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Rationale: In the normal lung, breathing and deep inspirations po-
tently antagonize bronchoconstriction, butin the asthmatic lung this
salutary effect is substantially attenuated or even reversed. To ex-
plain these findings, the prevailing hypothesis focuses on contracting
airway smooth muscle and posits a nonlinear dynamic interaction
between actomyosin binding and the tethering forces imposed by
tidally expanding lung parenchyma.

Objective: This hypothesis has never been tested directly in bronchial
smooth muscle embedded within intraparenchymal airways. Our
objective here is to fill that gap.

Methods: We designed a novel system to image contracting intra-
parenchymal human airways situated within near-normal lung
architecture and subjected to dynamic parenchymal expansion that
simulates breathing.

Measurements and Main Results: Reversal of bronchoconstriction
depended on the degree to which breathing actually stretched the
airway, which in turn depended negatively on severity of constric-
tion and positively on the depth of breathing. Such behavior implies
positive feedbacks that engender airway instability.

Overall conclusions: These findings help to explain heterogeneity of
airflow obstruction as well as why, in people with asthma, deep
inspirations are less effective in reversing bronchoconstriction.

Keywords: airway; smooth muscle; bronchoconstriction; stretch;
asthma

Among all factors known to antagonize bronchoconstriction in
a healthy lung, a deep breath is among the most effective (1-5).
In the asthmatic lung, however, this protective phenomenon is
substantially attenuated, and during a spontaneous asthmatic
attack it is sometimes even reversed (1, 6, 7). Some have sug-
gested that the inability of a deep breath to dilate the constricted
asthmatic airway might be an important cause of excessive airway
narrowing (1, 6, 8).

To explain these observations, a new conceptual framework
has called attention to the role of airway smooth muscle (ASM)
and the dynamic load against which it must contract (9). With
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Deep breathing substantially reverses induced bronchocon-
striction in the normal lung, but in asthma this salutary re-
sponse is attenuated or even reversed. It has been inferred
that these effects are determined by the extent of airway
stretch, but this hypothesis has never been tested directly.

What This Study Adds to the Field

We used a novel system to study the contraction of human
airways situated within near-normal lung architecture and
subjected to dynamic conditions that simulate breathing.
Our results suggest that breathing-induced reversal of bron-
choconstriction does indeed depend on the degree to which
each breath actually stretches the airway tidally, which in turn
depends on both the depth of breathing and severity of
bronchoconstriction.

each breath (10), lung parenchyma exerts a distending force on
intrapulmonary airways and stretches the bands of ASM that
they contain. In this conceptual framework, these tidal stretches
perturb the binding of myosin to actin, causing the myosin mol-
ecule to detach from actin much sooner than it would have
otherwise and thus reducing the myosin duty cycle (11-13).
As a result, the contracted ASM band within a bronchocon-
stricted airway relengthens and thus partially relieves the bron-
choconstriction. Importantly, such force fluctuation-induced
muscle relengthening has molecular determinants that differ
from those that determine isometric force (9, 14-17). As such,
the length of contracting ASM becomes equilibrated dynami-
cally, not statically as assumed in earlier models (18, 19), and
the force generated by the muscle at any instant can be dramat-
ically less than the force predicted by the isometric force length
curve (11, 20).

This mechanistic framework provides a plausible basis to ex-
plain how the effects of deep breathing are blunted in asthma. For
example, increased contractile stimulus, increased muscle mass
(21, 22), increased airway wall thickness (23-25), or decreased
lung recoil (26, 27) could each act to limit the tidal stretch of
contracted airway smooth muscle. Acting alone or in concert,
these effects should cause the muscle to stretch less and thus
become stiffer and stiffer until, eventually, a tipping point is
reached (28, 29) beyond which the ASM has become so stiff that
it is virtually frozen (9, 30) and therefore no longer stretches with
each breath. When that occurs, ASM would thereafter remain
refractory to the beneficial effects of deep inspirations, stuck in
a shortened state until the contractile stimulus is removed or
bronchodilator drugs take effect.
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Although this hypothetical framework is attractive, it is based
entirely on measurements of shortening dynamics of tracheal
smooth muscle mounted in a muscle bath. To date, its tenets have
not been tested in the intact lungs of living people, because avail-
able imaging technology cannot safely provide sufficiently de-
tailed temporal or spatial resolution to discern the posited
relationships in smaller intraparenchymal airways. Furthermore,
recent studies in isolated central airways have called into ques-
tion the effectiveness of airway stretch in antagonizing broncho-
spasm (31).

Here, we used a novel system to study the contraction of intra-
parenchymal human airways situated within near-normal lung
architecture and subjected to dynamic conditions that simulate
breathing. Our results demonstrate that breathing-induced re-
versal of bronchoconstriction does indeed depend on the degree
to which each breath actually stretches the airway tidally, which
in turn depends on both the depth of breathing and the severity
of bronchoconstriction. Notably, quiet tidal breathing caused little
if any bronchodilatation; rather, substantial reversal of broncho-
constriction occurred only when deeper breathing was applied,
with the greatest reversal observed with simulated tidal breaths
to full lung inflation. Furthermore, complete reversal of broncho-
constriction occurred only when bronchoconstriction was modest;
even simulated deep breathing had little efficacy in reversing se-
vere bronchoconstriction. These findings have mechanistic impli-
cations that could potentially explain more complex integrative
behaviors of bronchoconstricted normal and asthmatic lungs
(32-38). Some of the results of these studies have been previ-
ously reported in the form of an abstract (39).

METHODS

Human donor lungs that could not be transplanted were obtained from
deceased donors (7 men, 10 women; aged 27-70 yr) through Gift of
Hope/Regional Organ Bank of Illinois and were stored at 4°C for up to
2 days before use. Limited medical history was available for most
donors; none were reported to have asthma or other pulmonary dis-
ease, although eight were known to have smoked tobacco products.
The right lung was removed and a portion of its middle lobe was
infused with approximately 120 to 180 ml of 1.5% low melting temper-
ature agarose (Type IX; Sigma, St. Louis, MO) in Hanks balanced salt
solution (pH = 7.4; Invitrogen, Carlsbad, CA) (40, 41). After solidify-
ing at 4°C for 1 hour, the infused lung was cubed (~1 c¢m) and 250-pm
precision-cut lung slices (PCLS) were cut using a VT1200S vibrating
blade microtome (Leica Microsystems, Bannockburn, IL). Slices were
incubated at 37°C in Dulbecco’s modified Eagle medium/F12 media
(Invitrogen) supplemented with 1X antibiotic-antimycotic (Invitrogen)
overnight to remove residual agarose from the airways. PCLS were
maintained at 37°C in the above medium and were studied within
3 days.

Each PCLS was placed atop, but not physically attached to, a poly-
acrylamide gel in the bottom of a flow-through chamber. It was loosely
held in place under a silicone mesh cut to expose a central 8-mm circle of
tissue. A circular indenter (2 mm inner diameter/3 mm outer diameter)
was centered over a cross-sectionally cut airway within the PCLS and
lowered to contact but not stretch the PCLS (Figure 1). The entire
apparatus was placed on an inverted microscope, allowing for monitor-
ing of airway luminal area. The PCLS was equilibrated at approxi-
mately 35°C in Krebs-Henseleit solution (14) bubbled with 5% CO,/
95% O,. To generate the mechanical forces imposed on the airway by
lung parenchyma during breathing, the circular indenter was periodi-
cally depressed into the polyacrylamide gel. Depression of the circular
indenter caused the confined gel to bulge, which in turn caused a radial
stretch of the lung tissue encircled by the indenter (42); in each case,
the extent of radial stretch was determined by direct observation under
the microscope as described below. Depth of simulated breathing was
controlled by adjusting the distance by which the indenter was de-
pressed into the gel; this depth ranged from approximately 40 to 300
pm, chosen for each airway to effect six levels of airway luminal

i Indenter :
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Figure 1. Schema of system used to stretch airways within precision-
cut lung slices (PCLS), intended to simulate breathing. Each PCLS was
placed on a polyacrylamide gel, and the circular indenter was centered
above a cross-sectionally cut airway. The indenter was lowered to come
into contact with, but not stretch, the PCLS. The inset is a typical image
of a representative nonstimulated airway, as viewed from below
through an inverted microscope (not shown). Depression of the circu-
lar indenter caused the confined gel to bulge, which in turn caused
a radial stretch of the lung tissue encircled by the indenter.

fluctuations (from 3-6% to ~ 50%) for that airway before contractile
stimulation. Note that during contractile stimulation, the same depth of
simulated breathing invariably resulted in lesser actual airway luminal
fluctuations, presumably reflecting greater stiffness of the contracting
airway (see below). Each PCLS was stretched 12 times/min using a
quasi-triangle wave pattern that included 2-second cylinder depression,
0.5-second hold, 2-second cylinder retraction, and 0.5-second hold. In-
denter motion was controlled by a Micromanipulator 5171 (Eppendorf,
Hauppauge, NY) directed by a program created with LabView (Na-
tional Instruments, Austin, TX). The PCLS was visualized from below
on an inverted microscope with a 4X objective. Images were collected
at approximately 3.6/s with an Optronics Microfire camera (Goleta,
CA). One airway within each PCLS was studied in either of two pro-
tocols described below.

Protocol 1: Acetylcholine Dose-Response Curves at Constant
Depth of Breathing

Each PLCS was studied before contractile stimulation and during three
additional periods of contractile stimulation with acetylcholine (ACh) at
107%,107°, and 10~* M (in that order). During each study period, the
airway was observed for 30 minutes of constant exposure to ACh (or
buffer alone) that included 10 minutes without simulated breathing, 10
minutes simulated breathing at a depth (set for the relaxed airway) that
caused 16 to 20% luminal area expansions with each “tidal breath,”
and finally 10 minutes without simulated breathing. The PCLS was
then superfused with ACh-free buffer and allowed to relax for at least
1 hour before the next ACh dose. In preliminary studies (data not
shown), we tested the reproducibility of airway narrowing, area strain,
and breathing-induced reversal of bronchoconstriction in five lung sli-
ces during two consecutive contractions. Using identical ACh concen-
trations and cylinder indentation depths during the two contractions,
we found that the severity of auxotonic constriction, reversal of such
bronchoconstriction, and airway strain were all quite reproducible in
the same lung slice (paired ¢ tests; all P values = (.2).

Protocol 2: Depth of Breathing Dose-Response Curves
at Constant ACh Stimulation

In this protocol, each PCLS was exposed to only one concentration of
ACh: 107°%,107°, or 10™* M. The airway under study was observed for
80 minutes total during constant ACh exposure, including 10 minutes
without simulated breathing; six 10-minute periods of simulated
breathing at depths (set for the relaxed airway) that caused luminal
area expansions of 3 to 6%, 7 to 10%, 11 to 14%, 16 to 20%, 23 to 26 %,
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and approximately 50%; and finally 10 minutes without simulated
breathing. Assuming isotropic expansion of the lung, tidal breathing
corresponds to 7 to 10% and full inspiration to total lung capacity
approximately 50% luminal area expansion.

Airway luminal area was determined from digitally recorded images
using the Magic Wand tool of NIH ImageJ. “Maximum luminal area”
refers to the greatest luminal area observed in the absence of simulated
breathing during the entire study of an airway (invariably before any
contractile stimulation, but on occasion after application of simulated
breathing in the absence of contractile stimulation). “Minimum con-
stricted area” is defined as the smallest luminal area during ACh stim-
ulation. The area datum for each 10-minute simulated breathing period
was taken as the “end-exhalation” area at the end of the period. “Area
strain” refers to the luminal area fluctuation during simulated tidal
breathing, taken as the difference between “end-inhalation” and
“end-exhalation” areas. “Tidal stress” reflects the depth of simulated
breathing applied. Finally, “percent reversal of bronchoconstriction” is
used to quantify how effectively simulated breathing antagonizes ACh-
induced bronchoconstriction, and is calculated as:

End Expiratory Lumenal Area—Minimum Lumenal Area

% reversal = ( ) X100

Maximum Lumenal Area—Minimum Lumenal Area

Correlations among these parameters were determined using Spear-
man rank correlation.

RESULTS

Figure 2 presents typical examples of primary data gathered
during study of PCLS under Protocol 1 (Figure 2A) or under
Protocol 2 (Figure 2B). A video showing actual images from
the 107> M contraction in Figure 2A is provided in the online
supplement.

In Protocol 1, each airway exhibited progressively smaller
minimum constricted areas as the concentration of ACh was in-
creased during repeated study periods. During simulated breath-
ing, each depression cycle of the indenter tidally increased then
decreased luminal area; the magnitude of tidal area fluctuations
(area strain) fell with increasing ACh concentration and with
more severe airway narrowing, despite the constant depth of
breathing (tidal stress) used across ACh concentrations. Thus,
with increasing ACh concentration and severity of constriction,
the airway manifested greater stiffness (i.e., less area strain for
the same tidal stress). End-expiratory luminal area increased
during simulated breathing (i.e., breathing antagonized broncho-
constriction), but the extent to which this occurred fell as the
ACh concentration and severity of constriction increased. For
example, for the airway shown in Figure 2A, the simulated
breathing-induced increase in end-expiratory luminal area over
minimum luminal area observed during stimulation with 1076 M
ACh was much greater than that observed during stimulation
with 107* M ACh.

In Protocol 2, each PCLS was exposed to only one concentra-
tion of ACh. After initial airway constriction, simulated breaths
were then applied at progressively increasing depths. As shown
in Figure 2B, the step increases in depth of breathing (tidal
stress) caused progressive step increases in area strain, and
these were accompanied by progressive step increases in end-
expiratory luminal area. Thus, deeper breathing antagonized
bronchoconstriction more effectively than did shallow breath-
ing. After cessation of simulated breathing, the airway renar-
rowed to a degree similar to that observed before initiation of
simulated breathing. Thus, the simulated breathing appears not
to have damaged the ability of the airway to constrict and in-
stead must have induced airway dilatation through a noninjuri-
ous and reversible mechanism.

We used data gathered from both protocols to explore how
the level of contractile stimulation, the severity of resultant
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Figure 2. Representative tracings of airway luminal area from protocols
1 (A) and 2 (B). (A) Protocol 1: Acetylcholine (ACh) dose-response
curves at constant depth of breathing. Airway luminal area was mon-
itored for 10 minutes before, 10 minutes during, and 10 minutes after
simulated breathing at 16 to 20% tidal stress. Each precision-cut lung
slice was studied before contractile stimulation and during three addi-
tional periods of contractile stimulation with ACh at 107%,10°>, and
107* M (in that order). (B) Protocol 2: Depth of breathing dose-
response curves at constant ACh stimulation. Each PCLS was exposed
to only one concentration of ACh: 1076 (shown), 1075, or 10™* M. The
airway was observed for 80 minutes total during constant ACh expo-
sure, including 10 minutes without simulated breathing; six 10-minute
periods of simulating breathing using tidal stress of 3-6%, 7-10%, 11—
14%, 16-20%, 23-26%, and ~ 50%; and 10 minutes without simu-
lated breathing.

constriction, and the depth of simulated breathing interact to
determine the degree to which breathing antagonizes broncho-
constriction. First, there was considerable variation in the
cholinergic sensitivity of airways studied (Figure 3A), as reflected
in the differing slopes of their ACh dose-response curves and
maximum severities of constriction. Because we studied only
one airway from each donor, it is uncertain whether this variabil-
ity reflects heterogeneity among different airways (43), among
individuals, or both. However, neither the number of airway alve-
olar attachments (Figure 3B) nor the size of airways studied (Fig-
ure 3C) can account for the variability of ACh sensitivity, as neither
correlated with minimum luminal area at constant ACh dose.
Second, the area strain induced by a fixed amount of stress
(16-20% tidal stress) decreased with the severity of broncho-
constriction among all airways studied, seemingly independent
of the concentration of ACh required to achieve that level of
constriction (Figure 4A). Thus, it appears that the severity of
constriction, rather than intensity of cholinergic stimulation,
determined the stiffness of the airway. However, for a given
level of constriction, area strain increased essentially propor-
tionally to tidal stress (Figure 4B). As shown in Figure 4B, when
airway contractions were binned into three levels of severity
(minimum luminal areas of 100-67%, 67-34%, and 34-0%),
almost linear area strain/tidal stress relationships emerged
for each severity of bronchoconstriction, with the slope
(= Ustiffness) smallest for the most severely constricted air-
ways. Together, these data indicate that the area strain actually
experienced by a constricted human airway embedded within
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Figure 3. Cholinergic sensitivity is vari-
able among different airways. (A) Bron-
choconstriction versus acetylcholine (ACh)
concentration dose-response curves for
all airways studied under protocols 1
and 2. There was considerable variation
in the cholinergic sensitivity, as reflected
in the differing slopes of their ACh dose-
response curves and maximum severities
of constriction. (B) The number of paren-
chymal attachments to the airway cannot
account for the variability in ACh respon-
siveness, as there was no significant
correlation between number of paren-
chymal attachments and severity of con-
striction at any ACh concentration (slopes
of linear regressions not significantly differ-
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lung parenchyma depends not only on the depth of breathing
but also on the severity of bronchoconstriction.

Third, we explored how the depth of breathing influences its abil-
ity to antagonize bronchoconstriction, as reflected in breathing-
induced increases in end-expiratory luminal area. In Figure 5,
results are plotted as the percent reversal of maximal bronchocon-
striction versus the depth of simulated breathing and (as in Figure
4B) are grouped according to severity of bronchoconstriction. At
each level of bronchoconstriction severity, breathing-induced air-
way dilatation increased with depth of breathing (tidal stress) in
a dose-response fashion. Two features of these results are worthy
of special note: (/) Breathing was most effective at antagonizing
bronchoconstriction when the bronchoconstriction was least severe,
and even deep breathing had only a modest ability to reverse
severe bronchoconstriction. (2) At any level of bronchoconstric-
tion, simulated quiet tidal breathing (7-10% tidal stress) had min-
imal, if any, influence on end-expiratory airway caliber. Instead,
substantial reversal of bronchoconstriction was found only during
deeper simulated breathing (i.e., greater tidal stress). We did not
study the influence of breathing frequency on its ability to antago-
nize bronchoconstriction.

Finally, because area strain reflects both depth of breathing
and severity of bronchoconstriction, we wondered whether this
consequence of breathing might be an important determinant of
breathing-induced antagonism of bronchoconstriction. To ex-
plore this possibility, we plotted the percent reversal of broncho-
constriction against area strain, including every observation from
this study. As shown in Figure 6, breathing-induced antagonism
of bronchoconstriction correlated strongly (Spearman rank cor-
relation) with area strain across all levels of bronchoconstric-
tion. This supports the possibility that circumferential stretching
of the airway wall is a primary mechanism by which breathing
antagonizes bronchoconstriction.

DISCUSSION

In normal people, deep breathing is a potent antagonist of
artificially-induced bronchoconstriction. For example, voluntary

Minimum Lumenal Area (%MaxArea)
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isocapnic hyperpnea quickly reverses methacholine-induced
bronchoconstriction (44). Furthermore, deep breaths performed
during inhaled-aerosol bronchial provocation limit the maximal
constrictor response in normal individuals, as evidenced by the
finding that severe bronchoconstriction occurs only when deep
inhalation is prohibited (2, 7). Although deep breathing can also
suppress bronchoconstriction in individuals with asthma (45), its
beneficial effect is less marked than in those without asthma (37,
38). Indeed, the loss of airway dilatation induced by a deep
breath might contribute to persistent airflow obstruction in
asthma (6, 7). In the conceptual framework reviewed above,
each breath must actually stretch the airway wall in order for
breathing to perturb myosin binding and thereby reverse bron-
choconstriction (4, 9, 46). Our results provide new experimental
validation of this conceptual framework. We demonstrate that
breathing-induced reversal of bronchoconstriction in individual
intraparenchymal airways depends on the degree to which each
breath actually stretches the airway tidally, which in turn
depends on both the depth of breathing (tidal volume) (38,
45-50) and the severity of bronchoconstriction (51, 52).

Limitations in spatial and time resolution of current imaging
techniques, and/or risks of ionizing radiation, preclude the accu-
rate measurement of the tidal expansion of individual intrapar-
enchymal airways in living people. We therefore developed
a new experimental system in which human airways within thin
lung slices can be studied under conditions of dynamic load that
simulate breathing, while precisely monitoring airway size and its
tidal fluctuation (Figure 1). Our approach builds on prior work
by Wohlsen and others (40, 41, 53-57), who assessed airway
contraction in the absence of simulated breathing, and on that
of Dassow and colleagues (58) and Sanderson (59), who have
also developed systems to stretch lung slices.

Two results of our study are salient. First, for any level of ini-
tial bronchoconstriction, the reversal of that bronchoconstriction
by breathing increased in a dose-dependent fashion with depth of
breathing (Figure 5). Notably, simulated tidal breathing (tidal
stress 7-10%) caused little if any bronchodilatation; rather,
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Figure 4. Area strain experienced by a constricted human airway
depends on both the severity of bronchoconstriction and the depth
of breathing. (A) Area strain induced by a fixed amount of stress (16—
20% tidal stress) decreased with the severity of bronchoconstriction
(increased severity is reflected in lower minimum luminal area) among
all airways studied, seemingly independent of the concentration of
acetylcholine (ACh) required to achieve that level of constriction
(Spearman rank correlation, r = 0.8667; P < 0.0001). (B) However,
for a given level of constriction, area strain increased essentially propor-
tionally to tidal stress. Values are means + SEM; data are plotted at the
nominal midpoint of each tidal stress bin.

substantial reversal of bronchoconstriction occurred only when
deeper breathing was applied, with the greatest reversal ob-
served with simulated tidal breaths to full lung inflation (tidal
stress ~ 50%). This observation mirrors the clinical observations
of Freedman and colleagues (44) and Skloot and colleagues (7),
who found that deep breathing but not quiet tidal breathing sup-
pressed experimentally induced bronchoconstriction in normal
subjects, and confirms parallel findings by Noble and colleagues
(60), who subjected excised human airways to transmural pres-
sure fluctuations to simulate breathing. Second, for any depth of
simulated breathing, the reversal of bronchoconstriction fell pro-
gressively with the initial level of that bronchoconstriction (Fig-
ure 5). For example, simulated inhalations to total lung capacity
(tidal stress ~ 50%) almost fully reversed bronchoconstriction
when the level of bronchoconstriction was relatively mild (mini-
mal luminal area 100-67%), but these deep breaths were only
minimally effective in reversing bronchoconstriction that was se-
vere (minimal luminal area 33-0%). Thus, depth of breathing
and severity of bronchoconstriction interact to determine the
ability of breathing to reverse bronchoconstriction.

1501
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Figure 5. Breathing-induced reversal of bronchoconstriction depends
on both the severity of bronchoconstriction and the depth of breath-
ing. At each level of bronchoconstriction severity (minimum luminal
areas 100-67%, 67-33%, 33-0%), reversal of bronchoconstriction in-
creased with depth of breathing (tidal stress) in a dose-response fash-
ion. Greater reversal occurs when the bronchoconstriction is least
severe (minimum luminal area, 100-67%). Furthermore, substantial
reversal of bronchoconstriction is found only during deeper simulated
breathing (i.e., greater tidal stress). Values are means + SEM.

As shown in Figure 4, more severely constricted airways
are stiffer (i.e., exhibit less area strain at each level of tidal
stress). We therefore wondered whether, as postulated in the
conceptual framework, area strain actually achieved by simu-
lated breathing integrates the influences of depth of breathing
and severity of constriction on breathing-induced reversal of
bronchoconstriction. Although by design our system did not
allow for direct manipulation of constricted airway circumfer-
ence, it was nonetheless possible to test this idea by examining
the relationship between breathing-induced reversal of bron-
choconstriction and area strain. Indeed, these parameters are
strongly correlated (Figure 6).

This relationship also provides experimental support for
mechanisms proposed to explain two complex integrative behav-
iors of bronchoconstricted normal and asthmatic lungs (32-38).
First, spontaneous or induced airflow obstruction is typically
heterogeneous throughout the respiratory tree, resulting in het-
erogeneous ventilation of regions subtended by the variously
constricted airways (32-36, 61). As proposed by Anafi and
Wilson (62), Winkler and Venegas (28), Venegas and colleagues
(29), and Tgavalekos and colleagues (34), an airway coursing
through the lung region it ventilates is subjected to tidal stresses
determined by local regional ventilation. Thus, lung regions
served by more constricted airways have relatively smaller re-
gional tidal volumes and so exert smaller tidal stresses on their
subtending airways; consequently, these more constricted air-
ways experience relatively little breathing-induced reversal of
bronchoconstriction. Conversely, less severely constricted air-
ways allow greater tidal ventilation of their subtended lung
regions, which in turn exert greater tidal stresses on their feed-
ing airways (28, 29, 34, 62). Because they are less severely con-
stricted and subject to greater tidal stress, these airways
experience more effective reversal of bronchoconstriction. This
heterogeneity of breathing-induced reversal defines a self-
reinforcing positive feedback that acts to amplify heterogeneity
of airway narrowing. Our experimental results support this
possibility. Second, deep breathing is less efficacious in re-
versing bronchoconstriction in individuals with asthma than
in normal individuals (37, 38, 63). If bronchoconstriction of
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Figure 6. Breathing-induced reversal of bronchoconstriction correlates
significantly (Spearman rank correlation. 100-67%: r = 0.8153, P <
0.001; 67-33%: r=0.8453, P < 0.001; 33-0%: r=0.5971, P = 0.002)
with area strain when considered across all levels of bronchoconstriction.

intraparenchymal airways were generally more severe in indi-
viduals with asthma than in normal individuals (6), then perhaps
the greater initial narrowing might be one potential mechanism
that could account for a lesser response of asthmatic lungs to
deep breathing. That is, there might be no innate derangement
of the mechanism by which deep breathing reverses broncho-
constriction in individuals with asthma; rather, the more se-
verely constricted airways of the patient with asthma would
respond essentially normally in the sense that these airways
are constricted more severely, therefore are stiffer, and thus
would distend less (Figure 4B). Studies of airways from individ-
uals with asthma would be needed to test this possibility. In this
regard, Pyrgos and colleagues (64) reported that the ability of
deep inhalations to reverse methacholine-induced bronchocon-
striction in individuals with asthma increased with the distensi-
bility of their airways; however, the latter was assessed in the
absence of bronchoconstriction induced a priori. As such, their
study did not directly address the conceptual framework out-
lined above.

Our results confirm and extend the works of LaPrad and col-
leagues (31, 65) and Noble and colleagues (60), who studied
porcine, bovine, and human fluid-filled airways dissected free
from other lung architecture and used transmural pressure fluc-
tuations to mimic breathing. In each of these studies, a simulated
deep breath increased the diameter of the constricted fluid-filled
airway. Pressure fluctuations meant to simulate quiet tidal
breathing did not reverse bronchoconstriction, but in a more
recent study (31) deep breathing also failed to reverse broncho-
constriction. This difference from our results might be explained
by differences in species, airway size, or the experimental system.

There are other potential applications for our experimental
system. Future studies could address the potential influences
of prolonged bronchoconstriction or prolonged “breathhold”
on breathing-induced reversal of bronchoconstriction. Our sys-
tem could also be used to study the bronchoprotective effect of
deep inspiration observed in people (66). Because the airways
remain within their native architecture, and because fluctuation-
induced relengthening has molecular determinants that differ
from those of isometric force (9, 14-17), it may be a useful
platform for discovering novel pharmacologic agents that po-
tentiate breathing-induced airway dilatation (67). For example,
we have previously shown that latrunculin B (14), dexamethasone

(17), and mitogen-activated protein kinase kinase inhibition (15)
potentiate force fluctuation-induced relengthening of contracted
canine tracheal smooth muscle strips, and unpublished observations
in our laboratory suggest that latrunculin B potentiates breathing-
induced reversal of bronchoconstriction. In addition, the broad
range of lung cell types within thin lung slices might facilitate dis-
covery of potential lung toxicities of agents under study. Finally,
genetic manipulations of human lung slices ex vivo, or lung slices
from genetically engineered mice, might provide further mechanis-
tic insights into the effects of breathing on constricted airways.

It is important to consider the limitations of our study. In our
system, lung slices were submerged and the alveoli fluid filled;
this would have reduced surface tension below that of air-
filled lungs, and the transmission of force from the parenchyma
to the airway adventitia may be somewhat reduced. However,
for each airway we adjusted cylinder depression depths to ac-
complish the desired airway strain in its relaxed state under
the same airless lung condition; as such, any alteration in force
transmission should have been compensated. On occasion, a pul-
monary blood vessel was present in close proximity to the airway
being studied; this anatomical arrangement also occurs in the in-
tact lung, so we analyzed data from these airways together with
all other results. There was variability among airways in the sen-
sitivity and magnitude of their constrictor responses to acetyl-
choline (Figure 3). Because we studied only one airway from
each donor lung, we could not discern the extent to which
this reflects heterogeneity among airways within an individual
versus among individuals. Also, we stretched lung slices iso-
tropically in two directions but not in the third dimension
perpendicular to the plane of the slice. We suspect that adding
axial stretch would have had little effect on our results, be-
cause airway smooth muscle shortening undoubtedly domi-
nated the contraction dynamics we observed, and the helical
angle of muscle fibers within the airways is small. Last, we did
not directly study airways in lung slices from individuals with
asthma.

In summary, we have developed a novel system for stretching
small human airways embedded within their normal lung archi-
tecture. Using this system, we found that simulated breathing re-
versed bronchoconstriction most effectively when the severity of
bronchoconstriction was small and the depth of breathing large,
conditions that together result in the greatest tidal fluctuation
in airway smooth muscle length in response to breathing. Re-
duction in breathing-induced airway wall stretching under cir-
cumstances of excessive airway constriction and/or reduced
regional lung ventilation in asthma may explain why a deep in-
spiration is less effective at reversing bronchoconstriction in the
presence of airways disease.
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