15] showed that when healthy
subjects avoid taking DIs during bronchial challenge, the
resulting dose-response curves resembles those of asthmatic
patients. That is, the exclusion of DIs from the normal
breathing rhythm was seen to increase bronchoconstriction.
These findings, combined with observations that the res-
piratory response to DI is reduced or absent in asthmatic
subjects [16-18], and in some patients DI even augments
bronchoconstriction [19], suggest that dynamic stretch is
an important determinant of airway responsiveness and an
abnormality in this protective mechanism could facilitate
AHR. However an impaired response to DI in asthma may
not account for all features of AHR such as increased
sensitivity. The sensitivity of bronchoconstrictor response is
not influenced by the presence of DI during provocation
challenge [20, 21].

The benefits of DI in healthy individuals include reversal
of existing bronchoconstriction (bronchodilation) [20, 22,
23] and attenuation of bronchoconstriction induced fol-
lowing DI (bronchoprotection) [24-26], both of which are
reduced in asthmatic individuals [20, 25-27]. The underlying
mechanisms of bronchodilation and bronchoprotection may
or may not be distinct [24]. The apparent bronchoprotective
effects of DI, undertaken prior to bronchial challenge, could
involve an enhanced bronchodilatory response since the
degree of constriction is measured by the FEV; which itself
is preceded by a DI and likely to produce bronchodilation
[27-29]. Compared with DI, the separate effects of tidal
breathing are more difficult to assess, but have been explored
in mechanically ventilated animals and are also effective in
limiting bronchoconstriction [30-32].

3. Evidence from Isolated ASM

In isolated tracheal ASM strips, the effects of dynamic breath-
ing movements have been simulated by length oscillations
prior to or during activation of the ASM, typically by
exogenous muscarinic agents or parasympathetic nerve stim-
ulation [8, 33-38]. Length oscillation during ASM activation
resulted in a marked decrease in ASM force production [8,
33, 38] and shortening [34], in proportion to the amplitude
of length oscillation. Importantly, it is proposed [8] that
large changes in ASM force will occur to length oscillation
accompanying tidal breathing (estimated from lung volumes
and assuming isotropic expansion). Cellular mechanisms
include cross-bridge detachment due to lengthening, the so-
called “perturbed equilibrium hypothesis” [34, 39].

Length oscillation of ASM prior to activation is also
effective in modulating ASM force and this is similarly
dependent on the amplitude of length change [35-37].
Plasticity of ASM force-length properties (length adaptation)
has been evoked to explain the effect of length change on
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the relaxed cell via remodelling of the contractile apparatus
[40-42]. Length adaptation or plasticity at least theoretically
explains both the bronchodilatory and bronchoprotective
effects of DI [43, 44].

4. Evidence from Bronchial Segments

Whole bronchial segments that retain the normal architec-
ture of ASM and connections with other mural components
have been used to study the effect of dynamic stretch on
ASM contraction. Gunst et al. [45] applied fixed volume
oscillations to canine airway segments and examined the
effects of bronchoconstriction to acetylcholine. They showed
a pronounced reduction in the contractile response (nar-
rowing and pressure generation) during volume oscillation,
findings qualitatively similar to those in isolated ASM in
vitro [8, 33, 38] and in mechanical ventilated animals in
vivo [30-32]. Subsequently, numerous other studies using
porcine airway segments confirmed that volume oscillations
suppress bronchoconstriction [46-48]. However, what is
clear is that pressures accompanying volume oscillation
in airway segments become very large during contractile
activation, a function of ASM stiffening [49].

We found that although baseline transmural pressures
and volumes were chosen to simulate tidal breathing in
the relaxed airway (i.e., AP = 5cmH,0), the pressure
swings associated with fixed volume oscillation during ASM
stimulation increased ~four fold (Figure 1). When vol-
ume oscillations that produced more physiological pressure
swings were used during ASM activation the effect of
oscillation was greatly attenuated [48]. These observations
lead us to conclude that the effects of dynamic stretch
are limited by wall stiffness and that tidal oscillations
are unlikely to significantly impact airway responsiveness.
This conclusion was supported by LaPrad et al. [50] who
applied fixed pressure oscillations on bovine airway segments
and measured the effect on airway narrowing measured
by ultrasound imaging. Under fixed pressure conditions
airway narrowing was unaffected by tidal oscillations, casting
doubt on the role of tidal oscillations in determining airway
responsiveness [51].

Bronchial segment studies have also examined the effect
of short-term inflations simulating DI, typically defined
as inflation to 30 cmH,O which corresponds to transpul-
monary pressure at the plateau of the lung pressure volume
relationship [52]. In porcine airway segments DI produces
potent, transient bronchodilation, largely dissipating within
~1min [53, 54]. The magnitude and time-course of the
bronchodilatory response in airway segments are consistent
with bronchodilation to DI observed in vivo [22] suggesting
that the airway wall response to dynamic stretch mediates
this effect. Bronchodilatory responses to DI in whole airways
are inversely proportional to airway wall stiffness and
proportional to the magnitude of ASM stretch [48].

The level of ASM activation induced in vitro clearly
impacts on the response to dynamic respiratory manoeu-
vres. Notably, bronchodilatory responses to DI in airway
segments are observed under submaximal narrowing con-
ditions (~30-40% decrease in lumen area) [53, 54] which
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FIGURE 1: From [48]. (a) Lumen pressure fluctuations in isolated bronchial segments (porcine) during tidal volume oscillation before and
after a maximal dose of acetylcholine (ACh). Tidal volume oscillations produced a trough-to-peak pressure cycle from 5 to 10 cmH,O in
relaxed airways. Contraction to ACh is seen by the elevation in trough pressure in a closed system. The increase in the amplitude of pressure
cycles indicates stiffening of the airway wall to ACh. (b) Sigmoidal dose-response behaviour of ACh-induced increase in airway stiffness.

Values are means + SE (n = 5).

should still be sufficient to produce large reductions in
flow (~50-60% assuming homogenous constriction and
laminar flow). However bronchodilatory responses to DI
become diminished with increasing levels of ASM activation
[48], and conversely, fixed pressure tidal oscillations can
be effective under levels of activation at the bottom of the
in vitro dose-response curve [53]. A question thus arises
whether examining the response to dynamic mechanical
stretch at maximal or near maximal levels in vitro is more
relevant to disease, that is, asthma.

The animal models used in studies utilising airway
segments and muscle strips introduce the question of
possible species differences in the role of dynamic ASM strain
[55]. There are some differences between species that could
impact the response to tidal or DI breathing, for example the
porcine airway has a more abundant cartilaginous wall than
the human airway which increases stiffness [56], while the
bovine airway exhibits a myogenic response to simulated DI
[50, 57] seemingly more in line with the bronchoconstrictor
response after DI observed in some asthmatic patients
[19]. Translational studies using human tissue are therefore
necessary to confirm or extend findings in animal models. As
discussed below, broadly speaking there is good agreement
between studies utilising human tissue with those working
with animal models.

5. Human Tissue

To our knowledge four studies have reported the responses
of human ASM to dynamic stretch. Tracheal ASM from

nonasthmatic nontransplantable human lungs [58] showed
attenuated force production following length oscillation,
confirming findings from animal models. The same group
also reported that in subjects with asthma the protective
response to length oscillation was partially impaired [59].
This suggests that the reduced response to DI in asthmatic
subjects may result from an impaired response of the ASM to
mechanical stretch.

We examined the effects of simulated breathing manoeu-
vres in human bronchial segments [60] using tidal oscil-
lations and DIs that mimicked the fixed pressure swing
protocols described above [50, 53, 54]. Airway narrowing
in tidally oscillated airways was reversed immediately after
DI (Figure 2), followed by reconstriction over the course of
1 min. While the study did not examine the independent
effects of tidal oscillation, the level of airway narrowing
before the initiation of DI was similar to that under static
conditions, arguing against an effect of tidal oscillation on
airway narrowing.

A human lung slice model has been used recently to
examine the effect of tidal and deep breathing on airway
narrowing [61]. A constant stress perturbation was applied
to the lung slice, thereby imparting strain to the airway
wall. The major results of the study confirm many of the
previous findings from both animal and human tissue.
Airway narrowing was reversed by deep “breathing” but
not smaller “breaths.” In particular, tidal oscillations were
ineffective. The effectiveness of breathing to antagonise
airway narrowing increased with the level of wall stretch and
decreased with the greater levels of contractile activation and
wall stiffening.
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FIGURE 2: From [60]. Airway narrowing (Avolume, %) to acetyl-
choline (ACh) in human bronchial segments. ACh dose-response
curves were constructed from measurements of airway narrowing
under static conditions (Static, 5cmH,0) and during fixed trans-
mural pressure cycles simulating tidal (5 to 10 cmH,O at 0.25 Hz)
and deep inspiration (DI, 5 to 30 cmH,0). The dynamic pre-DI
curve represents airway narrowing before the onset of DI; dynamic
DI 0 s, the airway narrowing measured immediately after DI;
dynamic DI 60 s, the airway narrowing measured 1 min after DI.
DI produced an immediate reduction in maximal airway narrowing
(P < 0.001) but not sensitivity. The effects of DI were largely
ablated after 1 min. Airway narrowing under static conditions was
not different to that prior to DI, suggesting that tidal oscillations
alone did not regulate airway narrowing. Values are means + SE
(n=6).

6. ASM Dynamics and AHR in the Lung
Function Laboratory

Many of the effects of DI are reasonably explained by the
responses to dynamic stretch observed in isolated ASM and
airway tissue in vitro and these will impact on measurements
of airway responsiveness in the clinic. That is, since the
traditional measure of airway responses to bronchoconstric-
tor agents is the FEV;, the DI which precedes the forced
expiratory manoeuvre will produce bronchodilation and a
differential response to DI between healthy and asthmatic
subjects will result in a divergence of the dose-response
curves [20]. Certainly, bronchodilator responses to DI are
transient [17, 22], but in the context of a conventional
bronchial challenge any bronchodilation, no matter how
short-lived, will influence the FEV, parameter. Extrapolating
from the behaviour of individual airways [60], the magnitude
of this effect approaches a halving in maximal response
(Figure 2).

The mechanism producing AHR is however more than
just an abnormal response to DI. Abnormal bronchodilatory
responses to DI cannot explain AHR when constrictor
responses are measured without the need for a DI (as
required for FEV,) such as the forced oscillation technique
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[62]. As discussed, the effects of DI also do not explain any
increased sensitivity of response in asthma since the position
of the dose-response curve is not altered by the presence of
DI during bronchial challenge [20, 21]. Some authors argue
that the effect of DI in regulating the maximal response to
bronchoconstrictor challenge in the clinical laboratory may
“artificially enhance the differences in responsiveness between
healthy and asthmatic subjects” [51]. Outside the boundaries
set within the lung function laboratory, and putting FEV,
aside which provides just a snapshot of airway function,
the dependence of lung function on DI as perceived by the
patient may be quite different.

7. ASM Dynamics and AHR outside
the Lung Function Laboratory

Debate remains regarding whether airway responsiveness
(the capacity for airways to narrow and restrict airflow) is
suppressed by tidal oscillations and regular deep breaths,
occurring in the form of spontaneous sighs at a rate of one
in every six minutes [63]. The bronchodilatory responses to
DI will of course have some effect but whether such transient
bronchodilator events, which as discussed are influential in
the measurement of the clinically derived FEV, parameter,
are frequent enough to be of major consequence to a patient
in everyday life is uncertain. With respect to tidal oscillation,
the evidence is mounting that under conditions where
pressure fluctuations across the airway wall are constant (the
scenario which is expected to occur with tidal breathing in
vivo) these perturbations will have little to no effect on airway
narrowing [48, 50, 60, 61].

The above leads to a conclusion that in the context of
set limits of stiffness and strain the dynamic environment
plays an important role in the measurement of airway
responsiveness, as performed in the laboratory. But, given
the kinetics of the dynamic response, perhaps it is unlikely
to play a role in the day-to-day symptoms of the patient,
that is, feelings of wheeze or chest tightness experienced by
asthmatic individuals.

We need to try and resolve the apparent discrepancies
between findings in vivo and in vitro. Tidal oscillations
in mechanically ventilated animals in vivo demonstrate
physiologically meaningful effects on airway narrowing [30—
32] which is inconsistent with studies in isolated airways
and lung slices in vitro [48, 50, 60, 61]. Interestingly, it
was only since mechanical “limits” (i.e., pressure) were
superimposed on our biological models that the effects of
dynamic stretch appeared less effective [48]. Do pressure
oscillations remain fixed during contractile activation in
vivo? In studies on mechanically ventilated animals, it is tidal
volume rather than pressure that is held fixed and this may
account for the greater potency of tidal oscillations in this
scenario. As the impedance of the system is increased with
bronchoconstrictor challenge, respiratory pressures would
be expected to increase for a constant volume change as
observed in mechanically ventilated dogs [31]. Alternative
explanations have also been proposed including an elevation
in mean airway pressure during mechanical ventilation [50],
however, this possibility has been empirically tested and
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only partially explains beneficial responses to tidal volume
oscillations [31].

If we then consider what happens when a patient under-
goes bronchoconstriction, in order to maintain adequate
minute ventilation respiratory pressures may also increase to
overcome the greater system impedance, although this will
be influenced by the magnitude of the bronchoconstrictor
response. Perhaps the true physiological simulation is one
that exists somewhere between the fixed volume and pressure
protocols previously described. The true biological effect of
tidal oscillation then exists somewhere between these limits
and may be greater than what has been suggested in recent
studies [48, 50, 60, 61]. Indeed regular deep breathing is
effective in reversing induced bronchoconstriction [64].

A final consideration is how bronchoprotective effects
of DI influence bronchoconstriction in vivo. Unlike isolated
ASM which exhibits a bronchoprotective-like effect whereby
prior mechanical stretch reduces ASM force [35-37], bron-
choprotection is not observed in midsized whole airways in
vitro [60, 65]. The response of the whole airway is consistent
with global in vivo measures of airflow and resistance that
reveal no protective effect of prior DI on airway narrowing
(27, 28, 66, 67]. The bronchoprotective effects of DI instead
reduce the tendency towards airway closure, possibly by
reducing airway surface tension [66]. The mechanism of DI-
induced bronchoprotection may therefore involve more than
an effect of mechanical stretch on the ASM.

8. Beyond ASM Dynamics

The role of ASM dynamics in the development of AHR
should not be considered in isolation from other likely
mechanism(s) including the effect of a thickened ASM
layer in asthma [68]. The most intuitive explanation for
an increase in maximal airway narrowing is enhanced ASM
force due to greater ASM mass. This possibility is supported
by mathematical simulations [5] but still lacks confirmatory
biological data. The importance of ASM mass to AHR was
well demonstrated using a murine gene knockout model of
early growth response-1 which following stimulation with
transforming growth factor alpha has pronounced ASM
thickening and a severe form of AHR (compared with other
models) [69]. The ASM growth was attributed solely to ASM
hyperplasia which is the predominant pathology seen in
severe asthma [70].

Neither increased ASM mass nor altered ASM dynamics
account for changes in airway sensitivity. On reflection this
is not surprising given the fact that mechanisms controlling
sensitivity and maximal response (of the ASM and intact
airways) differ [6]. The role of the epithelial mechanical
barrier in limiting sensitivity to bronchoconstrictor stimuli
was demonstrated decades ago by use of whole bronchial
airway models in vitro [71, 72], similar to those described
elsewhere in this paper. In intact airways the accessibility of
ASM to agents applied to the airway lumen provides one of
the strongest regulators of sensitivity. The original studies
have been revisited recently in a mouse model [73].

9. Concluding Statements

The evidence from studies examining isolated ASM and
whole airway behaviour in vitro suggests that dynamic ASM
stretch is one determinant of airway responsiveness. The
magnitude of this effect is dependent on the limits of these
biological models including the magnitude of airway stretch,
stress and ASM activation. It is unclear whether the effects
of dynamic ASM stretch observed in the context of lung
function measurements also influence the clinical symptoms
of asthma. However, dynamic ASM stretch is unlikely to
be the sole determinant of airway responsiveness and any
impairment of this regulatory mechanism will interact with
other pathological changes to produce AHR.

Funding

Funding provided by the NHMRC of Australia (513842).

References

[1] A.J. Woolcock, C. M. Salome, and K. Yan, “The shape of the
dose-response curve to histamine in asthmatic and normal
subjects,” American Review of Respiratory Disease, vol. 130, no.
1, pp. 71-75, 1984.

[2] M. H. Brutsche, S. H. Downs, C. Schindler et al., “Bronchial
hyperresponsiveness and the development of asthma and
COPD in asymptomatic individuals: SAPALDIA Cohort
Study,” Thorax, vol. 61, no. 8, pp. 671-677, 2006.

[3] J. D. Leuppi, C. M. Salome, C. R. Jenkins et al., “Predic-
tive markers of asthma exacerbation during stepwise dose
reduction of inhaled corticosteroids,” American Journal of
Respiratory and Critical Care Medicine, vol. 163, no. 2, pp. 406—
412, 2001.

[4] J. K. Sont, L. N. A. Willems, E. H. Bel et al.,, “Clinical
control and histopathologic outcome of asthma when using
airway hyperresponsiveness as an additional guide to long-
term treatment,” American Journal of Respiratory and Critical
Care Medicine, vol. 159, no. 4, pp. 1043—1051, 1999.

[5] R. K. Lambert, B. R. Wiggs, K. Kuwano, J. C. Hogg, and P.
D. Pare, “Functional significance of increased airway smooth
muscle in asthma and COPD,” Journal of Applied Physiology,
vol. 74, no. 6, pp. 2771-2781, 1993.

[6] R.H.Moreno,J. C. Hogg, and P. D. Pare, “Mechanics of airway
narrowing,” American Review of Respiratory Disease, vol. 133,
no. 6, pp. 1171-1180, 1986.

[7] M. N. Oliver, B. Fabry, A. Marinkovic, S. M. Mijailovich,
J. P. Butler, and J. J. Fredberg, “Airway hyperresponsiveness,
remodeling, and smooth muscle mass: right answer, wrong
reason?” American Journal of Respiratory Cell and Molecular
Biology, vol. 37, no. 3, pp. 264-272, 2007.

[8] J. J. Fredberg, D. Inouye, B. Miller et al., “Airway smooth
muscle, tidal stretches, and dynamically determined contrac-
tile states,” American Journal of Respiratory and Critical Care
Medicine, vol. 156, no. 6, pp. 1752-1759, 1997.

[9] S. S. An, T. R. Bai, J. H. T. Bates et al., “Airway smooth
muscle dynamics: a common pathway of airway obstruction
in asthma,” European Respiratory Journal, vol. 29, no. 5, pp.
834-860, 2007.

[10] G. Skloot and A. Togias, “Bronchodilation and bron-
choprotection by deep inspiration and their relationship to
bronchial hyperresponsiveness,” Clinical Reviews in Allergy
and Immunology, vol. 24, no. 1, pp. 55-71, 2003.



[11] D.J. Ding, J. G. Martin, and P. T. Macklem, “Effects of lung
volume on maximal methacholine-induced bronchoconstric-
tion in normal humans,” Journal of Applied Physiology, vol. 62,
no. 3, pp. 1324-1330, 1987.

[12] J. H. T. Bates, A. Cojocaru, and L. K. A. Lundblad, “Bron-

chodilatory effect of deep inspiration on the dynamics of

bronchoconstriction in mice,” Journal of Applied Physiology,

vol. 103, no. 5, pp. 1696-1705, 2007.

J. H. T. Bates and A. M. Lauzon, “Parenchymal tethering, air-

way wall stiffness, and the dynamics of bronchoconstriction,”

Journal of Applied Physiology, vol. 102, no. 5, pp. 1912-1920,

2007.

[14] A. Cojocaru, C. G. Irvin, H. C. Haverkamp, and J. H. T. Bates,
“Computational assessment of airway wall stiffness in vivo
in allergically inflamed mouse models of asthma,” Journal of
Applied Physiology, vol. 104, no. 6, pp. 1601-1610, 2008.

[15] G. Skloot, S. Permutt, and A. Togias, “Airway hyperresponsive-
ness in asthma: a problem of limited smooth muscle relaxation
with inspiration,” The Journal of Clinical Investigation, vol. 96,
no. 5, pp. 2393-2403, 1995.

[16] J. E. Fish, M. G. Ankin, J. E Kelly, and V. I. Peterman,

“Regulation of bronchomotor tone by lung inflation in

asthmatic and nonasthmatic subjects,” Journal of Applied

Physiology Respiratory Environmental and Exercise Physiology,

vol. 50, no. 5, pp. 1079-1086, 1981.

A. Jensen, H. Atileh, B. Suki, E. P. Ingenito, and K. R.

Lutchen, “Selected contribution: airway caliber in healthy and

asthmatic subjects: effects of bronchial challenge and deep

inspirations,” Journal of Applied Physiology, vol. 91, no. 1, pp.

506-515, 2001.

[18] R. H. Brown, N. Scichilone, B. Mudge, F. B. Diemer, S. Per-
mutt, and A. Togias, “High-resolution computed tomographic
evaluation of airway distensibility and the effects of lung
inflation on airway caliber in healthy subjects and individuals
with asthma,” American Journal of Respiratory and Critical
Care Medicine, vol. 163, no. 4, pp. 994-1001, 2001.

[19] R. Marthan and A. J. Woolcock, “Is a myogenic response
involved in deep inspiration-induced bronchoconstriction in
asthmatics?” American Review of Respiratory Disease, vol. 140,
no. 5, pp. 1354-1358, 1989.

[20] V. Brusasco, E. Crimi, G. Barisione, A. Spanevello, J. R.
Rodarte, and R. Pellegrino, “Airway responsiveness to metha-
choline: effects of deep inhalations and airway inflammation,”
Journal of Applied Physiology, vol. 87, no. 2, pp. 567-573, 1999.

[21] D. G. Chapman, G. G. King, N. Berend, C. Diba, and C. M.
Salome, “Avoiding deep inspirations increases the maximal
response to methacholine without altering sensitivity in non-
asthmatics,” Respiratory Physiology and Neurobiology, vol. 173,
no. 2, pp. 157-163, 2010.

[22] J. A. NADEL and D. E TIERNEY, “Effect of a previous deep
inspiration on airway resistance in man,” Journal of Applied
Physiology, vol. 16, pp. 717-719, 1961.

[23] E G. Salerno, R. Pellegrino, G. Trocchio, A. Spanevello, V.
Brusasco, and E. Crimi, “Attenuation of induced bronchocon-
striction in healthy subjects: effects of breathing depth,”
Journal of Applied Physiology, vol. 98, no. 3, pp. 817-821, 2005.

[24] N. Scichilone, T. Kapsali, S. Permutt, and A. Togias, “Deep
inspiration-induced bronchoprotection is stronger than bron-
chodilation,” American Journal of Respiratory and Critical Care
Medicine, vol. 162, no. 3, pp. 910-916, 2000.

[25] N. Scichilone, S. Permutt, and A. Togias, “The lack of the
bronchoprotective and not the bronchodilatory ability of deep
inspiration is associated with airway hyperresponsiveness,’

[13

oy
N

™
X

(27]

[28

w
i

Journal of Allergy

American Journal of Respiratory and Critical Care Medicine,
vol. 163, no. 2, pp. 413—419, 2001.

T. Kapsali, S. Permutt, B. Laube, N. Scichilone, and A. Togias,
“Potent bronchoprotective effect of deep inspiration and its
absence in asthma,” Journal of Applied Physiology, vol. 89, no.
2, pp. 711-720, 2000.

E. Crimi, R. Pellegrino, M. Milanese, and V. Brusasco, “Deep
breaths, methacholine, and airway narrowing in healthy and
mild asthmatic subjects,” Journal of Applied Physiology, vol. 93,
no. 4, pp. 1384-1390, 2002.

E. Crimi, R. Saporiti, S. Bartolini, M. Baroffio, R. Pellegrino,
and V. Brusasco, “Airway responsiveness to methacholine and
deep inhalations in subjects with rhinitis without asthma,”
Journal of Allergy and Clinical Immunology, vol. 121, no. 2, pp.
403-407, 2008.

R. S. Wong, A. N. Larcombe, L. B. Fernandes, G. R. Zosky,
and P. B. Noble, “The mechanism of deep inspiration induced
bronchoprotection: evidence from a mouse model,” European
Respiratory Journal, vol. 40, no. 4, pp. 982-989, 2012.

X. Shen, S. J. Gunst, and R. S. Tepper, “Effect of tidal volume
and frequency on airway responsiveness in mechanically
ventilated rabbits,” Journal of Applied Physiology, vol. 83, no.
4, pp. 1202-1208, 1997.

E G. Salerno, N. Shinozuka, J. J. Fredberg, and M. S. Ludwig,
“Tidal volume amplitude affects the degree of induced
bronchoconstriction in dogs,” Journal of Applied Physiology,
vol. 87, no. 5, pp. 1674-1677, 1999.

R. Brown and W. Mitzner, “Effects of tidal volume stretch on
airway constriction in vivo,” Journal of Applied Physiology, vol.
91, no. 5, pp. 1995-1998, 2001.

A. Gump, L. Haughney, and J. Fredberg, “Relaxation of acti-
vated airway smooth muscle: relative potency of isoproterenol
vs. tidal stretch,” Journal of Applied Physiology, vol. 90, no. 6,
pp. 2306-2310, 2001.

J. J. Fredberg, D. S. Inouye, S. M. Mijailovich, and J. P. Butler,
“Perturbed equilibrium of myosin binding in airway smooth
muscle and its implications in bronchospasm,” American
Journal of Respiratory and Critical Care Medicine, vol. 159, no.
3, pp. 959-967, 1999.

L. Wang, P. D. Paré, and C. Y. Seow, “Effects of length
oscillation on the subsequent force development in swine
tracheal smooth muscle,” Journal of Applied Physiology, vol. 88,
no. 6, pp. 2246-2250, 2000.

L. Wang, P. D. Paré, and C. Y. Seow, “Changes in force-velocity
properties of trachealis due to oscillatory strains,” Journal of
Applied Physiology, vol. 92, no. 5, pp. 1865-1872, 2002.

A. Rageeb, D. Solomon, P. D. Paré, and C. Y. Seow, “Length
oscillation mimicking periodic individual deep inspirations
during tidal breathing attenuates force recovery and adapta-
tion in airway smooth muscle,” Journal of Applied Physiology,
vol. 109, no. 5, pp. 1476-1482, 2010.

X. Shen, M. E Wu, R. S. Tepper, and S. J. Gunst, “Mechanisms
for the mechanical response of airway smooth muscle to
length oscillation,” Journal of Applied Physiology, vol. 83, no.
3, pp. 731-738, 1997.

J. J. Fredberg, “Airway smooth muscle in asthma: flirting with
disaster,” European Respiratory Journal, vol. 12, no. 6, pp.
1252-1256, 1998.

K. H. Kuo, L. Wang, P. D. Paré, L. E. Ford, and C. Y. Seow,
“Myosin thick filament lability induced by mechanical strain
in airway smooth muscle,” Journal of Applied Physiology, vol.
90, no. 5, pp. 1811-1816, 2001.



Journal of Allergy

[41] S.TJ. Gunst, R. A. Meiss, M. E. Wu, and M. Rowe, “Mechanisms
for the mechanical plasticity of tracheal smooth muscle,”
American Journal of Physiology, vol. 268, no. 5, pp. C1267—
C1276, 1995.

[42] V. R. Pratusevich, C. Y. Seow, and L. E. Ford, “Plasticity in
canine airway smooth muscle,” Journal of General Physiology,
vol. 105, no. 1, pp. 73-94, 1995.

[43] L. Wang, P. D. Paré, and C. Y. Seow, “Selected contribution:
effect of chronic passive length change on airway smooth mus-
cle length-tension relationship,” Journal of Applied Physiology,
vol. 90, no. 2, pp. 734-740, 2001.

[44] L. Wang and P. D. Paré, “Deep inspiration and airway smooth
muscle adaptation to length change,” Respiratory Physiology
and Neurobiology, vol. 137, no. 2-3, pp. 169-178, 2003.

[45] S.J. Gunst, J. Q. Stropp, and J. Service, “Mechanical modu-
lation of pressure-volume characteristics of contracted canine
airways in vitro,” Journal of Applied Physiology, vol. 68, no. 5,
pp. 2223-2229, 1990.

[46] T. K. Ansell, P. K. McFawn, P. B. Noble, A. R. West, L.
Fernandes, and H. W. Mitchell, “Potent bronchodilation
and reduced stiffness by relaxant stimuli under dynamic
conditions,” European Respiratory Journal, vol. 33, no. 4, pp.
844-851, 2009.

[47] T. K. Ansell, P. B. Noble, H. W. Mitchell, A. R. West,
L. B. Fernandes, and P. K. McFawn, “Effects of simulated
tidal and deep breathing on immature airway contraction to
acetylcholine and nerve stimulation,” Respirology, vol. 14, no.
7, pp. 991-998, 2009.

[48] P. B. Noble, P. K. McFawn, and H. W. Mitchell, “Responsive-
ness of the isolated airway during simulated deep inspirations:
effect of airway smooth muscle stiffness and strain,” Journal of
Applied Physiology, vol. 103, no. 3, pp. 787-795, 2007.

[49] S.S. An, R. E. Laudadio, J. Lai, R. A. Rogers, and J. J. Fredberg,
“Stiffness changes in cultured airway smooth muscle cells,”
American Journal of Physiology, vol. 283, no. 3, pp. C792-C801,
2002.

[50] A. S. LaPrad, T. L. Szabo, B. Suki, and K. R. Lutchen, “Tidal
stretches do not modulate responsiveness of intact airways in
vitro,” Journal of Applied Physiology, vol. 109, no. 2, pp. 295—
304, 2010.

[51] A. S. LaPrad and K. R. Lutchen, “The dissolution of intact
airway responsiveness from breathing fluctuations: what went
wrong?” Journal of Applied Physiology, vol. 110, no. 6, pp.
1506-1507, 2011.

[52] S.J.Lai-Fook and R. E. Hyatt, “Effects of age on elastic moduli
of human lungs,” Journal of Applied Physiology, vol. 89, no. 1,
pp. 163-168, 2000.

[53] A.S.LaPrad, A. R. West, P. B. Noble, K. R. Lutchen, and H. W.
Mitchell, “Maintenance of airway caliber in isolated airways
by deep inspiration and tidal strains,” Journal of Applied
Physiology, vol. 105, no. 2, pp. 479-485, 2008.

[54] A. R. West, E. T. Needi, H. W. Mitchell, P. K. McFawn, and
P. B. Noble, “Airways dilate to simulated inspiratory but not
expiratory manoeuvres,” European Respiratory Journal, vol. 40,
no. 2, pp. 455-461, 2012.

[55] P.B. Noble, J. M. Hernandez, H. W. Mitchell, and L. J. Janssen,

“Deep inspiration and airway physiology: human, canine,

porcine, or bovine?” Journal of Applied Physiology, vol. 109,

no. 3, pp. 938-939, 2010.

P. B. Noble, D. J. Turner, and H. W. Mitchell, “Relationship

of airway narrowing, compliance, and cartilage in isolated

bronchial segments,” Journal of Applied Physiology, vol. 92, no.

3, pp. 1119-1124, 2002.

(56

[57] J. M. Hernandez, G. Cox, and L. J. Janssen, “Involvement of
the neurokinin-2 receptor in airway smooth muscle stretch-
activated contractions assessed in perfused intact bovine
bronchial segments,” Journal of Pharmacology and Experimen-
tal Therapeutics, vol. 327, no. 2, pp. 503-510, 2008.

[58] L. Y. M. Chin, Y. Bosse, Y. Jiao et al., “Human airway smooth
muscle is structurally and mechanically similar to that of other
species,” European Respiratory Journal, vol. 36, no. 1, pp. 170—
177, 2010.

[59] L.Y.M. Chin, Y. Bosse, C. Pascoe, T. L. Hackett, C. Y. Seow, and
P. D. Paré, “Mechanical properties of asthmatic airway smooth
muscle,” European Respiratory Journal, vol. 40, no. 1, pp. 45—
54, 2012.

[60] P. B. Noble, R. L. Jones, E. T. Needi et al., “Responsiveness of
the human airway in vitro during deep inspiration and tidal
oscillation,” Journal of Applied Physiology, vol. 110, no. 6, pp.
1510-1518, 2011.

[61] T. L. Lavoie, R. Krishnan, H. R. Siegel et al., “Dilatation
of the constricted human airway by tidal expansion of lung
parenchyma,” American Journal of Respiratory and Critical
Care Medicine, vol. 186, no. 3, pp. 225-232, 2012.

[62] M. A. McClean, C. Htun, G. G. King, N. Berend, and C. M.
Salome, “Cut-points for response to mannitol challenges using
the forced oscillation technique,” Respiratory Medicine, vol.
105, no. 4, pp. 533-540, 2011.

[63] H. H. Bendixen, G. M. Smith, and J. Mead, “Pattern of
ventilation in young adults,” Journal of Applied Physiology, vol.
19, pp. 195-198, 1964.

[64] S. Freedman, R. Lane, M. K. Gillett, and A. Guz, “Abolition
of methacholine induced bronchoconstriction by the hyper-
ventilation of exercise or volition,” Thorax, vol. 43, no. 8, pp.
631-636, 1988.

[65] P.B. Noble, P. K. McFawn, and H. W. Mitchell, “Intraluminal
pressure oscillation enhances subsequent airway contraction
in isolated bronchial segments,” Journal of Applied Physiology,
vol. 96, no. 3, pp. 1161-1165, 2004.

[66] D. G. Chapman, N. Berend, G. G. King, B. E. McParland, and
C. M. Salome, “Deep inspirations protect against airway clo-
sure in nonasthmatic subjects,” Journal of Applied Physiology,
vol. 107, no. 2, pp. 564-569, 2009.

[67] A. M. Slats, K. Janssen, A. Van Schadewijk et al., “Bronchial
inflammation and airway responses to deep inspiration in
asthma and chronic obstructive pulmonary disease,” American
Journal of Respiratory and Critical Care Medicine, vol. 176, no.
2, pp. 121-128, 2007.

[68] N. Carroll, J. Elliot, A. Morton, and A. James, “The structure
of large and small airways in nonfatal and fatal asthma,”
American Review of Respiratory Disease, vol. 147, no. 2, pp.
405-410, 1993.

[69] E. L. Kramer, E. M. Mushaben, P. A. Pastura et al,
“Early growth response-1 suppresses epidermal growth fac-
tor receptor-mediated airway hyperresponsiveness and lung
remodeling in mice,” American Journal of Respiratory Cell and
Molecular Biology, vol. 41, no. 4, pp. 415425, 2009.

[70] A. L. James, J. G. Elliot, R. L. Jones et al., “Airway smooth
muscle hypertrophy and hyperplasia in asthma,” American
Journal of Respiratory and Critical Care Medicine, vol. 185, no.
10, pp. 1058-1064, 2012.

[71] M. P. Sparrow and H. W. Mitchell, “Modulation by the
epithelium of the extent of bronchial narrowing produced by
substances perfused through the lumen,” British Journal of
Pharmacology, vol. 103, no. 1, pp. 1160-1164, 1991.

[72] T. 1. Omari, M. P. Sparrow, and H. W. Mitchell, “Responsive-
ness of human isolated bronchial segments and its relationship



to epithelial loss,” British Journal of Clinical Pharmacology, vol.
35, no. 4, pp. 357-365, 1993.

[73] J. H. T. Bates, C. A. Stevenson, M. Aliyeva, and L. K. A.
Lundblad, “Airway responsiveness depends on the diffusion
rate of methacholine across the airway wall,” Journal of Applied
Physiology, vol. 112, no. 10, pp. 16701677, 2012.

Journal of Allergy



