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Abstract
Effective clearance of mucus is a critical innate airway defense mechanism, and under appropriate
conditions, can be stimulated to enhance clearance of inhaled pathogens. It has become increasingly
clear that extracellular nucleotides (ATP and UTP) and nucleosides (adenosine) are important
regulators of mucus clearance in the airways as a result of their ability to stimulate fluid secretion,
mucus hydration, and cilia beat frequency (CBF). One ubiquitous mechanism to stimulate ATP
release is through external mechanical stress. This article addresses the role of physiologically-
relevant mechanical forces in the lung and their effects on regulating mucociliary clearance (MCC).
The effects of mechanical forces on the stimulating ATP release, fluid secretion, CBF, and MCC are
discussed. Also discussed is evidence suggesting that airway hydration and stimulation of MCC by
stress-mediated ATP release may play a role in several therapeutic strategies directed at improving
mucus clearance in patients with obstructive lung diseases, including cystic fibrosis (CF) and chronic
obstructive pulmonary disease (COPD).

1. Introduction
Mucus clearance is a term that refers to a coordinated integration of ion transport, water flow,
mucin secretion, cilia action, and cough, resulting in the continuous flow of fluid and mucus
on airway surfaces. Functionally, mucus clearance is an innate process involved in guarding
the lung against inhaled bacteria, viruses, and other noxious particles. In addition to supporting
mechanical clearance, the mucus lining the airways possess anti-bacterial agents such as
lysozyme and lactoferrin (Boyton et al., 2002), migratory cells such as macrophages, and
signaling molecules such as cytokines, to suppress microbial proliferation during the clearance
process (Knowles et al., 2002). Key to removing all of the trapped debris is the maintenance
is the rate of cilia-mediated mucus clearance, or mucociliary clearance (MCC). While it is well
known that this process is undoubtedly dependent on the rate of ciliary beating (Satir et al.,
1990), it is clear that the rate of clearance is also strongly influenced by the mucus hydration
state, and hence the viscoelastic properties of the mucus (Puchelle et al., 1995; Winters et al.,
1997; Tarran et al., 2001). In general, the more hydrated the mucus, the more efficiently it is
cleared from the lungs.

The airway surface liquid (ASL) layer lining the airway surfaces is crucial for mediating
mucociliary clearance rates (Boucher, 2002). More importantly, the clearance of mucus from
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airway surfaces requires the coordinated interaction of two separate layers that together
comprise the ASL. As shown in Fig. 1, the first layer is the mucus layer which contains mucins
secreted from goblet cells and glands (Rubin, 2002). The mucus layer is designed to bind and
entrap virtually all of the particles deposited on the airway surface during normal breathing.
In this system, the viscoelastic properties of the overlying mucus layer facilitate conversion of
energy from beating cilia into vectorial mucus transport, facilitated by cough during stimulating
irritation. As shown in Fig. 1., the mucus layer represents an unrestrained, tangled gel generated
by the high-molecular-weight secreted, gel-forming, mucins (muc-5ac, muc-5b) that occupy
this region (Thornton et al., 2004). The viscoelastic properties, and hence transportability, of
this layer are determined by both the composition of the mucin macromolecules and,
importantly, by the “hydration” state of this layer (Voynow, 2002; Boucher, 2003). As
discussed below, the hydration state of the airways reflects the balance between the activities
Na+ absorption and Cl− secretion mediated by the epithelial sodium channel (ENaC) and the,
cystic fibrosis transmembrane conductance regulator (CFTR) chloride channel, respectively
(Tarran et al., 2005). While the mucus layer is a viscoelastic gel with the major structural
components being large mucin glycoproteins, normal mucus represents only about 1% mucins,
with the balance being salt (1%), other proteins (1%), and water (97%) (Matsui et al., 2006).

The second layer, underlying the mucus layer, is the periciliary layer (PCL) layer (Fig. 1). This
layer was previously thought (Tarran et al., 2001) to simply be a thin (~7 µm), low-viscosity
aqueous layer that acts as a lubricant layer for cilia beating and the movement of the mucus
layer over the epithelial surface. However, more recent hypotheses have suggested that the
PCL is also a gel layer; in this case, a “grafted polyanionic gel” (reviewed in Randell [2006]).
Here, the cell surface of the human airways contains large membrane-bound glycoproteins as
well as tethered mucins (muc-1, muc-4, and muc-16). Not only does such a structure provide
an efficient lubricating layer for cilia to beat, but also serves as a barrier to restrict access of
particles from accessing the cell surface directly due to the close approximation of these long-
branched carbohydrate molecules (Randell et al., 2006). As with the overlying mucus layer,
the hydration state of the PCL-gel layer reflects the balance of Na+ and Cl− ion transport
activities (Tarran et al., 2005).

The rate of mucus clearance from the airways is dynamic and can, under appropriate conditions,
be stimulated to increase clearance. This has been demonstrated in a number of studies
measuring the basal rates of mucus clearance in healthy subjects, as well as the changes that
occur in disease and in response to inhalation of exogenous toxicants and drugs. For example,
it has been shown that the rate of mucus clearance can be increased by ~3 fold over basal levels
in response to inhalation of exogenous agonists (Wanner et al., 1996). Despite a large body of
pharmacologic data, it has only been recent that studies have been undertaken to understand
how the mucociliary clearance apparatus is endogenously regulated at the microscopic level,
i.e., how the hydration status of the airways, ciliary beat frequency (CBF), and mucin secretion
rates are coordinated to effect efficient clearance under both basal and stimulated conditions.
In part, based on studies designed to explore the pathogenesis of obstructive lung diseases,
such as chronic obstructive pulmonary disease (COPD) and cystic fibrosis (CF), much attention
has focused on understanding how these mechanisms that provide "innate" airways defense
and how they are modulated in airways diseases characterized by chronic bacterial infection.

Key to this work are the findings from a number of studies that which demonstrate that
endogenous factor are responsible for accelerating mucus clearance in reaction to airway
stresses exposure as part of a "lung defense" response. As will be discussed throughout this
review, a fundamental finding of this work was that the release of endogenous 5' nucleotide
triphosphates, such as ATP, along with its metabolite adenosine, interact with airway epithelial
purinergic receptors, to serve as major autocrine regulators of mucus clearance rates, and hence
innate airways defense under basal, as well as, in response to inhaled toxins/irritants. It has
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also become apparent that the oscillatory motion generated during breathing is an important
aspect of airway as well as lung physiology. While it has long been known that normal tidal
breathing interspersed with sighing is important for maintaining alveolar integrity (Dietl et al.,
2001), recent studies provide a mechanism that links the oscillatory motion of pulmonary
ventilation to mucus clearance (Tarran 2005; Button, 2007), together suggesting that the
mechanical stresses generated by tidal breathing are necessary for maintaining proper airways
health.

2. Airway ion transport and ASL regulation
Airway epithelia have low transepithelial electrical resistances (Boucher, 1994) and are highly
water permeable (Farinas et al., 1997; Matsui et al., 2000; Crews et al., 2001). These features
suggest that large, osmotic gradients cannot be maintained across airway epithelia. This
property initially appears disadvantageous during vectoral ion/water transport since extra
energy is expended to move ions/water against a continual backflux. However, leaky epithelia,
such as the airways, are capable of both absorbing fluid (by regulating ENaC-mediated Na+

absorption) (Spring, 1999) and secreting fluid (by regulating CaCC- and CFTR-mediated
Cl− secretion) (Boucher, 1994). As discussed below, this capability allows the airway epithelia
to finely tune the hydration state of the ASL (Tarran et al., 2001) to effect efficient mucus
clearance (Kilburn, 1968).

Since it has been shown that the NaCl concentration within the ASL is principally isotonic
with plasma (Knowles et al., 1997), one should consider the mass of NaCl in the ASL rather
than its concentration as being the determining factor of fluid volume and composition. For
example, if more salt is secreted into the ASL by the epithelium, water will follow passively
and the ASL volume will rapidly increase to maintain isotonicity. Conversely, if NaCl is
absorbed, water also follows passively (in the opposite direction) resulting in a decrease in the
hydration of the surface of the airways. Such a result predicts that the mass of NaCl within the
ASL determines the hydration state of the airway surface. Data support the hypothesis that this
property permits the airway epithelia to optimize ASL hydration state by modifying the
activities of apical ion channels to continuously switch between secretory and absorptive
phenotypes (Tarran et al., 2001; Tarran et al., 2005).

3. Nucleotides and ion transport
Despite the importance of understanding the regulation of ASL hydration on lung health, key
aspects of its physiology remain unexplored. While much is known about the processes that
mediate transepithelial ion transport, including ion channels, pumps, and co-transporters,
significantly less is known about the “signals” that coordinate the activity of this complex
system to reciprocally modulate both Na+ absorption and Cl− secretion, to provide the proper
balance of the ASL hydration. Airway epithelia appear to be disconnected from effects of
systemic hormones that regulate ion transport rates in other epithelia. For example, airway
epithelia are resistant to the actions of mineralocorticoid and steroid hormones and vasopressin
that regulate Na+ transport in other epithelia (Grubb et al., 1998). Rather, evidence supports
the notion that airway epithelia largely respond to local signals generated on airway
extracellular surfaces to maintain ASL hydration state sufficient for basal mucus clearance, as
well as, report the stresses on airway surfaces that require an adjustment of ASL volume and
mucus clearance (Tarran et al., 2006).

It has become increasingly clear that ATP is involved in many important extracellular functions
in addition to its well-established role in cell metabolism (Schwiebert et al., 2003). For
example, there is a growing body of evidence for extracellular ATP regulation of phenomena
as diverse as vascular tone (Yamamoto et al., 2006), cardiac function (Pelleg et al., 1996), renal
epithelial transport (Komlosi et al., 2005), and fast synaptic transmission in the central nervous
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system (North et al., 2006). One dominating theme for extracellular nucleotides is that they
have been shown to be important regulators of ion transport in epithelial tissues as a result of
their ability to activate cell surface receptors. In particular, a number of studies have suggested
that extracellular purine/pyrimidine nucleotides and nucleosides are luminally active regulators
of airway epithelial ion transport, and thus, regulation of ASL hydration state and mucus
clearance rates. First, it has been shown that exogenous application of ATP, UTP, and/or
adenosine (ADO) produces coordinate regulatory effects on airway epithelia ion transport,
including the inhibition of Na+ absorption (Devor et al., 1999; Devor et al., 2000; Mall et al.,
2000) and activation of Cl− secretion (Mason et al., 1991; Clarke et al., 1992). Second, In
vivo studies have demonstrated the stimulatory effects of nucleotides/nucleosides, including
the effects of topical UTP (Knowles et al., 1991) and ADO on nasal bioelectrics as assessed
by voltrometry (Clancy et al., 1999; Hentchel-Franks et al., 2004). Further, inhaled UTP has
been shown to stimulate both mucus clearance rates, as assessed by particle clearance (Bennett
et al., 1996; Kellerman, 2002a), and sputum production rates (Kellerman et al., 2002b).

The mechanisms of action of these agents are diverse, but systematic work by many
investigators has elucidated many of these pathways in the lung, summarized in Fig. 2. In the
lungs, G-protein coupled receptors that sense nucleotides on the apical membrane of superficial
airway epithelial cells have been identified and include P2Y2 (stimulated by ATP and UTP)
and P2Y6 (stimulated by UDP) (Lazarowski et al., 2001). The observation that P2Y2 receptor
activation not only initiates Cl− secretion (Lazarowski et al., 2003), but also reciprocally
inhibits Na+ absorption (Devor et al., 1999;Mall et al., 2000), led to the hypothesis that the
capacity of these molecules to finely tune ASL hydration state, and thus, mucus clearance.

Activation of these receptors by ATP, UTP, or the hydrolysis-resistant analogue ATP-γS,
results in the activation of a heterotrimeric G protein (Gq)that activates the production of the
IP3 via phospholipase C. Activation of IP3 receptors in the endoplasmic reticulum (ER) results
in the subsequent intracellular calcium (Ca2+

i) mobilization. As a result, this increase in
[Ca2+

i] results in the stimulation of Cl− secretion by the activation of the alternate Ca2+-
activated Cl− channel (CaCC) which is present in the apical membrane of human airway
epithelia (Paradiso et al., 2001). Furthermore, activation of P2Y2 receptors by ATP can also
result in the initiation of Cl− secretion via activation of CFTR by a PKC-dependent mechanism
(Chang et al., 1993; Jia et al., 1997). In contrast, ENaC has been shown to be inactivated by
purines (Devor et al., 1999), likely via depletion of PIP2, rather than by direct actions of IP3/
Ca2+ (Yue et al., 2002; Kunzelmann et al., 2005). The net effect of these processes is the
stimulation of fluid secretion in the airways, hydrating both the PCL and the overlying mucus
layer, facilitating its clearance. It should be pointed out, as discussed below, that the increase
in Ca2+

i by activation of P2Y2 receptors can modulate the activity of other cellular processes
in addition to changes in ion transport, including activation of mucin secretion (Lethem et al.,
1993) and increasing the rate of ciliary beating (Yoshitsugu et al., 1993; Winters et al., 2007).
Importantly, studies have demonstrated that the net result of this activation by exogenous
luminal ATP is an increased mucus clearance rates (Bennett et al., 2001).

In addition to ATP, ADO has been shown to be a potent regulator of ASL hydration status.
Studies have shown that addition of exogenous ADO to the lumens of human airway epithelia
produces large effects on ion transport (Lazarowski et al., 1992). In the airway lumen, ADO
is formed as a metabolite of the released ATP by specific extracellular enzymes. The
predominate adenosine receptor in the apical membrane of the superficial airway epithelial cell
is the A2b purinoceptor (Lazarowski et al., 1992; Clancy et al., 1999). Like ATP, this receptor
activates a heterotrimeric G protein (Gs) that activates the production of intercellular cAMP
via adenylate cyclase. In airway epithelia, ADO-mediated activation of the A2b purinoceptor
produces coordinate regulatory effects on ion transport, including the inhibition of Na+

absorption by inhibiting ENaC (Stutts et al., 1995; Devor et al., 2000) and activation of Cl−
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secretion via activation of CFTR (Mason et al., 1991; Clarke et al., 1992), required for ASL
volume homeostasis. The role of ADO in regulating ASL hydration is emphasized by studies
which showed that removal of extracellular ADO, or inhibition of the A2b purinoceptor,
resulted in a failure of the airway epithelia to regulate ASL height to levels sufficient for cilia
beating, resulting in cessation of mucus clearance in human airway epithelial cultures
(Lazarowski et al., 2004; Tarran et al., 2005).

The importance of nucleotides and nucleosides in the ASL is underscored the tight regulation
of their concentrations via the action of a series of ecto-nucleotidases and transporters on the
cell surface. Once ATP is released on epithelial surfaces, it is rapidly metabolized by a complex
extracellular (ecto) enzyme system that can dephosphorylate and transphosphorylate purine
and pyrimidine molecules (Picher et al., 2000; Picher et al., 2003; Davis et al., 2006). Members
of several ectonucleotidase families have been identified on the surface of human airway
epithelia by RNAse protection assays. These include nucleoside triphosphate
diphosphohydrolases [NTPDases], nucleotide pyrophosphatases/phosphodiesterases [NPPs],
non-specific alkaline phosphatase [AP], ecto adenylate kinase [ecto AK] (Picher et al., 2003),
and nucleoside diphosphate kinase [NDPK] (Lazarowski et al., 1997). Based on their substrate
affinities, the likely candidates for the regulation of ASL ATP levels are NTPDase1, NPPs,
and ecto AK (Picher et al., 2000). Adenosine in the ASL is produced from AMP by ecto 5’-
nucleotidase and alkaline phosphatase (Picher et al., 2000), and converted to inosine by.
Finally, adenosine is converted to inosine by adenosine deaminase (ADA) and both are
scavenged from the airway surface by concentrative nucleoside transporters [CNTs] (Hirsh et
al., 2007). Both the basal extracellular nucleotide/nucleoside concentrations and importantly,
the magnitude of the response of the epithelium to stimulated release of nucleotides, will
depend on the enzymes that regulate ATP levels under these conditions. The net activities of
these three processes, i.e., ATP release, metabolism, and uptake, all co-linear processes and
interrelated, determine the net nucleotide and nucleoside “mass” on airway surfaces.

A simplified schema describing the elements that participate in acute and chronic ASL volume
regulation is shown in Fig. 2. A general feature of the system is its complexity, with multiple
redundant and interacting pathways. These pathways include: 1) ATP/UTP release pathways,
as discussed later in this review, are so poorly defined mechanistically that it is depict as a
simple arrow; 2) multiple enzymes on the extracellular surface that dephosphorylate,
transphosphorylate, rephosphorylate, and ultimately recycle the released nucleotides; 3) at least
three apical membrane purinoceptors that detect nucleotides and nucleosides in ASL, including
P2Y2 and P2Y6 receptors, that sense ATP/UTP and UDP, respectively, and couple through
Gq-PLCβ and the A2b receptor that senses adenosine and couples through Gs-adenylate cyclase;
and 4) the apical membrane ion channels, including CFTR, ENaC, and CaCC, which regulate
the ASL hydration state of the airways.

4. Stress-stimulated ATP release
As discussed throughout this issue, the lung is a unique organ in that it is subjected to complex
physical forces during breathing, coughing and vascular perfusion, which all likely contribute
to the regulation of lung function (Schumacker, 2002). Of import to this review, the cells lining
the airway surfaces are subjected to oscillatory stresses during tidal respiration. It has long
been appreciated that oscillatory motion of the lungs represents a key feature of pulmonary
health, as demonstrated by the observation that normal breathing, coupled with intermittent
large volume breaths (sighs), is important for maintaining alveolar health and patency (Dietl
et al., 2001). Studies also suggest that this oscillatory motion is important in lung development
(Moessinger et al., 1990; Liu et al., 1999), as evidenced by breathing movements observed as
early as 10 weeks gestation in the human fetus (Kitterman, 1996). However, in extreme
conditions, such as positive pressure mechanical ventilation or during severe
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bronchoconstriction, cells in the lung are compressed and/or stretched to supranormal values,
leading to pathological outcomes (Bramley et al., 1994; Tschumperlin et al., 2000).

By virtue of their interfacial position in the lungs, the epithelial cells lining the airway are
ideally situated to act as sensors and modulators of breathing-dependent changes in mechanical
stress (such as airflow, stretching, and pressure). Despite clear evidence that nucleotides are
important regulators of airway surface hydration and ultimately MCC rates, information
regarding the tonic release of such nucleotides in airway cells has been elusive. The role of
mechanical forces in pulmonary health raises the possibility of relationships between the forces
generated by tidal breathing, ASL hydration, and the rates of mucociliary clearance. As a
mechanism to link these functions, emerging evidence suggests that the mass of nucleotides
and nucleosides on airway surfaces is regulated by the rate of ATP release, triggered by
breathing-induced mechanical stress. Consistent with this thesis are previous studies which
have reported that ATP is released from human airway epithelia subjected to physical forces.
This includes forces generated by mechanical deformation (Kallok et al., 1983; Grygorczyk et
al., 1997; Homolya et al., 2000; Knight et al., 2002), fluid shear stress (Grierson et al., 1995;
Guyot et al., 2002; Lazarowski et al., 2004; Tarran et al., 2005), compression/stretch (Basser
et al., 1989; Button et al., 2007), osmotic shock (Mitchell et al., 1998; Okada et al., 2006), or
by simply changing of the media of cultured cells (Lazarowski et al., 2000).

Two key forces on the airway epithelial surfaces relevant to tidal breathing are airflow-induced
shear stress and transepithelial pressure gradients. During normal breathing, airflow across the
surface of the airway epithelium produces a wall shear stress. This physical stress occurs during
inspiration and, in the opposite direction, during expiration. Interestingly, it has been shown
that airway wall shear stress varies little with airway generation in the lung (Fredberg et al.,
1978; Tarran et al., 2005), on the order of 0.45 dynes·cm2. This constancy occurs because as
linear airflow velocities decrease dramatically in the deeper lung, airway diameters also
decrease proportionately. Thus, the shear rate, which is roughly the velocity divided by the
diameter, varies little and wall shear stress is nearly conserved across all diameters of airway.
However, in the nasal cavity, wall shear stresses during normal breathing have been estimated
to reach as high as 3 dynes·cm2, a value that is on the order of the wall shear stress exerted on
the endothelia cells of large arteries (Elad et al., 2006).

Another mechanical stress that is exerted on the airway epithelia during normal respiration are
the trans-airway pressure gradients. During each cycle of breathing, the pressure gradient
fluctuates below and above atmospheric pressure. Commonly, during expiration a transmural
pressure gradient of ~8.5 cmH2O is generated (Levitzky, 1991). During forced expiration, such
as during exercise, transmural pressure gradients generated within the airways can approach
~20 cmH2O in the proximal airways. As discussed below, these forces are also generated during
pathological conditions, such as the pressures generated on the airways generated by
bronchoconstriction associated with asthma (Ressler et al., 2000).

Mechanical stresses on airways are even more extreme during cough (Leith, 1985). In the
initial, “compression phase” of a cough, the combination of closure of the glottis with the rapid
onset expiratory muscle activity produces very rapid changes (600–1600 cmH2O·s−1) in
subglottic transpulmonary pressures, reaching sustained pressures as high as 200 cmH2O.
During the expiration phase of coughing, this pressure abruptly falls, producing peak air flow
rates of greater than 500 l·min−1 (Leith, 1985). Theoretical modeling of cough suggests that
the level of wall surface shear stress under these conditions can reach as high as 1700
dynes·cm−2 (Basser et al., 1989).
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5. Mechanical stress mechanotransduction and ATP release
While it is known that external mechanical stress represents a ubiquitous mechanism to
stimulate ATP release, the underlying sensors and response mechanisms whereby mechanical
shear stresses are recognized and transduced into cellular effects by airway epithelia remain
poorly understood. However, force transduction in endothelia has been extensively studied,
and it is possible to speculate about the nature of shear stress sensing in airways based on this
research. For example, it is widely known that endothelial cells align their cytoskeletons in
response to fluid shear stress (Chrzanowska-Wodnicka et al., 1992; Galbraith et al., 1998).
These studies have shown that in vivo, the morphology of endothelial cells are randomly
oriented in areas of low shear stress, but are elongated and aligned in the direction of blood
flow in regions exposed to high levels of shear stress. The response to shear by cytoskeletal
organization has been linked with the activation of several intracellular GTPases, such as Rho
A, which activities are transduced into downstream cell signaling pathways (Dudek et al.,
2001). A change in the activity of another GTPase, Rac-1, also occurs during shear stress
resulting in the alteration of the expression of a number of key signal transduction proteins
including NFkappaB (Tzima et al., 2002).

A number of ion channels have also been to shown to be mechanosensitive, including a class
of stretch activated channels which are ubiquitously expressed in most cells (Hamill, 2006).
Although little is known about these channels, it has been proposed that these channels are
directly coupled to the cytoskeleton, where physical forces are transmitted to these channels
resulting in an increase in channel open probability and cation influx (reviewed in Sackin
[1995]) leading to activation of downstream signaling pathways. Recently, several types of
Transient receptor potential (TRP) channels from multiple subfamilies have been suggested to
act as mechanosensitive Ca2+ channels in a wide variety of cell types and organisms (Clapham,
2003). The epithelial sodium channel (ENaC) has also been suggested to be shear-sensitive in
renal epithelia (Benos, 2004). However, it should be noted that these reports demonstrate that
ENaC is commonly activated by shear stress, which is the opposite of the effects of shear stress
on ENaC-activation reported in airway epithelia (Tarran et al., 2005). While the mechanism
of mechanosensitivity of all of these channels are not known, and likely vary between different
channels, it is likely that they include changes in the tension changes in the actin cytoskeleton,
changes in the curvature of the lipid bilayer surrounding the ion channel, or signaling events
such as protein phosphorylation/ dephosphorylation and lipid metabolism.

Finally, primary cilia have been also shown to act as flow sensors in renal epithelia where direct
mechanical force applied to these cilia results in Ca2+ influx (Praetorius et al., 2001; Praetorius
et al., 2003). However, while it cannot exclude the possibility that primary cilia may transduce
shear stress in the airways, any primary cilia in airway epithelia likely involve well-
differentiated, ciliated, cells and would be surrounded by continuously beating motile cilia,
which could likely obfuscate the shear signals generated during tidal breathing. Similarly, it
has been demonstrated that endothelial cells from rats require an intact glycocalyx for stress-
mediated cytoskeletal reorganization (Thi et al., 2004). However, the glycocalyx in airway
epithelia is complex, with components on both the cell surface and the cilia, which would,
again, make transmission of the shear signal complex in the well-ciliated airway epithelia.

Little is also known about the mechanisms and pathways involved in release of nucleotides
under both basal and stimulated conditions. Two broad models for epithelial ATP release have
been proposed. In one model, intracellular ATP is released by ATP-permeable channels
(Braunstein et al., 2001; Schwiebert, 2001; Okada et al., 2004), as suggested by both patch-
clamp (Strange et al., 1996) and atomic-force microscopy (Schneider et al., 1999) studies. As
the cytoplasm contains millimolar concentrations of ATP, this is a realistic possibility. For
epithelia and other cells subjected to mechanical stress, it was also proposed that other members
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of the ATP-binding cassette protein family could transport ATP directly (reviewed in
Schwiebert [1999]). However, whether one of these family members, CFTR, contributes to
ATP release remains controversial. It has been suggested that CFTR can either conduct ATP
directly (Reisin et al., 1994; Schwiebert et al., 1995; Pasyk et al., 1997) or facilitate its release
by regulating a separate ATP release pathway (Sugita et al., 1998; Braunstein et al., 2001).
However, other studies (Reddy et al., 1996; Grygorczyk et al., 1997; Watt et al., 1998),
including our own (Button et al., 2007), have failed to find a link between CFTR and ATP
release.

The second model for ATP release involves rapid exocytosis of ATP-containing vesicles. Such
a pathway is analogous to the exocytic pathways seen in endothelial and chromaffin cells
(Bankston et al., 1996). Evidence for this mode of ATP release has recently been provided in
endothelia (Bodin et al., 2001), biliary epithelia (Gatof et al., 2004) and bladder epithelia
(Knight et al., 2002). In these cases, ATP release was prevented by monensin, an inhibitor of
post-golgi vesicular formation, and by brefeldin A, which inhibits transport from the
endoplasmic reticulum to the Golgi apparatus. Boudreault and Grygorczyk (2004) reported
that lowering the temperature of A549 lung epithelial cells to 10°C nearly abolished cell
swelling-induced ATP release. Finally, it has been recently reported that ATP release in Calu-3
cells, an airway epithelial cell line, is via an exocytotic pathway (Kreda et al., 2007).
Interestingly, they demonstrated that in these cells, which poses goblet cell-like mucin
granules, stimulation of ATP release, by increasing intracellular calcium with ionomycin, was
directly coordinated with mucin secretion, suggesting that ATP and mucus can be exocytosed
from the same vesicle. Such coordinated co-release of ATP and mucins imply that mucin-
secreting cells, such as airway goblet cells, can generate the signals to initiate fluid secretion,
and thus mucin hydration. This observation provides a mechanism for effective mucin
dispersion, i.e. well hydrated mucins, in the ASL upon appropriate stimulation.

6. Techniques to produce oscillatory mechanical stress in airway epithelia
While it has been shown that ATP release represents a common response to a wide array
physical stimulation, a key issue has been to measure the effect of stresses in the
physiologically-relevant range, generated by stresses similar to those exerted on airway
epithelial cells during normal breathing. To this end, our laboratory has designed two
approaches to deliver mechanical stress to airway epithelial surfaces in a quantitative/
controllable manner, mimicking forces exerted on the airway epithelia during normal breathing
and test their effect on key regulators of mucus clearance, including ATP release, ASL
hydration state, and cilia beat frequency. In the first approach, a system has been developed to
subject human airway epithelial cultures to oscillatory rotational shear stress mimicking the
inhale and exhale airflow-induced shear stress observed in vivo. This device, shown in Fig.
3A, accelerates/decelerates human airway epithelial cultures inside a highly humidified
incubator to generate “thin-film” liquid flow over airway epithelial surfaces whilst avoiding
airflow-induced dehydration of the ASL (Tarran et al., 2005). The change in relative velocities
of ASL and the underlying epithelium caused by this oscillatory motion generates a shear stress
over the apical surface with profiles similar to airflow-induced shear stress generated during
tidal breathing (Tarran et al., 2005;Elad et al., 2006;Even-Tzur et al., 2006). The acceleration
rate is controlled so that the magnitude of shear stress at the epithelial surface can be varied
over a wide range of shear stress (0.01 to 10 dynes·cm−2) at 28 cycles per minute (CPM), a
rate approximating the combined number of both inhalations and exhalations in one minute.

In a second approach, our laboratory has developed a device to deliver cyclic compressive
stress (CCS) mimicking the oscillatory transmural airway pressures of tidal breathing
(Levitzky, 1991), by cyclically applying apical-to-basolateral transepithelial pressure gradients
(Button et al., 2007). This system, Fig. 3B, is capable of delivering compressive stress to
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cultures over a wide range of pressure (0 to 100 cmH2O) over a range of frequencies and duty
cycles (Button et al., 2007). In this system, a novel, computer-controlled device, is used to
impart oscillatory positive transepithelial pressures at frequencies consistent with normal tidal
breathing, to well-differentiated human airway epithelial cultures. While this system does not
recapitulate the substantial elongation/stretching of the epithelium manifested in vivo during
tidal breathing, the cell compression utilized in this system does expose cells to transepithelial
pressure gradients generated during tidal breathing in vivo. In the experiments described below,
cyclic compressive stress was administered by subjecting cultures to a 3-second cycle
composed of 2 sec at atmospheric pressure (0 cmH2O transepithelial) and 1 sec at a given
positive pressure, at a frequency of 20 cycles CPM.

7. Human airway cultures under “thin-film” conditions
The culture of primary airway epithelial cells at air liquid interface on porous culture substrates
has become the gold-standard technique for study human and animal airway epithelia. These
cultures recapitulate the mixed mucus-secretory and ciliated surface phenotype expressed in
vivo (Matsui et al., 1998), and has been extraordinarily useful in elucidating many links between
ion transport regulation and ASL volume homeostasis (Matsui et al., 1998; Tarran et al.,
2001; Button et al., 2007). The advantage of this system is that it utilizes well-differentiated
human bronchial epithelial cultures maintained under air-liquid interface conditions.
Specifically, these culture produces the two-phase mucus transport system on its surface, and,
via the coordinated beating of cilia, maintains rotational mucus transport within cell culture
dishes that approximates rates observed in vivo (Matsui et al., 1998). The PCL and mucus
layers can be labeled so that measurements of ASL hydration state and mucus transport rates
can be made with confocal microscopy and epifluorescence microscopy, respectively (Matsui
et al., 1998).

The established body of literature regarding airway ion transport is largely based on
experiments performed with large volumes of Ringer/saline bathing epithelial mucosal
surfaces. Under these conditions, endogenously-produced ASL and its constituents (such as
ATP) are grossly diluted and may even be washed away entirely. Thus, signaling molecules
that are secreted into the ASL are lost, which will alter epithelial ion transport rates (Tarran et
al., 2006). Therefore, a culture system that allows the epithelium to generate and maintain an
endogenous “thin film” of ASL on airway surfaces has been instrumental in studying the effect
of oscillatory stress on ATP, ASL hydration, and mucociliary clearance homeostasis.

8. Regulation of ASL volume and mucus clearance by stress-mediated ATP
release

The effect of physiologically relevant levels of mechanical stress on stimulating ATP release
by human airway epithelial cell cultures has been investigated during both oscillatory shear
(Tarran et al., 2005) and compressive stress (Button et al., 2007). In these studies, well-
differentiated human airway epithelial cultures under physiological air-liquid interface
conditions, were subjected to a range of oscillatory shear and compressive stresses for 30 min
prior to quantitation of apical [ATP], using a luciferin–luciferase bioluminescence based
approach (Lazarowski et al., 2004). The data summarizing this work is shown in Fig. 4. These
studies showed that ATP release from human airway epithelial cells was highly sensitive to
small changes in both oscillatory shear stress (Fig. 4A) and compressive stress (Fig. 4B). The
unexpected finding was that ATP release in both these maneuvers was most sensitive in the
relevant physiological range of stress amplitudes (up to 0.5 dynes·cm2 for shear stress and 8.5
cmH2O for compressive stress). At higher amplitudes, the change in [ATP]/Δ unit stress was
less steep, suggesting that ATP release is “tuned” for maximal ATP release over the
physiological range of mechanical stresses.
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In these experiments, the “mass” of nucleotides and nucleosides on airway surfaces is directly
proportional to distribution of released nucleotide species, metabolism, and uptake. Despite
the rapid metabolism of ATP by ecto-enzymes, sufficient ATP is released to increase ASL
ATP concentrations under both shear and compressive stress, reaching levels that are predicted
to be sufficient to induce Cl− secretion via P2Y2 receptor-mediated ion channel activation
(Tarran et al., 2005). It should be noted that because intracellular ATP levels are on the order
of several millimolar, sufficient ATP is present to allow for constant release during oscillatory
stress without drastically changing intracellular ATP levels, as extracellular ATP is activating
purinoceptors at ~1000-fold less in concentration.

To investigate the effect of stress-mediated ATP release on activation of apical purinoceptors
and ion transport mechanisms, the effect of oscillatory stress on ASL volume homeostasis was
assessed. In these studies, the ASL volume, i.e. the amount of fluid on the surface of the
epithelium, was measured in human airway epithelial cultures using XZ confocal microscopy
with a cell-impermeant fluorescent probe (Texas Red-dextran, 10k MW) as a marker of the
ASL fluid (Matsui et al., 1998). Figs. 5a&b summarizes the results of experiments performed
in normal human airway epithelial cultures to assess the regulation of ASL height under control
and oscillatory compressive stress (CCS) conditions. Typically, these experiments are initiated
by adding a small volume of “excess” fluid, containing Texas Red-dextran, to the airway
surface (Fig. 5A) and evaluating how the epithelium regulates ASL volume over time in
response to this challenge (Fig. 5B). In airway epithelium under control conditions, the added
liquid is absorbed until a steady state height of 7 µm is achieved. Under these experimental
conditions, this 7-µm layer represents the fully hydrated PCL environment in which cilia are
able to fully extend and beat (Matsui, 1998).

ATP and adenosine measurements in ASL, under static conditions, revealed ATP levels below
those expected to activate P2Y2 receptors (< 1 nM), whereas adenosine was in the concentration
range expected to activate A2b receptors (~ 200 nM), sufficient to activate CFTR (Tarran et
al., 2005). This was verified (Tarran et al., 2005) in experiments where addition of exogenous
adenosine deaminase, which metabolically removes adenosine (Zimmermann, 2000), or 8-SPT
to inhibit A2b purinoceptors, resulted in unrestrained Na+ absorption and ASL collapse.
Together, these results suggest that under static conditions, ATP released onto the airway
surface, estimated at a rate ~300–400 fmoles/cm2/min (Lazarowski et al., 2000; Button et al.,
2007), is predominantly converted enzymatically into adenosine, which stimulates the A2b
receptor, in turn activating CFTR, which serves as both a Cl− secretory channel and an inhibitor
of ENaC under steady-state conditions. However, the addition of excess fluid to the surface of
the epithelium dilutes the basally released ATP and metabolically-produced ADO. Here,
A2b is inactivated, resulting in the inactivation of CFTR and activation of ENaC, resulting in
absorption of the excess fluid. As the ASL reaches ~7 µm, ATP/ADO levels reach levels that
will terminate the absorption of fluid. The net effect of this system is to balance absorption and
secretion to maintain an adequate volume of liquid for efficient mucus transport on the airway
surface.

In studies of human airway epithelial cultures under oscillatory compressive stress, steady state
ASL height in response to addition of the excess fluid was significantly increased (to ~15 µm)
compared to control cultures (~7 µm) (Fig. 5B). The relative importance of ATP and adenosine
signaling to the alteration of ASL volume under oscillatory stress conditions was revealed by
the inhibition of this increase in ASL volume in response to pre-treating cultures with enzymes
that cleave ATP (apyrase) and ADO (adenosine deaminase) (Button et al., 2007). It has also
been shown that under oscillatory motion conditions, 8-SPT, an inhibitor of A2b purinoceptors
(Hirsh et al., 2007), significantly reduces ASL height, suggesting that ADO is the most
important regulator of ASL homeostasis via A2b-mediated activation of CFTR activity, and
thus ASL hydration (Tarran et al., 2005). However, these studies also showed that addition of
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apyrase, to prevent ATP accumulation, in the presence of 8-SPT further reduced ASL height,
suggesting that CaCC-mediated fluid secretion was also active under oscillatory stress. In
keeping with this schema, they showed that addition of the specific CFTR antagonist
CFTRinh-172 (Thiagarajah et al., 2004) greatly reduced ASL height, with the remainder of
ASL height being inhibited by DIDS, to inhibit CaCC. Nevertheless, mechanistically, the
change in ASL height with increased mechanical stress reflects the increased concentration of
both ATP and ADO in the ASL, which, via P2Y2 and A2b receptor-dependent mechanisms,
inhibited Na+ absorption, and activated CFTR- and CaCC-mediated Cl− secretion.

A key finding of these studies was that oscillatory mechanical stress rebalanced ASL volume
at higher plateaus in human epithelial cultures, compared to static controls. Measurement of
ASL volume homeostasis revealed that the initial absorption rate of the added liquid was
reduced during oscillatory stress and was followed by a plateau level that was significantly
higher than controls. This finding emphasizes that there is no fixed set point for ASL volume,
rather that the final ASL volume in the presence of a fixed rate of ATP release/metabolism/
uptake will vary with ion channel density, e.g., CFTR and ENaC, and purinoceptor density. It
is further speculated that this capacity allows for normal airway epithelium to respond to airway
stresses with differing levels of ASL hydration state. It is worth noting, however, that these
experiments were performed in the absence of mucus. In vivo, we speculate that ASL in excess
of the ~7 µm would be transferred to the overlaying mucus layer, resulting in the increased
hydration state of the mucus and accelerated clearance.

A key component of mucociliary clearance is the coordinated activity of cilia beating within
the well-hydrated PCL-gel layer. As discussed in detail in the section by Dr. William Davis,
there are a number of intracellular signaling mediators that regulate cilia beat frequency (CBF).
These include: cAMP, cGMP, nitric oxide, and Ca2+ mobilization (Satir et al., 1990; Salathe
et al., 2000). In addition, extracellular ATP has been shown to be the most potent Ca2+-
dependent stimulators of cilia activity (Evans et al., 1999; Lansley et al., 1999; Zhang et al.,
2003). In additional to chemical stimulation of CBF, cilia beating has also been shown to be
stimulated during physical mechanical perturbations (Lansley et al., 1999). Physiologically-
relevant oscillatory compressive stress was investigated to test whether oscillatory compressive
stress-mediated ATP release results in the stimulation of the rate of cilia beating in human
airway epithelia cultures (Button et al., 2007). Measurements of ciliary beat in normal cultures
by high-speed phase-contrast video microscopy indicated that oscillatory stress significantly
increased CBF by ~50%, compared to static control cultures (Button et al., 2007). The agonist
mediating oscillatory stress-induced increases in CBF could be ATP itself or its metabolic
product adenosine, which has also been shown to increase CBF on human airway epithelia
through A2b receptors (Morse et al., 2001) by a cAMP-independent signaling pathway (Zhang
et al., 2003). Pre-treatment of human airway epithelial cultures with apyrase, to degrade
released ATP completely inhibited the oscillatory compressive stress-induced stimulation of
cilia beating activity (Button et al., 2007), suggesting that ATP-mediated purinoceptor
activation represents the predominant mechanism stimulating CBF on mechanically-
stimulated airway epithelia.

As noted above, the rate of mucus clearance in the airways directly depends on both the beat
frequency of the cilia and the hydration status of the PCL and overlying mucus layer, via
alterations in viscoelasticity. Because results of experiments imposing mechanical stress on
human airway epithelial cells demonstrated that oscillatory stress stimulated net fluid secretion
and cilia beat frequency, the impact of these mechanical stresses on mucociliary transport
(MCT) rates were also assessed (Button et al., 2007). As described above, the human airway
epithelial cultures utilized by our laboratory display rotational displacement of mucus, as
evidenced by the coordinated movement of fluorescent microspheres in the ASL (Matsui et
al., 1998; Button et al., 2007). In fact, normal cultures can maintain this transport for many
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days, making them useful for long-term study of mucociliary transport processes. In these
studies, MCT rate was measured after 1h of continuous oscillatory compressive stress. In
cultures undergoing oscillatory stress (Fig. 5C), the angular velocity of fluorescent
microspheres, as a measure of their MCT rates, doubled (from 32.4 ± 1.1 to 65.4 ± 8.3
µm·sec−1) compared to control (atmospheric) conditions. Together, these results demonstrate
that physiologically-relevant oscillatory stress can stimulate mucus clearance rates via an
extracellular ATP-dependant process, and provide a mechanism for the airway epithelium to
stimulate clearance of mucus by increasing the rate of ATP release, CBF, and MCC.

9. Differential effects of oscillatory versus non-oscillatory stress
In addition to oscillatory forces associated with tidal breathing, airway epithelia can be
subjected to continuous, non-oscillatory, transmural pressures (Tschumperlin et al., 2006). One
example is seen in the folding of the epithelial lining of the airway wall is a well-recognized
process (Lambert et al., 1994) where bending of the epithelium and its substrate can give rise
to long-term local shear deformations and pressure gradients (Wiggs et al., 1997). For example,
during an asthmatic exacerbation, constriction of smooth muscles in the airway wall causes
the overlying airway epithelium to fold into crevasses, producing continuous, non-oscillatory,
positive transepithelial pressure on the superficial airway epithelia (Gunst et al., 1988; Ressler
et al., 2000). More importantly, the magnitude of the resulting positive pressure exerted on
airway epithelia estimated to be on the order of ~30 cmH2O (Ressler et al., 2000), which is
significantly higher than pressure exerted during normal tidal breathing (~8.5 cmH2O)
(Levitzky, 1991). Studies have demonstrated that such forces can result in physiological
changes to the airway epithelia, including magnitude dependent changes in gene expression
and signaling through ERK phosphorylation in both primary human bronchial epithelial cells
and rat tracheal epithelia cells (Ressler et al., 2000; Tschumperlin et al., 2002).

Experiments were performed to determine whether the non-oscillatory mechanical stress is
capable of stimulation of nucleotide release. In these experiments, human airway epithelial
cultures were subjected to a non-oscillatory, or static compressive stress (SCS), produced by
applying a constant pressure of 20 cmH2O (Fig. 6A), mimicking the constant stress and
pressure, experienced during bronchoconstriction. Steady-state apical ATP release rates were
determined after subjecting human airway epithelial cultures to control (atmospheric pressure),
CCS, or SCS for 30 min. It was observed that compared to oscillatory stress, the ATP release
rates in cultures under non-oscillatory stress was not significantly elevated compared to
cultures maintained at atmospheric pressures (Fig. 6B). These results suggest that sustained,
non-oscillatory, stresses associated with bronchoconstriction do not stimulate ATP release,
compared to CCS. Consistent with the notion that ATP release is an absolute requirement for
stimulation in ASL hydration status and MCC rates, it was shown (Button et al., 2007) that
non-oscillatory stress failed to have an effect on steady-state ASL height or MCT rates in human
airway epithelial cultures. Such results emphasize the importance of the oscillatory nature of
mechanical stress to stimulate ATP release and purinoceptor-mediated regulation of ion
channels supporting airway hydration and mucus clearance. While the mechanism behind the
requirement for oscillatory stress on stimulating ATP release is unknown, it is possible that
either the processes involved in sensing and/or transducing the stress can adapt to the presence
of sustained stress over time, or that changes in ATP release is triggered by the rate of change
in stress over time, rather than the presence of constant stress.

While numerous studies, including as our own, demonstrate the importance of extracellular
ATP as an autocrine/paracrine signaling molecule in a variety of cell processes, it remains
logical that cells must be able to protect themselves from overstimulation by the mechanical
environment. In the lung, the corollary is that the airways must protect themselves from
“flooding” of the airways that might be expected if ATP release were over-stimulated. For
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example, Matalon and co-workers have illustrated that respiratory syncytial virus (RSV)
caused alveolar flooding in mice, and this effect was mimicked by exogenous nucleotides
(Davis et al., 2004). Subsequent studies revealed an elevation in ATP concentration in
bronchoalveolar lavage (BAL) from RSV-infected mice, relative to control animals (Davis et
al., 2006). Selective removal of endogenous nucleotides prevented RSV-induced alveolar
flooding, suggesting that RSV actions were mediated by released nucleotides (Kunzelmann et
al., 2004). Finally, Rich and co-workers showed that increased intratracheal pressure, during
high-pressure mechanical ventilation, raised airway ATP levels and caused lung edema (Rich
et al., 2003).

One mechanism by which airway epithelia can protect themselves from abnormal ATP levels
is by desensitization of purinoceptors (Gonzalez et al., 2005). However, based on data from
human airway cultures under shear stress or compressive stress, we predict that cells also
protect themselves by directly limiting ATP release during non-physiological stresses. First,
in experiments using oscillatory shear and compressive stress, ATP release rates were most
sensitive over the physiological range of stresses (Fig. 4). However, past this range of stress,
release rates are less sensitive to higher stresses applied (shear stress or transmural pressures).
Secondly, as noted above, non-oscillatory, stress does not stimulate ATP release rate, as
compared to oscillatory stress (Fig. 6). Further studies will be needed to not only delineate the
mechanism behind this phenomenon, but to understand the physiological importance on lung
health.

10. Therapeutic implications of oscillatory motion in the airways
In addition to the in vitro data, above, there are in vivo data that suggest that stress-stimulated
released nucleotides regulate components of the mucociliary system, e.g., ion transport, and
mucociliary clearance. For example, studies of chest wall oscillatory ventilation in dogs
revealed that mucus clearance doubled when chest-wall pressure oscillations were
administered (King et al., 1983; Rubin et al., 1989). However, the authors could provide no
simple explanation as to why vibration of the airway wall should increase mucus clearance.

Using an inhaled radionuclide technique to measure mucus clearance/retention, Bennett and
colleagues (1990 and 1994) studied potential "gas liquid" interactions with mucus clearance
in normal human subjects,. In the initial portion of this study, normal subjects performed an
artificial cough. Subjects inspired to approximately 80% of total lung capacity (TLC). They
then generated transthoracic pressures of ~80 cmH2O against a closed solenoid valve,
following which, the valve opened and the patients exhaled at a maximum flow rate that
simulated that of a natural cough. The authors found that this maneuver doubled mucus
clearance rates. As a control for gas liquid interactions being the explanation for this response,
the authors inverted the direction of maximal flow by having patients exhale to RV, at this
point the solenoid valve was closed, and the patients were asked to try to inhale. Following the
generation of a large transthoracic pressure, the valve was opened and a high inspiratory flow
rate (that approximated the simulated cough expiratory flow rate) was generated. Interestingly,
despite the inward net vector for maximal air flow, mucus clearance rates still doubled. While
the authors had no explanation for this phenomenon, one can speculate that it reflects the
changes in mechanical force-induced ATP release that is common in both maneuvers applied
in their protocols.

Numerous studies have also shown that regular vigorous aerobic exercise stimulates deep
breathing and can promote mucus clearance, by effectively mobilize secretions. This has been
shown to slow the progression of lung disease in patients with cystic fibrosis (Schneiderman-
Walker et al., 2000; Bradley et al., 2002). It has further been observed that that ATP is present
at measurable levels under resting conditions in vivo from human nasal secretions from normal
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and CF donors (Donaldson et al., 2000). More importantly, studies have shown that mechanical
forces exerted during exercise inhibits Na+ transport (Hebestreit et al., 2001) and initiated
Cl− secretion (Alsuwaidan et al., 1994), providing a potential for stimulated ATP release to
account for amelioration of the severity of obstructive lung disease by exercise.

It has been demonstrated that CF patients who undergo chest physical therapy regularly
typically display improved lung function as compared to CF subjects who choose not to follow
such regimes (Moorcroft et al., 1998; Prasad et al., 2002). While the mechanism of action of
chest physical therapy remains unknown, it is believed that the motion generated during such
therapy loosens and physically detaches mucus from the airway lumen (Pryor, 1999). In
addition to chest physical therapy, there are also a number of therapeutic devices in use
clinically that have been shown to enhance airway clearance in patients with obstructive lung
diseases (Langenderfer, 1998). A number of these devices work based on the use of positive
expiratory pressure (PEP) with premise of positive intra-airway pressure to maintain open
airways and enhance airway clearance (reviewed in Marks [2007]). These include PEP-mask
and CPAP, which deliver a continuous positive airway pressure between 10–20 cmH2O, during
normal breathing. There is also a number of oscillating PEP devices in clinical use that produce
cyclic airway pressure at high-frequency. These devices are either active mechanical devices,
such as Percussionair-IPV™, that deliver high-velocity percussive air inflow, or passive
devices such as the Flutter™, which uses a steel ball vibrating inside a cone, causing high-
frequency air flow oscillation. In addition to PEP airway devices, high frequency chest wall
oscillation (HFCWO) jackets, such as the VEST™, have been used to facilitate mucus
clearance in patients with obstructive lung disease (Kempainen et al., 2007).

An in vitro study of the viscoelastic properties of mucous gel simulants subjected to oscillating
airflow suggests that the oscillating airflow that these devices produce acts as a physical
"mucolytic," reducing the viscoelasticity of the simulants and enhancing mucus clearance
(Tomkiewicz et al., 1994). Such oscillatory physiotherapy has been shown to have a mucolytic
impact on bronchial secretions including breakdown of high-molecular-weight DNA and a
decrease in mucus viscoelasticity in cystic fibrosis (CF) sputum samples (App et al., 1998).
The net effect is the ability to mobilize accumulated mucus toward larger airways where they
it can be better removed by cough and other forceful clearance maneuvers.

While suggestive, a direct link between exercise, physiotherapy, and the use of these airway
clearance devices, and ATP-mediated changes in ion transport and ASL secretion has yet to
be demonstrated. However, based on data from in vitro models, it is theorized that exercise,
chest percussion and use of these therapeutic devices increase ATP release which in turn
promotes Cl− and ASL secretion, and thus, mucus rehydration (Button et al., 2007). An
increased understanding of purine-regulated ion transport may direct future therapies that
couple physical therapy and pharmacotherapy, with the former employed to stimulate ATP
release and the latter simultaneously applied to prolong the duration of purine nucleotides/
nucleosides in the airways, perhaps by inhibiting ATP breakdown by ecto-enzymes.
Nevertheless, these studies emphasize the importance of regular exercise/therapy programs in
patients with obstructive lung disease to promote a favorable balance of ion transport to
facilitate mucus clearance. It is hoped that such a regime, combined with additional
pharmacological therapies, can help maintain mucus clearance in these patients during viral
exacerbations which can produce mucus stasis and plugging, leading to persistent bacterial
infections (Boucher, 2007).

11. Systems integration approach to understanding mucus clearance
It has become clear that to fully understand how this complex system regulates ASL hydration
and mucus clearance, mathematical models of these processes are necessary. Therefore, a
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diverse group of scientists has been assembled to combine experimental analysis with
mathematical modeling to investigate how physical phenomena and the putative feedback
mechanisms that regulate mucus height, viscoelasticity and cilia beat frequency interrelate to
regulate mucus clearance. This group, called the UNC Virtual Lung Group, has developed a
systems biology approach to understand how transport of mucus is regulated in the normal
lung. This physics/engineering-based approach has generated computer algorithms that allow
us to describe the normal processes and “control circuits” that regulate mucus clearance, and
predict the consequences of failure of individual elements in the system.

The overall structure of this emerging systems biology approach to mucus clearance is
illustrated in Fig. 7. This system is organized as a feedback loop of a sequence of the modeled
systems involved in the regulation of mucus clearance. The systems involved are divided into
four key modeling areas of focus: stress transduction, feedback, ASL regulation, and
propulsion. The components of each of the modeled areas are comprised of a number of sensors,
comparators, and effectors that subsequently alter the rate of clearance (mucus flow). By
understanding how each of these components are related with one another and combine to
affect ASL hydration state and, finally, mucus clearance rates. In the long term, the hope is to
be capable of computing the predicted consequences of, for example, the stress-induced
variations in ASL nucleotide/nucleoside levels on mucus hydration, mucus viscoelastic
properties, and, ultimately, mucus clearance. Further, it is anticipated that these models will
allow us to predict the most efficient means of rectifying a failure, e.g., will chronically
increasing mechanical stress on airway surfaces of persons with cystic fibrosis increase
nucleotide levels and adequately restore ASL hydration to levels sufficient to facilitate mucus
clearance? Finally, in the future, it may be possible to use such a mathematical model-based
approach to both design and test novel small molecule therapeutics for various airway diseases
in silico.

12. Summary
Mucus clearance is an essential innate immune protective mechanism in the airways. Recent
advances have greatly increased our understanding of the structure and function of the mucus
clearance apparatus, its homeostatic regulation in normal airways, and how both genetic and
acquired diseases disrupt its function to ultimately degrade lung function. Further, recent
studies culminated in the observations that physiologically relevant mechanical stresses can
stimulate mucus clearance via increases in rates of ATP release into the luminal compartment,
resulting in increases in ASL hydration. In this way, the lung can respond to stress-inducing
stimuli on the intrapulmonary airways by stimulating secretion and accelerating clearance, thus
promoting lung health. Unfortunately, our understanding of the mechanisms involved in
regulating mucus clearance is far from complete. For example, are the viscoelastic properties
of the mucus layer sensed by the airway epithelium from the forces generated by the cilia
beating in thickened mucus? Second, does such a mechanism provide an additional feedback
mechanism to sense/alter the hydration status of the ASL? Thus, considerable additional work
addressing the processes involved, such as stress sensing, nucleotide regulation and PCL/
mucus interaction, are clearly needed. However, we envision that a better understanding of
how these processes are regulated, though individual researchers and collaborative groups such
as the UNC Virtual Lung Group, will be of immense value in understanding and treating
chronic lung diseases which exhibit mucus plugging, such as COPD and CF.
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Fig. 1. Representation of the two layers that compose the airway surface layer (ASL)
The overlying mucus layer, composed of gel-forming mucins (muc-5b and muc-5ac, shown
here as entangled strands) secreted by glands and superficial goblet cells, is a highly viscoelastic
material that traps inhaled particles for clearance. The lower, or periciliary layer (PCL), is a
grafted-gel structure composed of cell surface tethered mucins (muc-1 and muc-4) and
glycolipids within the domain around the cilia and microvilli.

Button et al. Page 23

Respir Physiol Neurobiol. Author manuscript; available in PMC 2009 November 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2. Regulation of airway ion transport processes by extracellular nucleotides and nucleosides
Autocrine/paracrine actions of nucleotides in the airways epithelial cells. ATP release and
metabolism to adenosine (ADO) promotes activation of CaCC and CFTR channels and
inhibition of ENaC via activation of P2Y2 receptors (ATP) and A2b receptors.
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Fig. 3. Approaches used to deliver mechanical stress to airway epithelial surfaces in a quantitative/
controllable manner
(A) Shear stress device. To generate shear stress, 4 cultures were rotated in a stop-go fashion
for various times inside a highly humidified incubator. The device controlled via a stepper
motor connected to a microprocessor based controller. Shear stress, over the range from .005
to 10 dynes·cm−2 could be produced by varying the rate of acceleration of the stepper motor
(Tarran et al., 2005). (B) System used to produce cyclic compressive stress (CCS) on human
airway cultures. Here, a microprocessor controlled the pressure amplitude and timing of the
transepithelial pressure to the apical surface of the cultured human airway epithelial cells using
high-speed solenoids (Button et al., 2007). Pressure could be delivered under oscillatory or
static (non-oscillatory) conditions over a range of pressures (1 to 100 cmH2O).
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Fig. 4. Release of ATP during physiological stress
Relationship between magnitude of oscillatory shear stress (A) and compressive stress (B) vs.
apical ATP concentration at steady-state (at 30 min). Lines above denote the physiological
range of shear (Tarran et al., 2005) and compressive stress (Button et al., 2007) during tidal
breathing (see text).
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Fig. 5. Oscillatory stress stimulates ASL hydration and mucociliary transport rates
(A) Representative XZ confocal images of ASL at 0, 6, and 48 h after mucosal addition of 30
µl of “excess” fluid containing Texas-red dextran to the apical side of normal human airway
epithelial cultures under control conditions and undergoing CCS (20 cmH2O, 20 CPM).
Bar=10µm. (B) Time-course of changes in ASL height after fluid absorption under control (●)
or CCS (□, 20 cmH2O, 20 CPM) conditions. Note: dotted line denotes the length of the
outstretched cilia. (C) Mucociliary transport rates before (T=0) and during control (●) or CCS
(□, 20 cmH2O, 20 CPM) conditions. In these experiments, MCT rate was determined by the
movement of 1 µm florescent beads added to cultures as previously described (Matsui et al.,
1998).
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Fig. 6. Differential effects of cyclic and constant stress on ATP release
(A) Example of pressure tracings from cultures exposed to atmospheric pressure (control),
oscillatory compressive stress (CCS) @ 20 cmH2O/ 20 CPM, and non-oscillatory compressive
stress (SCS) @ 20 cmH2O. (B) Comparison of ATP release rates in cultures undergoing CCS
and SCS for 30 min. Rates were determined by measuring ASL [ATP] over 30 min in cultures
pre-treated with a cocktail of ATPase inhibitors (Button et al., 2007).
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Fig. 7. Model systems diagram of mucus clearance
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