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ABSTRACT: Airway relaxation in response to isoprenaline, sodium nitroprusside (SNP) and

electrical field stimulation (EFS) was compared under static and dynamic conditions. The capacity

of relaxants to reduce airway stiffness and, thus, potentially contribute to bronchodilation was

also investigated.

Relaxation responses were recorded in fluid filled bronchial segments from pigs under static

conditions and during volume oscillations simulating tidal and twice tidal manoeuvres.

Bronchodilation was assessed from the reduction in carbachol-induced lumen pressure, at

isovolume points in pressure cycles produced by volume oscillation, and stiffness was assessed

from cycle amplitudes.

Under static conditions, all three inhibitory stimuli produced partial relaxation of the carbachol-

induced contraction. Volume oscillation alone also reduced the contraction in an amplitude-

dependent manner. However, maximum relaxation was observed when isoprenaline or SNP were

combined with volume oscillation, virtually abolishing contraction at the highest drug concen-

trations. The proportional effects of isoprenaline and EFS were not different under static or

oscillating conditions, whereas relaxation to SNP was slightly greater in oscillating airways. All

three inhibitory stimuli also strongly reduced carbachol-induced airway stiffening.

The current authors conclude that bronchoconstriction is strongly suppressed by combining

the inhibitory stimulation of airway smooth muscle with cyclical mechanical strains. The capacity

of airway smooth muscle relaxants to also reduce stiffness may further contribute to

bronchodilation.
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A
irway calibre is regulated by neural,
pharmacological and mechanical factors
providing either excitatory or inhibitory

input to airway smooth muscle (ASM). In recent
years, the importance of the dynamic mechanical
environment of the lung during normal respiration
has also become increasingly recognised, particu-
larly the loss of ASM active force produced by a
range of contractile agents in response to the
dynamic strain of tidal and deep breathing [1–4].
The precise mechanism accounting for the strain-
induced regulation of force is not certain but likely
includes alterations in cross-bridge cycling and/or
cytoskeletal and contractile protein plasticity [3, 5].
Thus, ASM tone and airway calibre is regulated by
summed and possibly interlacing effects of the
various signalling pathways evoked by contractile
agonist-induced airway activation and by down-
stream contractile regulation of ASM through the
dynamic mechanical environment of the lung.

Inhibitory inputs to ASM are less well under-
stood in this mechanical environment. As noted
by FUST and STEPHENS [6], the capacity of ASM to
relax could be just as important to airway
physiology and to hyperresponsiveness as its
capacity to contract. To the present authors’
knowledge, there is only one report comparing
pharmacologically evoked relaxation under static
and oscillatory conditions [4]. In that study,
isoprenaline and strain each reduced force in
isolated ASM; however, there was no evidence
that the pharmacological and mechanical inter-
ventions had substantial synergistic effects [4]. It
is not currently known how oscillatory strain
interacts with other inhibitory signalling path-
ways. Inhibitory input to ASM in vivo typically
involves both pharmacological (e.g. b2 adreno-
receptor agonists) and neural input, the latter
principally via nitrergic neurotransmission [7–9].
Nitric oxide from neural and non-neural sources
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is also considered to play a role in inflammatory disease,
including pro-inflammatory and ASM relaxant effects [10].
Given the importance of dynamic conditions to lung function,
the relaxant response of ASM in the presence of inhibitory
stimulation and cyclical strain together is clearly relevant to the
maintenance of normal airway calibre and possibly excessive
airway narrowing in disease.

In the present study, the effects of cyclical strain on the efficacy
of a number of relaxant stimuli, namely nerve-evoked
relaxation, a nitric oxide donor (sodium nitroprusside (SNP))
and isoprenaline were determined. The different cellular
signalling pathways for SNP, isoprenaline and nerve stimu-
lation may also provide information about possible points of
intersection between the processes responsible for the regu-
lation of ASM contraction by mechanical strain and the
regulation of contraction by pharmacological and neural
stimuli. Studies were carried out in an intact airway prepar-
ation that models the in vivo situation where mechanical strain
is produced by cyclical changes in transmural pressure, which
stresses then strains ASM within the wall. This approach is
preferred to isolated ASM studies, since the amount of and
kinetics of ASM strain in the wall depends on the stiffness of
the various structures that make up the multilayered airway
wall. In other words, as well as producing bronchodilation as a
direct result of ASM relaxation, inhibitory stimuli may also
reduce the stiffness of the airway, which could favour
bronchodilation as a result of greater ASM strain to mechanical
oscillation. Since the effects of bronchodilators on the stiffness
of airways have not been previously documented, the current
authors also assessed pressure–volume properties of airway
segments following relaxation to neural and pharmacological
stimulation. The present findings further support the import-
ance of the dynamic conditions in the lung and of airway
stiffness in regulating airway calibre.

METHODS
Tissue preparation
All animal experiments conformed to the institutional ethics and
animal care unit regulations (University of Western Australia,
Animal Ethics Committee, Perth, Australia). Male White
Landrace pigs ,25 kg were initially sedated with tiletamine-
zolazepam (4.4 mg?kg-1 i.m.) and xylazine (2.2 mg?kg-1 i.m.) and
then exsanguinated under sodium pentobarbitone anaesthesia
(30 mg?kg-1 i.v.). The lungs were removed and transported on ice
to the laboratory.

Segments of bronchi were dissected from the main stem
bronchus of the left lower lobe. All side branches were ligated
and a 20-mm long segment of bronchus ,2 mm in internal
diameter was cannulated at both ends for mounting in an
organ chamber. After cannulation, the bronchus was mounted
horizontally in an organ bath containing gassed (95% O2 and
5% CO2) Krebs solution (121 mM NaCl, 5.4 mM KCl, 1.2 mM
MgSO4, 25 mM NaHCO3, 5.0 mM sodium morpholinopropane
sulfonic acid, 11.5 mM glucose and 2.5 mM CaCl2) at pH 7.3
maintained at 37uC. The lumen of the bronchus was connected
via a three way tap to a reservoir filled with Krebs solution
while the opposite end of the segment was connected to a
servo-controlled 1 mL syringe. Opening the taps allowed the
lumen to be flushed with Krebs solution from the reservoir. All
connections were made with stiff polyethylene tubing to

minimise system compliance and were leak free. The length
of the segment was stretched to 105% of its length in the fully
deflated lung, shown previously to approximate the length at
functional residual capacity [11]. Initially, intraluminal (and
therefore transmural) pressure was set to 5 cmH2O (0.49 kPa)
using the reservoir filled with Krebs solution and intraluminal
pressure was measured by a calibrated transducer (Gould,
model P23ID) and a PowerLab data-acquisition system
(ADInstruments, Bella Vista, Australia).

After dissection and mounting, segments were allowed to
equilibrate to organ bath conditions for 1 h under a static
passive pressure of 5 cmH2O (0.49 kPa). Viability of the tissue
was confirmed through stimulation with acetylcholine (ACh;
10-4 M). Closure of a tap inserted between the segment and the
reservoir allowed contraction of the bronchi (e.g. to ACh) to be
measured as a rise in intraluminal pressure, defined as active
pressure.

Volume oscillation
Cyclical oscillations in intraluminal volume, and therefore
ASM circumference, were produced using a servo-controlled
syringe. The syringe plunger was driven by a direct-current
motor (model JDTH-2250-FX-1C; Litton Clifton Precision,
Clifton Heights, PA, USA) via a BioPWM sequential motor
controller (model V1.0) and custom-designed software (S. De
Catania � 2005). Feedback control on the motor controller was
provided through a linear displacement potentiometer
attached to the syringe plunger. This servo-controlled system
allowed amplitude and frequency of sinusoidal changes in
volume to be controlled. Except where stated, each bronchial
segment was studied under static conditions and under
volume oscillations to simulate tidal breaths and twice tidal
breaths. To simulate tidal breaths, the amplitude of sinusoidal
volume oscillations was chosen so that under relaxed con-
ditions they produced a pressure swing from 5–10 cmH2O
(0.49–0.98 kPa; i.e. a trough at 5 cmH2O and a peak at
10 cmH2O giving a tidal change of 5 cmH2O) at a frequency
of 0.25 Hz. In a previous study, tidal volume oscillations were
shown to produce an ,4% increase in ASM circumference [12].
For twice tidal breaths, the volume of oscillation was double
that used for tidal oscillation.

Experimental protocol
Three separate groups of bronchi were used to determine the
relaxant responses to nerve stimulation, a nitric oxide donor
(SNP) and isoprenaline under static and oscillating conditions.

The protocol for recording inhibitory electrical field stimu-
lation (EFS) responses in pig airways was taken from KANNAN

and JOHNSON [8] and CONNELLAN and MITCHELL [9]. Briefly,
bronchi were exposed to a low concentration (10-7 M) of
atropine for 20 min, which blocks contributing effects from
cholinergic nerves on the EFS-induced response. After thorough
washout and under either the oscillating or static conditions,
airways were contracted with carbachol. To standardise active
pressure, a concentration of carbachol was used (10-5 M) that
produced ,50% of the maximum contraction seen in nona-
tropinised preparations under static conditions. EFS trains of
30 s (299 mA, 20 Hz and 2 ms pulse width) were applied to the
carbachol-contracted bronchi through platinum electrodes
surrounding the segment, using a Grass Medical Instrument
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stimulator (model S44; Quincy, MA, USA) and Ugo Basile pulse
booster (model T3165; Comerio, VA, USA). In these atropinised
preparations, EFS produced a relaxant response, i.e. a decrease
in active lumen pressure. EFS-induced relaxations were
recorded under static, tidal and twice tidal conditions, in a
randomised sequence.

A separate protocol was used in two further groups of bronchi
to determine relaxant responses to SNP and isoprenaline.
Airway preparations were pre-contracted with carbachol,
under static or oscillating conditions. To provide a similar
amount of active pressure used in the EFS experiment, a
concentration of carbachol (10-6 M) was used that produced
,50% of its maximum response under static conditions. This
concentration of carbachol was less than the EFS protocol,
because the airways had not been exposed to atropine. Once
the static or oscillating active pressure was stable, SNP
(3610-6, 10-5 and 3610-5 M) or isoprenaline (10-7, 10-6 and
10-5 M) was added. Each concentration was added cumu-
latively once response to the preceding concentration had
stabilised (,5 min per concentration). An example of an
isoprenaline-induced relaxation response is shown in figure 1.
Separate runs were made under static, tidal or twice tidal
conditions, in a randomised sequence.

Analysis and statistics
Passive pressure was defined as the pressure imposed on the
bronchus by the apparatus pressure head and active pressure
was defined as the change in pressure at the same volume
produced by ASM contraction. Under oscillatory conditions,
active pressure was measured at the troughs in the pressure
cycles since these isovolume points enable direct comparison
between static and oscillatory conditions. To investigate
possible interactions between oscillation and EFS, SNP or
isoprenaline, evoked relaxation was normalised against the
active pressure before the addition of the relaxant stimulus or
agent, i.e. the baseline pressure. Changes in the trough-to-peak
pressure produced by volume oscillations were used as an
index of stiffness under dynamic conditions and include the
wall elasticity and the viscous resistance of the wall to

movement, making it a measure of wall impedance that shows
how hard it is to inflate the bronchi.

Response to relaxant drugs, EFS and oscillation were analysed
using one- or two-way ANOVA, or a paired t-test. Repeated
measure ANOVA was used where appropriate. Values are
presented as mean¡SEM and n represents the number of
preparations and animals.

RESULTS
Active airway pressure (contraction) was recorded under both
static and oscillatory conditions. In the absence of ASM
activation, the trough-to-peak amplitudes of the pressure
cycles produced by volume oscillation were 4.7¡0.4 cmH2O
(0.46¡0.04 kPa) for tidal oscillation and 11.7¡0.6 cmH2O
(1.15¡0.06 kPa) for twice tidal oscillation. In the presence of
ASM activation with carbachol, the amplitudes of both cycling
regimes increased to 21.6¡2.9 cmH2O (2.12¡0.28 kPa) under
tidal oscillation (fig. 1) and 48.2¡5.6 cmH2O (4.72¡0.55 kPa)
under twice tidal oscillation, indicating an increase in airway
stiffness as well as concentration [12]. However, the active
pressure produced by carbachol (10-6 M) in oscillating airways
was substantially less than in the static condition and was
reduced by 27.8¡4.3% during tidal oscillation and 66.8¡4.1%
during twice tidal oscillation (p,0.001; repeated measures one-
way ANOVA; n512).

In atropinised airway preparations that were contracted with
carbachol, trains of EFS produced relaxation (fig. 2). Previous
studies suggested that the relaxant responses to EFS under the
described conditions were neural in origin since they are
abolished by the nerve blocker tetrodotoxin [9]. This was
confirmed in the present study (data not shown). The
neurotransmitter responsible for the relaxation was investi-
gated in four preparations incubated in the nitric oxide
synthase inhibitor L-NOARG (10-4 M) for ,30 min under
static conditions. L-NOARG largely abolished relaxation to
EFS (95.4¡3.9% inhibition of response), without altering
carbachol-induced contraction. Mean EFS responses recorded
under the static and dynamic conditions are shown in figure 3.
With the reduced active pressure in oscillating airways the
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FIGURE 1. Example tracing showing intraluminal pressure cycles during tidal volume oscillation, first in a relaxed airway, then with carbachol (10-6 M) and finally after the

addition of 10-6 M isoprenaline. Carbachol contracted the airway segment (measured at pressure troughs) and increased stiffness (trough-to-peak pressure amplitude) while

isoprenaline relaxed the airway reducing stiffness.
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absolute decrease in pressure in response to EFS was also
reduced. However, when normalised against baseline tone
(active pressure) just before stimulation, the percentage of
relaxation was similar under the different conditions
(37.1¡6.0%, 37.4¡5.1% and 32.2¡4.4% for static, tidal and
twice tidal, respectively; p.0.05; repeated measures one-way
ANOVA; n56).

Under static conditions both SNP and isoprenaline produced
concentration-dependent relaxation (figs 4a and 5a). Similarly,
SNP and isoprenaline produced relaxation in airways sub-
jected to oscillation in which active pressure was already
reduced by oscillation. When normalised to the baseline tone
before the addition of a drug, the isoprenaline-induced
relaxations were similar under oscillating and static conditions
(fig. 4b). Normalised relaxation responses to SNP, however,
were enhanced by both oscillation parameters (p,0.001;
repeated measures two-way ANOVA; n56; fig. 5b).

As previously noted, carbachol increased airway stiffness as
well as active lumen pressure. In addition to reducing the
airway active pressure as already discussed, each of the three
inhibitory signals also reduced the stiffness, producing up to
,80% reversal back to pre-carbachol stiffness levels with SNP
and isoprenaline (p.0.0001–0.001; repeated measures two-way
ANOVA; n56) and 20–30% reversal with EFS (p,0.05; figs 1
and 6). There were no significant differences in the degree of
reversal of airway stiffness under the different oscillating
conditions (p.0.05; paired t-test; n56).

DISCUSSION
The present study compares the actions of a range of
physiological and pharmacological stimuli under static and
dynamic conditions likely to be encountered in vivo. ASM
responses to contractile pharmacological agents are dependent
on the prevailing dynamic conditions [1–4, 13]. However, little
is known about the responsiveness of ASM or airways to other
commonly used inhibitory pharmacological or physiological
stimuli under dynamic conditions. The current findings
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FIGURE 2. Sample intraluminal pressure traces (cmH2O) recorded in a pig isolated airway contracted with carbachol (10-5 M) under a) static and oscillating volume

conditions, b) tidal and c) twice tidal. Volume oscillation produced cyclical pressures in the airway lumen, which were greater for twice tidal volume oscillations than tidal

oscillation. Oscillation also reduced carbachol-induced active pressure in an amplitude-dependent manner, as recorded at isovolume points (i.e. the trough pressure under

oscillating conditions). Electrical field stimulation (2 ms, 20 Hz, 299 mA applied for 30 s; ?????) produced a transient reduction in active pressure at isovolume points (arrows)

under all conditions.

�

��

��

��

��

����

�

��

��

��

	�
�

��

��

��
�� ��
� �������
�

�
��
�
��
��
��
��
��
��
�
�
��

�
��

�

�
 
!�
"
��

�
��
!
��
� 
!�

FIGURE 3. a) Relaxation of carbachol-induced tone (cmH2O) by electrical field

stimulation (EFS; h) in isolated airways under static, tidal and twice tidal oscillation.

Data show the active pressure before (&) and after EFS (p,0.0001–0.01; repeated

measures two-way ANOVA). b) When response to EFS was normalised to baseline

pressure (% baseline tone) there was no significant difference (p.0.05; matched

one-way ANOVA; n56) between the per cent response under static and oscillatory

conditions.
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suggest that in a dynamic environment, ASM oscillation
combines with neural and pharmacological relaxation and
leads to major inhibition of ASM tone and, thus, airway
narrowing. Additionally, the inhibitors reduce the stiffness of
the airway wall, which in vivo may be an important component
of bronchodilator efficacy.

The attenuation of ASM force by either single or continuing
changes in muscle length is well documented [1–4, 13]. Thus,
in vivo, it is likely that airway tone or calibre is regulated by an
ongoing dynamic between fluctuating forces of breathing and
the presence of either endogenous ASM contraction, or
contraction evoked by pharmacological means, such as
methacholine challenge. However, this is only one side of an
equation, which may also include the activity or presence of
inhibitory signals to ASM. These might include physiological
activity from neural input, which is typically nitrergic, and
b-adrenergic input either hormonally, or from drugs used in

the management of obstructive airway disease. The present
study provides information on airway relaxation under
dynamic conditions. In keeping with previous studies in
whole airway preparations [12, 13], cyclical oscillations to
lumen volume suppressed active force or, as measured herein
active lumen pressure. Two levels of volume oscillation were
used in relaxed airways to produce pressure fluctuations
corresponding to tidal breaths (5 cmH2O amplitude) and a
volume twice that amount which corresponds to deeper
breathing between tidal breaths and sighs. All three inhibitory
interventions (EFS, SNP and isoprenaline) produced further
relaxation in addition to that produced by mechanical
oscillation, so that overall airway tone was markedly reduced
compared with stimulus-induced relaxations recorded under
more conventional isometric protocols. For example, the
combined effect of mid concentrations of SNP or of isoprena-
line, coupled with tidal oscillation, reduced airway tone by
,70%, while when combined with twice tidal oscillation, tone
was almost abolished.
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FIGURE 4. Concentration–response curves to isoprenaline (10-7, 10-6 and

10-5 M) in isolated airways contracted with carbachol (10-6 M). a) Relaxation of

carbachol-induced active pressure (cmH2O) by isoprenaline is shown under static

(h) and oscillatory conditions: tidal (m) and twice tidal ($). Isoprenaline and

oscillation each caused relaxation (p,0.0001–0.01; repeated measures two-way

ANOVA). b) The response to isoprenaline was normalised to baseline pressure (%

baseline tone) for each airway. There was no significant difference (p.0.05;

repeated measures two-way ANOVA; n56) between percentage relaxation under

static and oscillatory conditions.
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FIGURE 5. Concentration–response curve to sodium nitroprusside (SNP;

3610-6, 10-5 and 3610-5 M) in isolated airways contracted with carbachol (10-6 M).

a) Relaxation of carbachol-induced active pressure (cmH2O) by SNP is shown

under static (h) and oscillatory conditions: tidal (m) and twice tidal ($). SNP and

oscillation each caused relaxation (p,0.001; repeated measures two-way ANOVA).

b) The response to SNP was normalised to baseline pressure (% baseline tone) for

each airway. The percentage response to SNP was significantly increased under

each oscillating condition (p,0.0001; repeated measures two-way ANOVA; n56).
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Since there was less active tone in oscillating airways, the
absolute magnitudes of evoked relaxations were less under
dynamic conditions compared with static. Therefore, relax-
ation was normalised for baseline tone. In the case of EFS and
isoprenaline, normalised relaxations were no different between
static and either of the dynamic conditions. Thus the combined
relaxant effect of two interventions (oscillation and evoked
relaxation) was the same or similar to the multiple of the
fractional changes to the two. EFS induced relaxation was
blocked by L-NOARG, a blocker that has been used previously
to identify nitric oxide-mediated neural relaxation [8, 9]. The
multiplicative model of response to EFS or isoprenaline and
oscillation could indicate that the interventions act at separate,
noninteracting sites, as previously suggested by GUMP et al. [4]
for isoprenaline. EFS and isoprenaline act upstream of the
contractile machinery, and as such the absence of interaction
between oscillation and evoked relaxation is consistent with
the molecular mechanisms thought to account for the effects of
mechanical strain on ASM contraction [3, 5].

However, findings with SNP differed from EFS and isoprena-
line in that normalised responses to SNP were greater under
the oscillating conditions and, importantly, greater than that
predicted from a multiplicative model. While the differences
between relaxation in static and oscillating conditions were not
large (i.e. a 10–20% difference in normalised relaxation in
figure 5b amounts to only a few cmH2O), the finding has a
number of possible implications. First is the apparent conflict
with EFS, where nerve mediated relaxation responses were
unaffected by oscillation while relaxation to exogenously
applied nitric oxide was enhanced. SNP is a nitric oxide donor
and should, in large, part mimic the post-junctional component
of EFS. Given the common post-junctional pathways for SNP
and EFS, one could suggest that oscillation exerts some
inhibitory pre-junctional effect on the release of the neuro-
transmitter, which then counters the increased post-junctional

effects of oscillation. This possibility seems unlikely because
any inhibitory effect of oscillation on transmitter release would
have to exactly match the increased effects of nitric oxide on
the ASM since EFS-induced responses were the same under
static and oscillatory conditions. Secondly, the increased post-
junctional effect of SNP combined with strain oscillation
suggests that the two pathways may interact. Although SNP
acts via cyclic guanosine monophosphate and therefore
upstream of cross bridge kinetics and cytoskeletal proteins,
some mechanistic interaction between SNP and ASM strain
cannot be excluded. Lastly, a possible physiochemical explan-
ation for the enhanced effects of SNP with oscillation can be
offered. Contact with tissue in the physically stirred environ-
ment of the oscillating airway may have promoted the
chemical reduction of SNP to release nitric oxide [14, 15],
thereby, increasing the amount of relaxation produced. In that
case the increased relaxation under oscillating conditions
might be, in a sense, an artefact of the system rather than
reflect a true signalling interaction.

By utilising a whole airway preparation the present authors
were also able to identify a powerful softening of the
contracted airway wall by all three inhibitory interventions.
Contractile activation increases ASM stiffness [16], which
increases the stiffness of the intact airway wall to a degree
that far outweighs passive wall stiffness in the absence of ASM
contraction [12]. The strong stiffening action of carbachol on
the airway wall was also observed in the present study, as
evidenced by the four-fold increase in trough-to-peak pressure
in the presence of carbachol. SNP and isoprenaline reduced
carbachol-induced stiffness in a concentration dependent
manner so that at high concentrations, stiffness had almost
returned to pre-carbachol levels. Under dynamic conditions,
both the wall elasticity and the wall tissue resistance
(viscosity/viscoelasticity) alter the pressure swing (trough-to-
peak) for a fixed volume change. An effect of bronchodilators
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FIGURE 6. Reduction in airway stiffness by isoprenaline, sodium nitroprusside (SNP) and electrical field stimulation (EFS). Stiffness was assessed from the amplitude of

trough-to-peak pressure oscillations during tidal (m) and twice tidal (#) volume oscillations. The reduction in airway stiffness to each relaxant is expressed as a percentage of

the initial increase in stiffness produced by carbachol, referred to here as percentage reversal. a) The maximal concentration of isoprenaline (10-5 M) caused ,85% reversal

back to relaxed stiffness. There was no significant difference (p.0.05; repeated measures two-way ANOVA) between the responses under tidal and twice tidal oscillation. b)

The maximal concentration of SNP (3610-5 M) caused ,80% reversal back to relaxed stiffness. There was no significant difference (p.0.05; repeated measures two-way

ANOVA) between the responses under tidal and twice tidal oscillation. c) EFS caused 20–30% reversal of stiffness back to relaxed stiffness (p,0.05). There was no significant

difference (p.0.05; repeated measures two-way ANOVA; n56) between the responses under tidal and twice tidal oscillation.
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and inhibitory neural stimulation on stiffness has not been
previously reported at an airway level, although b-adrenergic
activation is known to reduce stiffness at cellular level [17–19].
This newly described action of physiological and pharmaco-
logical inhibitors, at a more integrated level of organisation in
activated airways, may have considerable significance to the
maintenance of airway tone in vivo. The capacity of deep
inspirations and tidal breathing to maintain the patency of
airways in vivo is well established [20]. This effect is secondary
to the ASM strain that in turn is produced by the transmural
pressure and stress in the airway during breathing. Strain is
critically subject to airway stiffness; the lesser the stiffness the
greater the strain with breathing movements, the greater the
reduction of ASM force and so the greater the likely
bronchodilation [12]. Bronchodilator actions of b-adreno-
receptor agonists and neural stimulation are usually consid-
ered within the framework of their direct effects on ASM
contraction. The present findings suggest a different concept,
in which inhibitory neural and pharmacological signals also
promote bronchodilation by reducing airway stiffness, max-
imising the strain-induced reduction in ASM force and so
amplifying bronchodilation. As strain is considered to be one
of the most powerful regulators of airway calibre [4], elastic
and viscous properties of the airway in the presence of
bronchodilator stimuli may be of major importance to their
overall effects in reversing airway constriction.

The above paradigm might be more important in vivo, where,
unlike in the present study, the airway length is free to extend
as well as dilate. ASM is aligned approximately circumferen-
tially around the airway, so that with ASM contraction and
circumferential stiffening, airways may be more prone to
lengthening on inspiration, as discussed by MAKSYM et al. [21].
An increased tendency of airways to lengthen during breath-
ing could offset the amount of circumferential ASM strain and
thus increase ASM force produced by the bronchoconstrictor
stimulus. Should ASM strain fall below a critical value (1–2%)
then the relaxant effect of mechanical stain is potentially lost
[4, 12]. As suggested previously, that by softening airways
circumferentially bronchodilators might increase ASM strain,
increasing relaxation can be developed further by proposing a
shift in balance between airway length and diameter during
inspiration, back towards airway dilation and away from
lengthening. Bronchodilator efficacy could then be considered
in a three-dimensional context of the relative circumferential
and axial stiffness of the airway, the corresponding airway
expansion produced by the stresses of respiration (i.e. dilation
versus lengthening) and ASM force.

In conclusion, the present authors have shown that breathing
movements combined with inhibitory innervation or pharmaco-
logical bronchodilators produces a powerful fall in airway
smooth muscle contraction. The actions of airway smooth
muscle stretch and relaxation through either the cyclic
adenosine monophosphate or cyclic guanosine monophosphate
pathways seem to be largely independent with little major effect
of oscillation on inhibitory response once corrected for the lower
level of tone. However, inhibitory agonists and nerves also
reduced airway stiffness that in vivo may allow for greater
airway smooth muscle stretch for a fixed change in transpul-
monary pressure during tidal or deep inspiration breaths,
adding to their bronchodilator efficacy.
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