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Abstract

The clearance of mucus from the airways protects the lungs from inhaled noxious and infectious
materials. Proper hydration of the mucus layer enables efficient mucus clearance through beating
of cilia on airway epithelial cells, and reduced clearance of excessively concentrated mucus occurs
in patients with chronic obstructive pulmonary disease and cystic fibrosis. Key steps in the mucus
transport process are airway epithelia sensing and responding to changes in mucus hydration. We
reported that extracellular adenosine triphosphate (ATP) and adenosine were important luminal
auto-crine and paracrine signals that regulated the hydration of the surface of human airway
epithelial cultures through their action on apical membrane purinoceptors. Mucus hydration in
human airway epithelial cultures was sensed by an interaction between cilia and the overlying
mucus layer: Changes in mechanical strain, proportional to mucus hydration, regulated ATP
release rates, adjusting fluid secretion to optimize mucus layer hydration. This system provided a
feedback mechanism by which airways maintained mucus hydration in an optimum range for cilia
propulsion. Understanding how airway epithelia can sense and respond to changes in mucus
properties helps us to understand how the mucus clearance system protects the airways in health
and how it fails in lung diseases such as cystic fibrosis.

INTRODUCTION

The airway epithelium provides a broad innate host barrier designed to maintain the sterility
of airway surfaces during normal breathing. The mucus clearance system lies at the center of
this innate defense activity by trapping and clearing inhaled noxious and infectious
particulates from the lung. Mucus clearance in health depends on the ability of the airway
epithelium to hydrate secreted mucins so that mucus concentrations are optimal for cilial-
dependent mucus transport (1, 2). Studies of patients with muco-obstructive airway diseases,
such as cystic fibrosis, suggest that dys-regulation of airway surface hydration, possibly
coupled with alterations in mucin biosynthesis and maturation (3-5), results in failure of
mucus transport and airway disease (6).
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Epithelia in general must sense and properly regulate the volume and composition of the
fluids lining their surfaces. The juxtaglomerular apparatus of the kidney, an epithelia-
dominated organ, senses luminal ion concentrations through a cell volume—dependent
mechanotransduction mechanism resulting in the release of adenosine triphosphate (ATP)
into the extracellular space (7). This process results in the homeostatic regulation of
glomerular filtration rates and tubular fluid flow (7). In the distal nephron, luminal fluid
flow produces mechanically stimulated luminal ATP release, which activates purinergic
receptors, inhibits Na* reabsorption, and governs rates of diuresis and natriuresis (8).

Airway epithelial cells respond to direct mechanical stresses by modulating the rate of ATP
release (9, 10), which stimulates purinoceptors to activate CI~ transport and inhibit Na*
transport. Thus, a change in luminal ATP concentration is predicted to reciprocally alter
liquid absorption and liquid secretion rates, thereby optimizing airway surface layer (ASL)
hydration and mucociliary clearance (10).

A single, nonmatile primary cilium present on the luminal surface of most mammalian cells
is involved in sensing fluid flow in many organ systems in the body (11), such as in the
flow-dependent regulation of natriuresis and diuresis in the cortical collecting duct of the
kidney (12). Although primary cilia are present on undifferentiated human airway epithelia
during lung development, they disappear just before the appearance of motile (beating) cilia
(13). Therefore, we hypothesized that airway epithelia must use a mechanism that does not
involve a primary cilium to sense and control the hydration state of the airway surface and to
maintain effective mucus clearance and lung health.

Here, we tested the hypothesis that airway epithelia control airway surface hydration
through a mechanotransduction mechanism that depends on motile cilia. We first
investigated whether the airway surface hydration state is governed by the concentrations of
ATP and its metabolite, adenosine, on the airway surface. We next tested the hypothesis that
mucus hydration properties are sensed by the motile cilia that propel the overlying
viscoelastic mucus layer. Specifically, we hypothesized that the mechanical stress on the
motile cilium during the beat cycle varies with mucus concentration, producing variable
cilial strain—dependent increases in luminal ATP concentration. The rates of nucleotide
release and ectonucleotidase metabolism control ASL nucleotide and nucleoside
concentrations and, hence, set the balance of ion transport-mediated fluid secretion and
absorption required for “normal” mucus hydration and clearance. Finally, we tested the
hypothesis that desensitization of purinoceptors receptors protects the airway surfaces from
overhydration, such as “flooding,” in response to abnormally high rates of nucleotide
release.

Regulation of airway hydration by endogenous or exogenous ATP and adenosine

We first tested the hypothesis that under static conditions, the ATP and adenosine
concentrations within the airway surface layer (ASL) regulate steady-state airway surface
hydration. Nebulization of a small volume (0.5 pl) of vehicle to the airway surface resulted
in a ~3-pum increase in ASL height (Fig. 1A). Immediately after delivery, this extra fluid was
rapidly reabsorbed, and ASL height was maintained at the original steady-state ASL height
(~7 um), as previously reported (9). In contrast, nebulization of vehicle containing apyrase
(to degrade extracellular ATP) and adenosine deaminase (to degrade extracellular adenine)
onto the airway surface resulted in ASL fluid absorption, which persisted until essentially all
available ASL was absorbed, leaving only a compressed periciliary layer and flattened cilia
(=3 um) (14). These results suggest that the endogenous release of ATP and the
extracellularly formed adenosine regulate basal airway hydration. In the absence of ATP-
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and adenosine-dependent signaling within the ASL, the default mode of airway epithelia is
to absorb salt and water, reflecting a high rate of Na* absorption and an absence of
purinergic-dependent CI~ secretion (15). We speculate that the transient stimulation in ASL
fluid absorption that occurred after nebulization of phosphate-buffered saline (PBS)
reflected the dilution of purinoceptor agonists, which relieved the block of sodium
absorption mediated by the epithelial sodium channel (ENaC) (9) and stimulated chloride
secretion through the cystic fibrosis transmembrane conductance regulator (CFTR) and the
calcium-activated chloride channel (CaCC) (10) required to maintain steady-state ASL.

If the concentrations of nucleotides and nucleosides in the ASL are responsible for
controlling the ASL hydration status in airway epithelia, then addition of exogenously added
nucleotides or nucleosides in isotonic saline should establish new steady-state ASL
concentrations of nucleotides or nucleosides and ASL heights. To test this hypothesis, we
added bolus volumes of fluid to static airway epithelial surfaces in the absence and presence
of the adenosine analog [NECA (5'- A-ethylcarboxamidoadenosine)], which, unlike
adenosine, is not rapidly degraded by endogenous nucleosidases to inactive metabolites (16).
Whereas the ASL height in the control group had returned to baseline 60 min after fluid
addition, cultures treated with NECA exhibited a significant increase in ASL height over
baseline at the same time point (Fig. 1B). Although steady-state ASL height was not altered
during exposure to NECA, the rate of fluid reabsorption was significantly slowed in a
concentration-dependent fashion (Fig. 1C). Together, these data support the notion that the
concentrations of nucleotides and nucleotide metabolites within the ASL represent major
regulators of airway surface hydration.

Regulation of ASL height (volume) by mechanical stress stimulation of ATP release

We next tested the hypothesis that variations in the rate of endogenous ATP release would
result in different ATP and adenosine concentrations in the ASL and different ASL heights.
Using a luciferineluciferase—based approach (17), we measured luminal ATP concentrations
in human airway cultures subjected to a range of oscillatory compressive stresses that
stimulate the rate of ATP release from airway epithelia (10). In parallel, confocal
microscopy was used to measure post-stress ASL heights as an index of ATP-mediated fluid
secretion. Graded increases in mechanical stress stimulated proportionate increases in
steady-state ATP concentrations and ASL heights (Fig. 1D). On the basis of our previous
studies (9, 10), the relationship between increases in ATP concentrations and ASL height is
consistent with purinoceptor activation producing net fluid secretion by stimulation of CFTR
and CaCC and inhibition of ENaC. Overall, these results support the hypothesis that the
hydration status of the airway surface is regulated by the concentrations of luminal
nucleotides and nucleosides interacting with purinoceptor-mediated regulation of airway
epithelial ion transport.

Sensing of the airway surface hydration status by interactions of cilia with the mucus layer

We hypothesized that, in addition to responding to macroscopic mechanical forces exerted at
the epithelial cell surface that occur during tidal breathing, such as shear, stretch, and
compression (18), airway epithelia can also sense and respond to changes in the local airway
surface microenvironment, providing fine control of local airway surface hydration. We
further speculated that because mucus layer hydration enables efficient mucus clearance,
hydration of the mucus layer could be locally sensed by the mucus layer—cilia interactions
that occur during propulsion of the mucus layer. In this scenario, cilia would experience
resistance to beating as a function of mucus hydration, producing cilial strain—dependent
regulation of ATP release rates and luminal ATP concentration. Such a system would
provide an “autoregulatory” feedback mechanism to regulate ion transport and fluid
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secretion through local ATP and adenosine concentrations and maintain optimal hydration
of the mucus layer and mucociliary clearance.

To test this hypothesis, we assessed the effects of mucus concentration on regulation of
luminal ATP concentration in the absence of external mechanical stresses, such as that
characteristic of static conditions. Because endogenous mucus is a heterogeneous milieu
containing DNA and ~200 different proteins, which can potentially act as signaling
molecules on airway epithelia (19), we used a defined viscoelastic “mucus simulant” that
exhibits “mucus-like” concentration—dependent changes in both viscosity and elasticity
under conditions that did not produce a large partial osmotic pressure, which could result in
collapse of the periciliary layer (20). For these studies, we characterized a low—-melting point
agarose (LMA), a flowable gel at low concentrations, with a cone-and-plate rheometer to
obtain values of the elastic storage modulus (G'; Fig. 2A) and the viscous (or loss) modulus
(G"; Fig. 2B) over a range of concentrations of LMA at 37°C. For comparison, the average
values of G’ and G" are shown for normal human (2% solids) and dehydrated, cystic
fibrosis—like mucus (8% solids), based on rheological studies with mucus harvested from
airway epithelia (21). Thus, the concentration of LMA could be varied to alter the
biophysical properties to mimic normal airway mucus or the concentrated mucus associated
with cystic fibrosis. In the following studies, we refer to 0.15% LMA as a mimic of normal,
healthy mucus and 0.3% LMA as an approximation of cystic fibrosis mucus.

With respect to the osmotic properties of LMA, it has a molecular radius of gyration of >50
nm. Therefore, it should not penetrate the periciliary layer and is predicted to be osmotically
active with reference to the periciliary layer (20). Confocal microscopy demonstrated that
fluorescently labeled LMA, like endogenous mucus (20), did not penetrate the periciliary
layer when applied to the luminal surface (Fig. 2C). However, at the concentration of LMA
used (0.45%), the cilia were not osmotically collapsed, suggesting that LMA at this
concentration exerts low partial osmaotic pressure relative to the periciliary layer (20). To
verify that the osmotic pressure of LMA did not perturb the periciliary layer properties and
cilial function, we exposed ciliated airway cultures to LMA at various concentrations. LMA
(0.1 to 0.45%) had negligible effect on cilia beat frequency (CBF) (Fig. 2D). In contrast,
exposure of cultures to small dextrans [6 kD average molecular weight, with a radius of
gyration of <5 nm (20)], over a range of osmotic pressures (representing 1.0 to 30%
dextran), produced significant decreases in CBF (Fig. 2D). We concluded that, in contrast to
LMA, the low—molecular weight dextran penetrated the periciliary layer where it presented a
large viscous load on the cilia and slowed CBF. Together, these data suggest that LMA
represents a reasonable simulant for endogenous mucus.

To test whether ciliated human airway epithelia sense and respond to hydration-dependent
variations in mucus viscoelasticity, we measured the effects of LMA concentration on ATP
concentrations in airway cultures (Fig. 2E). Under basal (static) conditions, human airway
epithelia responded to both physiologically and disease-relevant changes in LMA
concentrations and, hence, viscoelasticity, with LMA concentration—dependent changes in
luminal ATP concentrations. These findings suggest that airways are capable of sensing
subtle changes in the hydration state of mucus.

Role of motile cilia and cilial beating in mucus viscoelasticity sensing

To assess the requirement for motile cilia in the stress sensing of the viscoelastic properties
of the mucus layer (or LMA), we measured the magnitude of luminal ATP concentration in
well-ciliated or poorly ciliated airway cultures. “Well-ciliated” cultures were defined as
exhibiting >80% of the cell surface area covered by ciliated cells, whereas “poorly ciliated”
was defined as <15% ciliation (Fig. 3A). To control for possible differences in ATP
concentration due to variations in cell differentiation, airway cultures were subjected to two
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different types of external macroscopic mechanical forces, shear stress (9), or compressive
stress (10), after which, ATP concentrations in ASL were measured by luminometry. We
chose a magnitude of mechanical stress that approximated that of the shear and compressive
stresses associated with tidal breathing (9, 22). Neither basal nor stimulated (shear or
compressive stress) ATP concentrations were dependent on the presence of cilia (Fig. 3B).
These findings suggest that cell differentiation did not affect ATP release capacity, and cilia
were not required for stimulation in luminal ATP concentration in response to macroscopic
external stresses.

To determine whether beating cilia were required for sensing the local loads imposed by the
LMA (or mucus) layer, we measured changes in luminal ATP concentration in the absence
and presence of LMA in well-ciliated and poorly ciliated airway cultures exposed to LMA
(Fig. 3C). Changes in ATP concentration in response to changes in the LMA concentration
were significantly reduced in poorly ciliated cultures compared to well-ciliated cultures,
suggesting that unlike macroscopic external stress (shear or compressive stress),
viscoelastic-mediated changes in luminal ATP concentration were dependent on beating of
matile cilia.

It is possible, however, that the sensing of viscoelasticity depends on the presence of cilia
but does not require the beating of cilia. To address this possibility, we compared well-
ciliated airway cultures with beating cilia to those with nonbeating cilia. To produce
ciliostasis, we either exposed normal human cultures to the anesthetic isoflurane, which
reversibly inhibits cilia beating (Fig. 3D) (20), or used cultures derived from patients with
primary ciliary dyskinesia, which exhibit nonbeating, immotile cilia (23). Luminal ATP
concentrations increased in normal human airway cell cultures after exposure to LMA, but
not in those pretreated with isoflurane or those derived from primary ciliary dyskinesia
patients (Fig. 3E).

Response of airway surface hydration to mucus layer—cilia interactions

To test the prediction that increases in mucus viscoelasticity and cilial-mediated increases in
luminal ATP concentrations stimulate increased fluid secretion, we directly measured the
effect of exposure to LMA on ASL height in ciliated or nonciliated airway cultures. ASL
height increased in response to increasing LMA concentrations in ciliated, but not poorly
ciliated, airway cultures (Fig. 3F). From these experiments, we conclude that beating cilia
are essential for sensing the viscoelastic properties of the mucus layer and transmitting this
information into increases in luminal ATP concentration and, consequently, ASL hydration.

Protection of the airway from flooding

How do airways protect themselves from prolonged or unregulated nucleotide release and
flooding of airway surfaces due to persistent fluid secretion? We hypothesized that
desensitization of purinoceptors, including P2Y 5, could be a protective mechanism against
persistent fluid secretion by unregulated increases in luminal ATP concentrations (24). To
test this hypothesis, we treated static airway cultures with high concentrations of a long-
acting, poorly hydrolysable P2Y, receptor agonist, denufosol (INS37217), which exhibits an
ECs (median effective concentration) of ~10 uM for P2Y, receptor activation (25) and
could be maintained above the ECsq point for 6 to 8 hours on the airway surface of airway
cultures (Fig. 4A). Denufosol produced a significant increase in ASL height, reflecting P2Y
receptor—-mediated fluid secretion, which was terminated rapidly, likely reflecting P2Y,
receptor desensitization (Fig. 4B). The secreted ASL was reabsorbed over time, despite the
continued presence of denufosol at values exceeding its ECs, albeit at a rate slower than
without denufosol exposure (compared to vehicle group in Fig. 1A). This latter finding is
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consistent with the observation that P2Y , receptor-mediated inhibition of Na* absorption
may persist for larger intervals than P2Y 5 receptor activation of CI~ secretion (26).

To further test the notion that P2Y, receptor desensitization inhibits secretion, small boluses
of the natural P2Y', receptor agonist UTP (uridine 5'-triphosphate) were added to parallel
cultures at designated time points after denufosol administration to produce maximal
purinoceptor activation (Fig. 4C). UTP did not stimulate further fluid secretion for at least 6
hours after denufosol administration. These results suggest that P2Y, receptor
desensitization protects airways against the deleterious effects of persistent fluid secretion
and, ultimately, airway luminal flooding in the presence of high nucleotide or nucleoside
concentrations.

DISCUSSION

Effective mucus clearance requires the movement of the mucus layer, composed in health of
mucins (~0.2 to 0.3%), globular proteins (~0.5%), salt (~0.9%), and water (~98%), atop a
periciliary layer surrounding and including the cilia (6, 27). Mucus transport failure can
result in pathological conditions in which mucus water content approaches 94% (27).

How does the airway epithelium sense the hydration status of the airway surface and
maintain it through regulation of airway epithelial ion transport processes? Airway epithelia
are unresponsive to the effects of systemic hormones that regulate ion and water transport
rates in other epithelia, such as mineralocorticoids and steroid hormones, in the context of
total body volume homeostasis (28). Rather, airway epithelia appear to respond to local
signals generated at airway surfaces to maintain a sufficient volume of water (hydration) for
normal mucus clearance, such as extracellular ATP, which links mechanical stimulation of
epithelial surfaces to regulation of luminal salt and water transport (6).

Our data suggest that the concentrations of nucleotides (ATP) and nucleosides (adenosine)
on the airway surface regulate the balance of ion transport and, thus, fluid volume on human
airway surfaces. Removal of ATP and adenosine from ASL blocked the ability of the airway
epithelia to maintain ASL height at physiological values, such as 7 um, the length of the
outstretched cilia (Fig. 1A). It may be biologically important for the airway that the default,
unregulated mode of airway ion transport is absorption, which would be expected to keep
airway lumens clear of liquid for proper airflow. Conversely, activation of Ay, receptors
resulted in ASL heights that were substantially higher than basal values (Fig. 1C). Thus, the
rate of ATP release and metabolism may set the concentrations of nucleotides and
nucleosides that regulate ASL fluid height under static conditions. Furthermore, these data
suggest that there is no absolute “volume sensor” and, therefore, no fixed hydration state of
the airway surface.

External mechanical stresses (including shear, compression, stretch, and cell swelling)
stimulate ATP release. For example, various cell types, including renal epithelial cells (29),
osteoblasts (30) and endothelial cells (31), release ATP into the extracellular compartment
through flow-induced mechanisms. The lung is a dynamic organ, exposed to multiple
macroscopic physical forces derived from breathing, blood flow, and surface tension, which
contribute to the regulation of lung development, structure, metabolism, and function (32—
34). ATP is released from human airway epithelia as a result of mechanical forces in the
lungs, such as compression and membrane stretching of the airways (10, 35, 36), and the
shear stresses associated with air movement across the epithelial surface during tidal
breathing and coughing (9, 17, 37). Our data demonstrate that shear stress—dependent
variations in the concentration of airway surface ATP were associated with rebalancing
steady-state ASL volumes to variable heights (Fig. 1D), which again suggests that there is
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no fixed volume (height) of airway surface hydration. Rather, ASL hydration is regulated in
response to the magnitude of mechanical stress—induced ATP release and proportional to
ASL concentrations of ATP and adenosine. We speculate that this capacity allows for
normal airway epithelia to respond to macroscopic external airway stresses, such as physical
exercise, with an appropriate volume of ASL.

We observed that luminal ATP concentration can also be regulated locally in response to
changes in the hydration status of the mucus layer. Luminal ATP concentrations were
regulated at mucus simulant concentrations mimicking the viscoelastic properties of normal
airway mucus (Fig. 2E), suggesting that this feedback system is “tuned” to maintain
rheological properties that ensure efficient mucus clearance under normal conditions.
However, airway epithelia also responded with increased ATP concentrations when exposed
to concentrations of LMA, at which it has viscoelastic proprieties similar to “dehydrated”
mucus, suggesting that airway epithelia can respond to disease-associated airway surface
hydration needs. Indeed, addition of LMA to the airway lumen resulted in concentration-
dependent increases in ASL height (Fig. 3F). These results demonstrate that airway
epithelial cells can “sense” changes in the visco-elastic status (hydration) of the mucus layer
and use a feedback system to readjust airway surface hydration by regulating ATP
concentration and, hence, fluid transport through the activation state of apical membrane
purinoceptors.

Primary cilia sense flow in various types of cells. However, differentiated human airway
epithelia lack primary cilia (13) and use the beating of matile cilia to sense changes in
mucus concentration. We observed that airway epithelia that lacked cilia because of poor
differentiation or that exhibited immotile cilia because of primary ciliary dyskinesia or
isoflurane treatment did not detect changes in overlying mucus concentration by stimulating
an increase in luminal ATP (Fig. 3, C and E) or ASL height (Fig. 3F). In contrast, we
observed (Fig. 3B) that motile cilia were not required for sensing external physical stresses.
Similarly, intercalated cells in the distal nephron, which lack both a primary cilium and
motile cilia, release ATP in response to flow-induced shear stresses (38).

These findings might suggest that the airway epithelia of individuals with immotile cilia,
such as those with primary ciliary dyskinesia, cannot regulate mucus concentration.
Although mucus hydration has not been measured in primary ciliary dyskinesia subjects,
radiotracer mucus clearance studies have demonstrated a nearly normal rate of mucus
clearance over time that is mediated solely by frequent coughing (39). The mechanical
stresses associated with coughing are large, producing transpulmonary pressures, reaching
pressures as high as 200 cmH,0 and shear rates of 1700 dynes/cm? (40). We suggest that
these stresses are associated with sufficient stimulation in ATP release and fluid secretion to
at least partially hydrate the mucus layer in individuals with primary ciliary dyskinesia.

Why does this feedback system seemingly fail in cystic fibrosis, so that mucus transport
ceases and the airways become plugged with dehydrated mucus? One possibility is that
other properties of cystic fibrosis mucus could override the feedback system. These include
the presence of DNA (41), a different ratio of two mucin subtypes that make up the airway
mucus (Muc5AC and Muc5B) as a result of goblet cell hyperplasia (42), and proteolytic
cleavage of mucins by bacterial- and neutrophil-released proteases (43). Furthermore, the
mucins themselves on the airway epithelia of cystic fibrosis patients may be abnormal,
reflecting possible defects in mucin biosynthesis (3, 44) or defective unfolding during
release from intracellular granules as a result of defective CFTR-mediated HCO3™ transport
(4, 5). How such alterations in cystic fibrosis airway mucus might affect the ability of cilia
to sense and respond to changes in viscoelasticity is unknown. Alternatively, cystic fibrosis
patients may be susceptible to insults that alter ATP regulation of fluid transport, because
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cystic fibrosis airways have only one mechanism to initiate CI~ secretion, the ATP-regulated
CaCC channel, rather than the dual mechanisms (CFTR and CaCC) in normal or primary
ciliary dyskinesia individuals. Indeed, infection of airway epithelia by specific respiratory
viruses is associated with an increase in epithelial ecto-ATPase activity, which reduces the
luminal concentration of ATP (9). Under such conditions, it is likely that the airway
epithelia cannot respond to changes in mucus concentration, producing collapse of the
periciliary layer and cessation of cilia beating (20).

ATP release rates appear to have a linear, nonsaturating relationship with ASL volume (Fig.
1D). A persistently high ATP concentration, which could be caused by cellular ATP release
from large numbers of inflammatory cells (45) or inhalation of exogenous P2Y, receptor
agents for therapeutic effects (46), could conceivably raise ASL volumes to the point where
airway lumens could be “flooded” and result in altered or blocked airflow. The ATP
signaling system has intrinsic properties to avoid this result, such as P2Y, receptor
desensitization at high concentrations of agonists (24). Here, we demonstrated that
purinoceptor desensitization blunted the secretory response to the sustained presence of a
high concentration of a poorly metabolized P2Y, receptor agonist, and that P2Y, receptor
desensitization blocked the response to addition of a physiologic agonist (Fig. 4C). Fluid
secretion ceased after P2Y, receptor desensitization, thus preventing flooding of the airway
surface (Fig. 4B). However, other mechanisms could protect airways against flooding during
prolonged stimulation by ATP release. For example, in the absence of purinergic inhibition
of ENaC, mechanoactivation of ENaC (47) coupled with dilution of inhibitory ENaC
factors, such as SPLUNC1 (48), could also protect airways from flooding by accelerating
the rate of fluid absorption. Other possibilities include reduced ATP release due to cell
adaptation to a continued stress (10) or increased extracellular ATPase activity (9).

In summary, airway epithelia autoregulate airway surface hydration through regulation of
luminal ATP release rates. The mechanisms of ATP release in airway epithelia are still
under investigation but appear to include both vesicular (49) and hemichannel release (50).
At the macroscopic level, airway epithelia exhibit a “basal” ATP release rate under static
conditions that is adequate to maintain ASL hydration in normal airways (Fig. 5A). In the
absence of ATP release, or an increase in ectoenzyme activities, luminal ATP and adenosine
concentrations decrease and unregulated ion absorption occurs, producing luminal
dehydration (Fig. 5B). Superimposed on basal release, there is a variable ATP
mechanosensitive release component that modifies the ATP concentration in the ASL (Fig.
5C). At the organ level of regulation, the macroscopic strains and shear stresses associated
with airway wall expansion and airflow during tidal breathing regulate ATP concentrations
within the ASL that are appropriate for efficient airway surface hydration. In part through
purinoceptor desensitization, there are checks to prevent inappropriate secretion and luminal
flooding (Fig. 5D). At the microscopic level, hydration of airways surface mucus is sensed
by cilia-mucus interactions, which, through feedback on local ATP release rates, ensure that
the hydration status of mucus is optimal for transport (Fig. 5E). Thus, these
mechanosensitive ATP release systems seem ideally suited to maintain hydration of mucus
for effective lung defense.

MATERIALS AND METHODS

Experimental preparations

A combination of confocal measurements of ASL height and direct measurements of ATP
was used in this study. Well-differentiated air-liquid interface human bronchial epithelia
cultures were used under both (i) static conditions, in which basal ATP release rates were
sufficiently low that ASL ATP concentrations were below those required for P2Y
activation, but adenosine concentrations were within the activation range for A, receptors
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(17), and (ii) cyclic mechanical stress conditions to increase ATP release rates and ASL
ATP concentrations sufficient to activate P2Y, purinoceptors receptors.

Human airway cell culture

Human bronchial epithelial cells were obtained from the University of North Carolina
(UNC)—Cystic Fibrosis Tissue Culture Core under protocols approved by the UNC
Institutional Review Board. Normal and primary ciliary dyskinesia airway epithelial cells
were derived from donor lungs. Cells from the trachea, main stem, and lobar bronchi were
isolated by protease digestion (51). Isolated cells (108/cm?2) were seeded on 12-mm
permeable support (0.45-pym pore diameter, Transwell-Clear; Costar) pre-coated with human
placental collagen (Sigma), in Ham’s F12-based medium supplemented with insulin (10 pg/
ml), transferrin (5 pg/ml), 1 pM hydrocortisone, 30 nM triiodothyronine, epidermal growth
factor (25 ng/ml), and endothelial cell growth substance (3.75 pg/ml), as previously
described (51). Cells were maintained under air-liquid conditions, washed every 48 to 72
hours to remove accumulated mucus, and studied as fully differentiated cultures (3- to 4-
week cultures with transepithelial resistances of ~200 to 400 Q cm?). Culture incubations
were performed in a well-humidified (>95%) tissue culture incubator (5% CO») at 37°C.
Excess mucus on the cultures was removed by washing the cultures three times with serum-
free Ham’s F12-based medium 16 hours before experimentation (14).

Application of shear and compressive stress to airway cultures

For studies involving the application to external mechanical forces, we used devices and
methods previously described to subject cultures to shear stress (9) and compressive stress
(10, 18). Briefly, to generate shear stress, cultures with a known volume of liquid on the
apical surface were positioned in a custom rotational device that rotated in a stop-go fashion.
By controlling the time and rate of acceleration, the shear stress across the surface was
established to produce 0.5 dynes/cm?, a value that corresponds to the magnitude of shear
stress exerted on the airway surface during tidal breathing (9). Compressive stress was
produced by transiently increasing the transepithelial pressure on airway cultures for a 3-s
cycle, composed of 2 s at atmospheric pressure (0 cmH,O transepithelial) and 1 s at 20
cmH-,0 pressure, at a frequency of 20 cycles/min (10). These parameters were designed to
mimic the mechanical stimulation observed in the airways at a frequency consistent with
normal tidal breathing (18).

Measurement of ASL height

The height of the ASL, an index of ASL hydration state, was measured over time with a cell
impermeant marker to visualize the ASL {Texas Red dextran 70 kD (Molecular Probes) in
isotonic TES [ A-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid] buffered Ringer}
and XZ confocal microscopy. In studies with LMA, LMA combined with Texas Red was
cooled to 37°C before being added to the airway surface to produce a change in ASL height
of ~3 ym (~0.5-pl volume). These studies were performed at 37°C with an environmental
chamber encompassing the confocal microscope to ensure that the LMA remained a
flowable gel. Images of the Texas Red-labeled ASL were acquired by laser scanning
confocal microscopy (SP5; Leica) at various time points with the appropriate filters for
Texas Red (540-nm excitation and 630-nm emission). In all confocal studies, 100 pl of
immiscible perfluorocarbon (Fluorinert-77, 3M Corporation) was added to the airway
surface after the addition of the labeling dye and test agents to avoid evaporation of the thin
ASL layer in low-humidity environments (52). The height of the ASL in a single culture was
determined by averaging the heights obtained from between 10 and 30 XZ scans of the
culture’s surface.
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Nebulization of apyrase and adenosine deaminase

In human airway cultures under static conditions, ASL height was maintained at ~7 pym,
approximating the length of the outstretched cilium. Once steady state was achieved, vehicle
alone or apyrase (500 U/ml) and adenosine deaminase (250 U/ml) were added to the ASL by
a brief nebulization to minimize perturbation of ASL volume. Solutions were nebulized with
a specially modified ultrasonic nebulizer (Aeroneb Pro, Aerogen Inc.) at a rate of ~200 nl/
min for 2 min. Immediately after nebulization, 100 pl of perfluorocarbon was gently added
to the luminal surface to prevent evaporation (52).

Measurement of ATP by luciferin-luciferase

ATP concentrations in microsampled ASL (10) were determined with luciferin-luciferase
bioluminescence as previously described (17). Briefly, 1 ul of sample was added to a test
tube, and the volume was adjusted to 100 ul with high-performance liquid chromatography—
grade water. Fifty microliters of the luciferin-luciferase reaction mix [300 uM luciferin,
luciferase (5 pug/ml), 6.25 mM MgCl,, 0.63 mM EDTA, 75 uM dithiothreitol, bovine serum
albumin (1 mg/ml), 25 mM Hepes (pH 7.8)] was added to samples with the built-in
autoinjector of a luminometer (LB953; Berthold). Luminescence was detected by the
photomultiplier and integrated over 10 s. The recorded arbitrary counts from each sample,
counted in duplicate, were compared against an ATP standard curve performed in parallel.
The resulting luminescence was linear between 0.1 and 1000 nM ATP, based on the
standard curve.

Agarose rheology

Measurements of the viscoelastic properties of LMA were carried out with a Bohlin Gemini
rheometer (Bohlin Instruments Ltd.) fitted with 42-mm-diameter cone plate, set at a gap
width of 1 mm. For each study, about 1 ml of molten LMA (42°C) was placed on the
rheometer preheated and maintained at 37°C. The sample was allowed to equilibrate for 15
min before analysis. Oscillatory sweeps were carried out at stress-strain values in the shear-
independent plateau at a frequency of 10 Hz to determine the storage modulus (G') and the
loss modulus (G") of the LMA samples. Data are presented as the average of at least three
samples at each LMA concentration.

Analysis of CBF

CBF was measured in ciliated airway cultures with a technique previously described (10). In
these studies, cultures were previously washed three times with PBS (10 min each) to
remove accumulated mucus. Cultures were placed on a glass coverslip on an inverted phase
contrast microscope (TE2000, Nikon) with a 20x objective to record cilial movement.
Videos of cilia beating were recorded digitally with a high-speed (125 Hz) camera (GS-310
Turbo, Megaplus). Specialized software, based on Sisson-Ammons Video Analysis (53),
was used to analyze the acquired video images and estimate the average CBF of all motile
cilia in each frame. Videos of 5 to 10 random locations were used to compute an average
CBF. In experiments where cilia beating was arrested, cultures were exposed to an emulsion
of isoflurane [5% (v/v) in PBS] for 10 min before analysis.

Statistical analysis

Results are expressed as means + SE and were evaluated by Student’s ftest for single
comparisons or one-way analysis of variance (ANOVA) followed by Tukey’s or Holm-
Sidak post hoc comparison for multiple comparisons, depending on the experimental design.
Results were confirmed by a minimum of three independent experiments. All statistical tests
were performed with SigmaPlot (version 11, Systat Software Inc.). £< 0.05 was considered
statistically significant.
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Fig. 1. ATP and adenosine asregulators of airway surface hydration

(A) Effect of removing endogenous ATP and adenosine by nebulizing vehicle alone (PBS;
open circle) or PBS containing apyrase (APY) and adenosine deaminase (ADA) (closed
square). Steady-state fluid absorption from the luminal surface was reestablished a few
minutes after nebulization in vehicle-treated cultures (blue line), but not in cultures treated
with APY and ADA. Data are means + SE from six cultures per group. *~ < 0.05 compared
to vehicle alone. (B) Comparison of ASL heights after addition of PBS alone (vehicle) and
presence of various concentrations of NECA. Data are means = SE from three cultures per
group. **P < 0.001 compared to vehicle alone. (C) Comparison of the fluid absorption rate
in the absence (vehicle; PBS) and presence of various concentrations of a nonhydrolyzable
adenosine analog (NECA). Data represent the rate of change in ASL height calculated over
the first 60 min after volume addition. Data are presented as a percentage of the peak ASL
height change after the addition of 25-pl volume. Data are means + SE from three cultures
per group. *P< 0.005 compared to vehicle alone. (D) Relationship between the magnitude
of changes in luminal ATP concentrations and ASL height. Human airway cultures were
subjected to varying degrees of oscillatory stress before measuring luminal [ATP] and
steady-state ASL height. These data revealed a direct relationship between ATP and changes
in ASL height (correlation coefficient = 0.95 and slope = 0.3 ym height per steady-state
change in ATP concentration).
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Fig. 2. Airways sense and respond to changesin surface viscoelasticity

(A and B) Results from a cone-and-plate rheometer show the effect of changes in the
concentration of LMA on the (A) elastic modulus (G') and (B) viscous modulus (G").
Comparison values for the G' and G" of native mucus are shown for both normal mucus
(yellow; ~2% solids) and cystic fibrosis—like mucus (blue; ~8% solids). Data are means +
SE from three to five samples per condition. (C) Sample ZX confocal micrograph showing
the distinct layering of fluorescently labeled LMA (0.45%) (green layer at top) from the
periciliary layer (PCL) (labeled with Texas Red dextran 6 kD). Airway epithelial cells were
labeled green using calcein AM. Scale bar, 7 um. (D) Comparison of the effects of LMA
(open circles, concentration range: 0.1 to 0.45%) and low—molecular weight dextran (closed
squares, ~6 kD, concentration range: 1.0 to 30%) on CBF over a wide range of viscous
moduli. Unlike dextrans, LMA does not penetrate the periciliary layer, which results in a
slowing of the CBF. Data are means + SE from three cultures per group. *£< 0.05
compared to vehicle alone. (E) Relationship between the concentration of luminal ATP and
the concentration of LMA added to the airway surface. Concentrations approximating the
viscoelasticity of normal (2% solids) and cystic fibrosis (CF; 8% solids) mucus are shown
for comparison (21). Data are means + SE from six to eight cultures per point. *£< 0.05
compared to vehicle (0% LMA).
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Fig. 3. Role of matilecilia and cilia beating in viscoelastic sensing

(A) Representative sections of (left) well-ciliated and (right) poorly ciliated airway cultures
stained with hematoxylin and eosin. Scale bar, 20 pm. (B) Comparison of the steady-state
ASL concentrations of ATP measured in poorly ciliated (open bars) and well-ciliated
(closed bars) cultures under control (static) conditions, apical shear stress (0.5 dynes/cm?)
(9), or compressive stress (CS; 20 cmH,0) (10). Data are means + SE from five to six
cultures per group. (C) Role of cilia in the ability of airway cells to sense viscoelas-ticity of
the overlying surface. ATP was measured after exposure of either 0.15% LMA (open bars)
or 0.3% LMA (closed bars) in well-ciliated and poorly ciliated cultures. Data are means +
SE from six to eight cultures per group. *£< 0.05 between groups. (D) Magnitude of cilia
beating in normal airway cultures before, immediately after pretreatment with isoflurane
(1SO), and 15 min after wash-off (recovery). Data are means + SE from 6 to 12 cultures per
group. *P< 0.001 between groups. (E) Data summarizing the role of cilia beating in control,
isoflurance-treated (1SO), and primary ciliary dyskinesia (PCD) airway cultures exposed to
0.15% LMA (open bars) and 0.3% LMA (closed bars). Data are means + SE from three
cultures per group. *P < 0.05 between groups. (F) Relationship between the change in ASL
height and concentration of LMA for both poorly ciliated and well-ciliated cultures. Data are
plotted as the difference in ASL height between the LMA relative and a vehicle control
(PBS) at 30 min after exposure. In the absence of agarose (PBS control), the average ASL
height at 30 min was 8.2 + 0.3 um for the well-ciliated and 6.1 + 0.4 um for the poorly
ciliated group. Data are means + SE from three cultures per point. *£ < 0.05 compared to the
initial measurement.
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Fig. 4. Desensitization protects the airways from excessive puriner-gic stimulation

(A) Pharmaco-kinetic data showing the lifetime of denufosol concentration on the surface of
the airways. Data are means + SE from three cultures per point. (B) Summary of the effect
of purinoceptor desensitization on nucleotide-stimulated changes in ASL fluid secretion.
Changes in ASL height (from baseline) were measured at various times after the addition of
denufosol. Data are means + SE from three to six cultures per group. *£ < 0.005 compared
to the initial (£= 0) measurement. (C) In parallel cultures, also treated with denufosol, the
effect of UTP (100 uM) on ASL height was determined. At earlier time points (<4 hours),
UTP was ineffective at altering ASL height as compared to the control (minus denufosol)
point. Data are means + SE from three to six cultures per group. *£< 0.005 compared to the
initial (£=0) measurement.

Sci Signal. Author manuscript; available in PMC 2014 June 11.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Button et al. Page 18

B
A
ATP---3--->=--->ADO
\ Cl- Na* CI- j ATP--=»===>--->AD0O ¢
W ﬂ %m’hw Luminal X o o j
It 2
\ Cacc Ci
P ST \UEE 31
) o PRy H i e
©
Basolateral
D

Mucus

Cilium
AT
Membrane —
Cytoskeleton

Fluid secretion

ATP release

\ ATP

Fig. 5. Hypothetical models of ASL volume regulation

Predicted model of ASL regulation by differing conditions of ASL [ATP]. (A) Basal
regulation of ASL height under normal conditions of ATP release and subsequent regulation
of ion transporters. (B) In the absence of ATP and adenosine, the epithelium absorbs fluid
because of the absence of Cl~ secretion and the inability to regulate Na™ absorption. (C)
During increases in ATP release (for example, shear stress), ASL height is increased as a
result of increased CI~ secretion and inhibition of Na* absorption. (D) Under conditions of
excessive ATP release, purinoceptors desensitize, resulting in cessation of fluid secretion
and prevention of airway flooding. (E) Proposed feedback model of stimulation of ATP
release and subsequent fluid secretion by increased membrane stress during conditions of
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increased mucus concentration. Increased mucus concentration is sensed by beating cilia and
leads to increased fluid secretion through ATP release. Once the mucus is rehydrated and
has a lower viscoelasticity, the stress on the cilia is reduced, ATP release is decreased, and
fluid homeostasis returns to the normal state.
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