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Patel, Anand S., David Reigada, Claire H. Mitchell, Sandra
R. Bates, Susan S. Margulies, and Michael Koval. Paracrine
stimulation of surfactant secretion by extracellular ATP in re-
sponse to mechanical deformation. Am J Physiol Lung Cell Mol
Physiol 289: L489 –L496, 2005. First published May 20, 2005;
doi:10.1152/ajplung.00074.2005.—We developed a heterologous
system to study the effect of mechanical deformation on alveolar
epithelial cells. First, isolated primary rat alveolar type II (ATII) cells
were plated onto silastic substrata coated with fibronectin and main-
tained in culture under conditions where they become alveolar type
I-like (ATI) cells. This was followed by a second set of ATII cells
labeled with the nontransferable, vital fluorescent stain 5-chlorometh-
ylfluorescein diacetate to distinguish them from ATI cells. By mor-
phometric analysis, equibiaxial deformation (stretch) of the silastic
substratum induced comparable changes in cell surface area for both
ATII and ATI cells. Surfactant lipid secretion was measured using
cells metabolically labeled with [3H]choline. In response to 21% tonic
stretch for 15 min, ATII cells seeded with ATI cells secreted nearly
threefold more surfactant lipid compared with ATII cells seeded
alone. ATI cells did not secrete lipid in response to stretch. The
enhanced lipid secretion by ATII plus ATI cocultures was inhibited by
treatment with apyrase and adenosine deaminase, suggesting that ATP
release by ATI cells enhanced surfactant lipid secretion at 21%
stretch. This was confirmed using a luciferase assay where, in re-
sponse to 21% stretch, ATI cells released fourfold more ATP than
ATII cells. Because ATI cells release significantly more ATP at a
lower level of stretch than ATII cells, this supports the hypothesis that
ATI cells are mechanosensors in the lung and that paracrine stimula-
tion of ATII cells by extracellular ATP released from ATI cells plays
a role in regulating surfactant secretion.

pulmonary surfactant; alveolar epithelia; phosphatidylcholine; pneu-
mocytes; adenosine 5'-triphosphate

TYPE II ALVEOLAR EPITHELIAL CELLS secrete pulmonary surfactant
in response to mechanical deformation (26, 59). However, the
adult alveolar epithelium is a mixed monolayer consisting of
type I and type II cells. Although type II cells outnumber type
I cells by a 2:1 ratio in the normal lung, �90% of the alveolar
surface is covered by large, flat type I cells that serve as the
surface for gas exchange with the external environment (18).
Virtually all type II cells are in direct contact with type I cells,
suggesting that the type II-type I cell interface may have a role
in regulating alveolar function (39).

Using in situ fluorescence microscopy, Ashino et al. (3)
demonstrated that type I cells serve as mechanosensors in the
lung. In response to hyperinflation, a transient increase in

cytosolic calcium was initiated by type I cells, which was then
transmitted to type II cells through gap junctions. This in turn
stimulated lamellar body-plasma membrane fusion by type II
cells, as measured by release of LysoTracker dye preloaded
into the lamellar bodies. Consistent with this, mixed cultures of
isolated alveolar epithelial cells with type II-like (ATII) and
type I-like (ATI) phenotypes form functional gap junctions
with the capacity to transmit mechanically initiated calcium
transients from one cell type to another (2, 33, 36). On the
other hand, calcium transients can also be transmitted to ATII
cells by extracellular ATP through subsequent paracrine stim-
ulation of purinergic receptors (37).

ATP is a potent secretagogue that stimulates type II cell
surfactant secretion (22, 27, 41, 49). Pharmacological and
molecular evidence supports the expression of P2Y2 receptors
by type II cells (27, 48). However, alveolar epithelial cells also
express P2X-type purinergic receptors (45, 60). In addition to
ATP, agents that stimulate cAMP formation, including aden-
osine and adenosine analogs, enhance surfactant secretion
through PKA-dependent pathways (29, 32). Although secretion
of surfactant lipid by type II cells in response to purines and
other agonists has been pharmacologically well characterized
(49), little is known about the origin of extracellular ATP in the
alveolus.

To date, the mechanical stimulation of surfactant lipid se-
cretion by ATII cells in vitro has been examined only in
monocultures. To mimic elements of a native alveolar epithe-
lium, we used a coculture model based on two separate isola-
tions of rat alveolar epithelial cells. The first preparation
consisted of alveolar epithelial cells cultured under conditions
where they lose type II cell markers (e.g., surfactant proteins)
and gain expression of type I cell markers (including T1� and
aquaporin-5), which we refer to as ATI cells. Although ATI
cells generated from cultured ATII cells are not bona fide type
I cells (31), they are a practical model system that expresses
several hundred genes in common with type I cells and that has
similar morphology (10–12, 19, 31, 39, 43, 45, 55, 58). The
second preparation consisted of freshly isolated ATII cells
fluorescently labeled to distinguish them from the ATI cells.
This second isolation was seeded onto the ATI monolayer to
create an alveolar epithelial coculture model. We found that
surfactant lipid secretion by ATII cells cocultured with ATI
cells was more sensitive to stretch than ATII cells alone. This
was due to stretch-stimulated ATP release by ATI cells and
suggests a paracrine pathway to stimulate surfactant release.
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METHODS

Cell culture. Animal protocols were reviewed and authorized by
the Institutional Animal Care and Use Committee of the University of
Pennsylvania. Sprague-Dawley rat ATII cells were isolated from
lavaged, perfused lungs by elastase digestion using the method of
Dobbs et al. (23) with modifications (1). With the use of this approach,
preparations routinely contained 90–95% ATII cells (1). Cells were
cultured in Earle’s MEM (Life Technologies, Rockville, MD) con-
taining 10% FBS, 25 �g/ml gentamicin, and 0.25 �g/ml amphotericin
B (Life Technologies) at a seeding density of 1 � 106 cells/cm2 on
either tissue culture-treated plastic or on custom-made wells contain-
ing a deformable silastic substratum coated with 10 �g/cm2 of
fibronectin (Boehringer Mannheim Biochemicals) as previously de-
scribed (55). Cell attachment was limited to the central portion of each
well by placing a piece of Tygon tubing in the center of each well and
seeding cells only within this restricted area. Cells were studied 1)
after overnight culture (ATII) or 2) after 5–6 days (ATI cells) or 3) the
ATI cells were used for coculture experiments. For cocultures, a
second preparation of ATII cells was made using the protocol de-
scribed above except isolated ATII cells in suspension were labeled
with medium containing 10 �M CellTracker Green 5-chloromethyl-
fluorescein diacetate (CMFDA; Invitrogen-Molecular Probes, Eu-
gene, OR). Under these conditions, CMFDA permeates into the cells
and covalently binds to proteins, providing a vital, nontransferable
fluorescent stain that remains specifically associated with the second
set of ATII cells (44). CMFDA-labeled ATII cells were cultured alone
or were cultured on plates or substrata containing preexisting ATI
cells (plating density � 1 � 106 cells/cm2). Using FITC-anti-cyto-
keratin (Sigma) as an epithelial cell marker and Cy3-anti-vimentin
(Sigma) as a fibroblast marker, we found that ATI cell preparations
contained 86.5 � 7.9% epithelial cells (n � 6 fields, 2 independent
preparations). Expression of type I cell markers by these ATI cells
was previously demonstrated (55).

Quantitative fluorescence and microscopy. To determine whether
cell-associated CMFDA fluorescence was a linear function of cell
number, a specific number of ATII cells was plated into a multiwell
tissue culture dish and cultured overnight, and then CMFDA fluores-
cence was measured using a PE Biosystems microplate fluorometer
(excitation: 485 nm, emission: 535 nm). The relative fluorescence
units (RFU) were correlated to the input number of ATII cells. A
similar method was used to quantify ATII cell number in cocultures
stimulated with ATP. For cocultures on silastic substrata, cells were
imaged by phase-contrast and fluorescence microscopy using an
Olympus IX70 with a U-MWIBA filter pack (BP460–490, DM505,
BA515-550). Images were acquired using Image Pro software and
threshold filtered to select areas with fluorescent cells, which were
then quantified to give the fraction of the surface covered by CMFDA-
labeled cells.

Changes in cell area in response to mechanical deformation were
determined by morphometric analysis. Cells were cultured on silastic
substrata contained in a plastic well device that allowed equibiaxial
mechanical stretch of the substratum (55) (see Fig. 3). The top piece
of the device was mounted into a threaded holder and manually turned
to lower the substratum onto a hollow ring-shaped indentor. More
rotations lowered the substratum a greater amount onto the indentor;
in other words, more turns resulted in greater stretch of the substra-
tum. Cells in coculture were imaged by phase-contrast and fluores-
cence microscopy, and the change in cell surface area as a function of
number of turns was determined using Image Pro by manually tracing
cell outlines and morphometric analysis of cell area.

Assay for secreted surfactant lipid. Cells were incubated overnight
in medium containing 0.5 mCi [3H]choline chloride. The cells were
then washed, the medium was replaced, and the cells were incubated
at 37°C for a 30-min recovery period. An aliquot of medium was
removed as a baseline control, and then surfactant secretion was
stimulated by adding ATP from a 100� concentrated stock (1 mM

final concentration) followed by a 2-h incubation at 37°C, conditions
previously optimized for ATP-stimulated surfactant lipid release (5,
28). For mechanical deformation, cells were stretched by the indicated
amount for 15 min and then relaxed and further incubated at 37°C for
2 h total (59). Unstimulated cells in parallel cultures were used as
controls. Lipids were isolated from medium and cell fractions by
Bligh-Dyer extraction and measured by liquid scintillation counting as
previously described (5). The amount of surfactant [3H]phosphatidyl-
choline ([3H]PC) in the medium was normalized to total radiolabeled
lipid (medium � cells) or to CMFDA fluorescence as determined
above.

To inhibit receptor stimulation by secreted ATP, cells were prein-
cubated for 30 min and mechanically stimulated in the presence of a
mixture of 20 U/ml apyrase (A-6535; Sigma, St. Louis, MO) and 5
U/ml adenosine deaminase (ADA; A-5168, Sigma) to metabolize
ATP and adenosine to an inactive form (inosine). Some experiments
were done using cells treated with apyrase alone. To inhibit gap
junctional communication, cells were pretreated for 30 min and
mechanically stimulated in the presence of either a mixture of con-
nexin mimetic peptides (160 �M GAP-26 � 130 �M GAP-27) (24)
or 40 �M �-glycyrrhetinic acid (20). To measure gap junctional
communication between ATI cells, a glass micropipette containing 2
mg/ml of Alexa Fluor 488 (Molecular Probes) in water was used to
microinject a single cell in a field, and the diffusion of Alexa 488 by
gap junctional intercellular communication was assessed as the num-
ber of cells containing fluorescent dye after a 3-min incubation period
(40). A cell was scored as positive if it had a representative area with
an average fluorescence intensity of at least 10% of the microinjected
cell fluorescence intensity as determined with Image Pro. ATI-ATII
cell communication was measured using the preloading assay as
previously described (2).

ATP concentration measurements. ATII cells alone or ATI cells
alone on deformable substrata were washed and the culture medium
was replaced with 2 ml of serum-free Earle’s MEM containing 100
�M ARL-67156 to inhibit extracellular ATP degradation by ectoen-
zymes (17, 38). A 50-�l aliquot of medium was harvested, frozen, and
stored at 	20°C. The cells were then stretched by the indicated
amount for 10 min, and a second 50-�l aliquot of medium was
harvested and frozen. Care was taken to avoid disrupting the cell
monolayer while obtaining aliquots of medium for the ATP assay.
Medium ATP concentration was detected with the chemiluminescent
luciferin-luciferase assay using previously published techniques (47).
In brief, luciferin-luciferase stock solution was prepared from one vial
of ATP assay solution (Sigma) plus 450 �l of isotonic buffer (105
mM NaCl, 5 mM KCl, 10 mM HEPES, 5 mM NaHCO3, 60 mM
mannitol, 5 mM glucose, 0.5 mM MgCl2, 1.3 mM CaCl2, pH 7.4) plus
50 �l of distilled water. This stock solution was further diluted 25-fold
in Earle’s MEM to make a working luciferin-luciferase assay solution.
Twenty-five microliters of each medium sample were placed into a
well of an opaque white 96-well plate and diluted with an equal
volume of luciferin-luciferase assay solution. Light emitted from
luciferase luminescence, which is proportional to the concentration of
ATP in the solution, was recorded with a Luminoskan Ascent micro-
plate luminometer (Labsystems, Franklin, MA). Luminescence mea-
surements were taken every minute for 15 min with an integration
time of 100 ms/well. The ATP content in each sample was calculated
as the mean signal obtained in the first 5 min of measurements
calibrated to a standard curve.

Statistics. Data are presented as means � SE. Least squares
analysis was calculated with Microsoft Excel, and statistical signifi-
cance was calculated with SigmaStat (Jandel Scientific) using either a
standard t-test or paired t-test as noted in the figure legends. For
comparisons, P values 
0.05 were considered to reflect statistically
significant differences.
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RESULTS

We used a model based on two preparations of isolated rat
alveolar epithelial cells as a method to mimic interactions that
occur between alveolar epithelial cells. To distinguish between
the two different cell types in coculture, CellTracker CMFDA
was used as a vital fluorescent stain to label a subpopulation of
alveolar epithelial cells. As shown in Fig. 1, CMFDA incor-
poration by ATII cells was a linear function of cell number.
CMFDA remained associated with ATII cells after overnight
incubation and did not transfer to unlabeled ATI cells. By
phase-contrast microscopy, CMFDA-labeled cells showed la-
mellar bodies suggesting they have the capacity to secrete
surfactant lipid. Also, cocultures contained 1.2 � 0.4 (n � 8)
ATII cells for each ATI cell, slightly less than the 2:1 ratio
typically found in the adult lung (18).

Surfactant lipids in ATII cells can be metabolically labeled
using [3H]choline to produce [3H]PC. With the use of this
approach, it was found that extracellular ATP stimulates iso-
lated ATII cells to secrete [3H]PC (5, 28). We confirmed that
metabolically labeled ATII cells incubated for 2 h with 1 mM
ATP were stimulated to secrete [3H]PC compared with un-
stimulated controls (Fig. 2A). In contrast, ATI cells secreted
little, if any, [3H]PC in response to extracellular ATP, consis-

tent with a previous report (53). This also suggests that in
cocultures, any [3H]PC secreted would be due to ATII cells
rather than ATI cells.

Metabolically labeled lipid provides a direct measure of
surfactant secretion. This method works well for isolated ATII
cells, since the amount of secreted lipid can be normalized to
the total lipid pool as a way to control for the number of ATII
cells per dish. However, when ATII cells are combined with
ATI cells, [3H]choline is incorporated into the intracellular PC
pools of both ATII and ATI cells. Thus to compare the amount
of surfactant lipid secreted by ATII cells alone to the amount
of secretion by ATII cells cocultured with ATI cells, we
normalized the amount of [3H]PC secreted to the number of
ATII cells using CMFDA fluorescence ([3H]PC secreted/ATII
cell). CMFDA incorporation by ATII cells was linear with
respect to ATII cell number, and ATI cells were not fluores-
cent. Using this approach, we found that ATII cells were
stimulated to secrete comparable amounts of [3H]PC in re-
sponse to 1 mM ATP regardless of whether they were alone or
combined with ATI cells (Fig. 2B). Thus ATI cells did not alter
the ability of ATII cells to secrete surfactant lipid in response
to extracellular ATP.

To assess the effect of stretch on alveolar epithelial cells, we
used a previously described cell deformation apparatus (55).
Cells were plated onto a fibronectin-coated silastic substratum
in a well mounted into a holder/indentor (Fig. 3A). Cells were
stretched by rotating the well a defined number of turns, which
caused the indentor to push up on the substratum. This in turn
stretched the substratum, creating an equibiaxial deformation
(55). Microscopy and morphometric analysis were used to
measure changes in cell surface area as a function of the
number of turns for ATI and ATII cells in coculture. Both ATI
and ATII cells had comparable changes in cell size as a
function of number of turns. Thus the ATII cells were firmly

Fig. 1. Vital cell staining of alveolar epithelial cells is shown. A: alveolar type
II (ATII) cells were isolated and labeled with the fluorescent vital dye
5-chloromethylfluorescein diacetate (CMFDA) during the biopanning step of
the isolation procedure, seeded to different densities, and cultured overnight in
a 24-well dish. Cell-associated fluorescence was measured using a PE Biosys-
tems fluorescence microplate reader. Data points represent the means of
triplicate wells, and SD was less than data point symbol size. By least squares
analysis, cell-associated CMFDA relative fluorescence units (RFU) were
linearly related to ATII cell number. B–G: cultures containing only CMFDA-
labeled ATII cells (B and E), a mixture of ATII and alveolar type I-like (ATI)
cells (C and F), or ATI cells alone (D and G) were visualized by phase-contrast
microscopy (B–D) and labeled ATII cells by CMDFA fluorescence (E–G).
Insets show 7-fold magnified phase-contrast images of ATII cells containing
lamellar bodies (arrowheads). Bar, 100 �m.

Fig. 2. ATP-stimulated phospholipid secretion by ATII cells was comparable
for monocultures and cocultures. A: cells were metabolically labeled overnight
with [3H]choline, washed, and then treated with 1 mM ATP for 2 h at 37°C to
stimulate [3H]phosphatidylcholine ([3H]PC) secretion. Shown is the mean
percentage � SE of total [3H]PC secreted into the medium by unstimulated
[control (con), gray bars] or ATP-stimulated (black bars) cells. Monocultures
of ATII cells showed significant [3H]PC secretion in response to ATP com-
pared with untreated controls; however, ATI cells were not responsive to ATP.
B: CMFDA-labeled ATII cells alone or cocultured with ATI cells were
metabolically labeled overnight and stimulated with ATP as above. The
amount of [3H]PC secreted into the medium by unstimulated (con, gray bars)
or ATP-stimulated cells (black bars) was normalized to CMFDA fluorescence
([3H]PC secreted/ATII cells) as described in METHODS. Data were calculated
from 3 independent determinations; *significantly different from unstimulated
controls (P 
 0.05).
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attached to the ATI cells and/or the extracellular matrix on the
silastic substratum.

Wirtz and Dobbs (59) previously found that metabolically
labeled ATII cells secrete [3H]PC in response to mechanical
deformation. As shown in Fig. 4, we confirmed that ATII cells

mechanically stretched to 25% were stimulated to secrete
[3H]PC. However, ATI cells did not secrete [3H]PC in re-
sponse to stretch. As was the case for ATP-stimulated [3H]PC
secretion, this suggests that any [3H]PC secreted into the
medium by cocultures in response to mechanical stimulation
would be from ATII cells, not ATI cells.

[3H]PC secretion by ATII cells alone or cocultured with ATI
cells was determined as a function of increasing levels of
mechanical deformation (Fig. 5). For these experiments, the
level of [3H]PC secreted/ATII cell RFU was calculated so that
unstretched controls were set to a value of 0. For each magni-
tude of stretch tested, cells were stimulated to secrete more
[3H]PC than unstretched controls. At 12% stretch, ATII cells
secreted comparable levels of [3H]PC regardless of whether or
not ATI cells were present. However, at 21% stretch, there was
a difference in the level of surfactant lipid secretion. ATII cells
cocultured with ATI cells secreted roughly two- to threefold
more [3H]PC than ATII cells alone. Thus coculture with ATI
cells enhanced the ability of the ATII cells to respond to 21%
stretch. At 30% stretch, ATII cells cocultured with ATI cells
maintained this higher level of [3H]PC secretion. ATII cells
alone also showed a higher level of [3H]PC secretion at 30%
compared with lesser stretch magnitudes. This is consistent
with a fluorescence microscopy study that showed that ATII
cells had significantly more lamellar body-plasma membrane
fusion at 30–50% stretch as opposed to 10–20% stretch where
few lamellar body fusion events were detected (26). Thus the
amount of [3H]PC secreted in response to mechanical defor-
mation was a function of both cell population and the magni-
tude of stretch. In particular, the enhanced amount of [3H]PC
secreted by ATII cells cocultured with ATI cells at 21% stretch
indicated that there was likely to be signaling from ATI cells to
ATII cells.

Fig. 3. Mechanical deformation of ATII and ATI cells is depicted. A: cross-
section of a well designed for mechanical deformation of cells. W, well; black
rectangle denotes the area of the substratum where the cells are adherent. The
silastic substratum is stretched by turning the well, which causes the indentor
to push up onto the substratum (55). B: CMFDA-labeled ATII cells and
unlabeled ATI cells cocultured on a silastic substratum were progressively
stretched. Shown is mean cell area � SE calculated morphometrically as a
function of the number of turns of the well in the indentor housing. Data are
from 5 independent wells, measuring 5–8 cells of each type per well. Both
ATII cells (F) and ATI cells (■ ) increased in size with increasing number of
turns.

Fig. 4. ATI cells do not secrete PC in response to mechanical deformation.
ATII cells alone or ATI cells alone were labeled overnight with [3H]choline,
washed, tonically stretched to 25% for 15 min, released, and then further
incubated for 2 h at 37°C. Shown is the mean percentage � SE of total [3H]PC
secreted into the medium by unstimulated (con, gray bars) or stretched (black
bars) cells. Data were calculated from 3 independent determinations; *signif-
icantly different from unstimulated controls (P 
 0.05).

Fig. 5. ATII cells cocultured with ATI cells secrete surfactant lipid at a lower
mechanical threshold than ATII monocultures. A: CMFDA-labeled ATII cells
alone (gray bars) or cocultured with ATI cells (black bars) were tonically
stretched for 15 min by either a 12, 21, or 30% increase in ATII cell area and
were then released and further incubated for 2 h at 37°C. [3H]PC secretion was
measured and normalized to the number of ATII cells using CMFDA fluores-
cence ([3H]PC secreted/ATII cells) as described in METHODS. Data are the
means � SE of 8 independent sets of duplicate determinations with back-
ground corrected for secretion by unstretched controls. There was significantly
more [3H]PC secreted by cocultures at 21% stretch than monocultures (*P 

0.05 by paired Student’s t-test). B: CMFDA-labeled ATII cells in monoculture
(gray bars) or cocultured with ATI cells (black bars) were pretreated with
apyrase and adenosine deaminase (ADA) for 30 min, tonically stretched for 15
min at 21 or 30%, further incubated for 2 h at 37°C in the presence of the
enzymes, and analyzed as in A. *Significantly different from stretched cells in
the absence of enzymes (A); P 
 0.05 by paired Student’s t-test.
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To determine whether gap junctional communication con-
tributed to the increased [3H]PC secretion by ATII cells plus
ATI cells at 21% stretch, we used two different gap junction
inhibitors known to inhibit gap junctional communication
between alveolar epithelial cells: either a mixture of connexin
mimetic peptides (160 �M GAP-26 � 130 �M GAP-27) (9,
24) or �-glycyrrhetinic acid (1, 20). Neither treatment had a
significant effect on surfactant lipid secretion at 21% stretch.
Cocultures pretreated and stretched in the presence of GAP
inhibitor peptides secreted 96.9 � 0.7% of the level of [3H]PC
secreted by untreated control cocultures. Also, cocultures pre-
treated and stretched in the presence of 40 �M �-glycyrrhetinic
acid secreted 107.6 � 2.4% of the level of [3H]PC secreted by
untreated control cocultures. Thus we were unable to detect a
role for gap junctional communication in the control of sur-
factant secretion in this experimental system. Despite the lack
of an affect on [3H]PC secretion, �-glycyrrhetinic acid inhib-
ited gap junctional communication between ATI cells by 95%,
whereas control cells showed extensive transfer of microin-
jected Alexa Fluor 488 [16.5 � 2.3 labeled cells/injection (n �
12)] vs. �-glycyrrhetinic acid-treated cells [0.8 � 0.8 labeled
cells/injection (n � 7)]. Qualitatively, �-glycyrrhetinic acid
also inhibited gap junctional communication between ATI and
ATII cells, as measured using the preloading assay. Although
gap junction inhibitors did not inhibit stretch-induced [3H]PC
secretion, it is important to note that, even in coculture with
ATI cells, ATII cells are also directly stretched, which was
likely to influence their response (see DISCUSSION).

To determine whether extracellular ATP release contributed
to the increased sensitivity of cocultures to mechanical stimu-
lation, ATII cells alone or cocultured with ATI cells were
pretreated with a combination of apyrase and ADA to com-
pletely metabolize any extracellular ATP released by cells in
response to mechanical deformation. Although the main end
product of apyrase is AMP, ADA was included to degrade any
potential adenosine generated by AMP hydrolysis, since aden-
osine is known to stimulate surfactant secretion (29, 32). In
each case, cells were first pretreated with ATPases and then
mechanically stimulated in the presence of the enzymes. At
21% stretch, ATPases had little effect on ATII cells alone (Fig.
5B). In contrast, at 21% stretch, ATPases significantly inhib-
ited [3H]PC secretion by ATII cells cocultured with ATI cells.
At 30% stretch, ATPases inhibited surfactant secretion by ATII
cells regardless of whether they were alone or cocultured with
ATI cells. Thus, at high levels of mechanical deformation,
there was a component of [3H]PC secretion due to extracellular
ATP release, regardless of whether ATI cells were present.
This was further confirmed to be due to extracellular ATP
release, since apyrase alone inhibited stretch-induced [3H]PC
secretion by ATII cells [73 � 24% inhibition (n � 2)] and
cocultures [60 � 13% (n � 2)] to levels comparable to cells
treated with both apyrase and ADA (Fig. 5).

To directly measure ATP release by mechanically stimulated
cells, we used a luciferase assay to measure ATP secreted into
the medium by either ATI or ATII cells. Note that our mea-
surements of ATP release were taken using cells treated with
ARL-67156 to inhibit degradation of extracellular ATP by
ecto-ATPases (17, 38). As shown in Fig. 6, ATI cells showed
significantly more ATP release at 21% stretch than ATII cells.
At 30% stretch, both ATI and ATII cells released ATP.
Comparable results were obtained at 5 and 10 min following

stretch, suggesting that stretch-induced ATP release had
reached a plateau value. For instance, medium collected from
ATI cells 5 and 10 min after initiating 21% stretch contained
23.6 � 12.8 nM ATP and 22.0 � 3.6 nM ATP, respectively
(n � 4). These results were consistent with the results in Fig.
5 and suggest that ATP release by ATI cells plays a role in
mechanically stimulated surfactant secretion by ATII cells.

DISCUSSION

In response to mechanical deformation, ATII cells secrete
pulmonary surfactant (59). We found that at 21% stretch,
surfactant lipid secretion by ATII cells was stimulated by
paracrine ATP release by ATI cells. At higher levels of stretch,
ATII cells also showed an autocrine ATP stimulated surfactant
secretion pathway. This suggests that mechanically stimulated
extracellular ATP release might be a normal function of type I
cells to provide a pathway for mechanically stimulated surfac-
tant release at modest levels of stretch.

Consistent with the notion of a specific ATP release pathway
for alveolar epithelial cells, other types of epithelial cells have
been shown to mediate physiological secretion of ATP in
response to mechanical or osmotic stress (8, 51). There are
several distinct mechanisms that have been implicated in ATP

Fig. 6. ATI cells release ATP at a lower mechanical threshold than ATII cells.
A: representative luminometric traces showing medium ATP concentration for
ATII cells (top) or ATI cells (bottom). Gray lines denote readings from
medium harvested before stretch (	); black lines denote medium harvested
after 10 min of stretch at either 12, 21, or 30% increase in cell area (�).
Readings collected during the first 5 min of collecting luminescence data were
averaged to provide a measure of luminescence from each individual sample.
B: luminescence measurements were calibrated to an ATP standard curve. Bars
represent means � SE for n � 3–4 independent determinations for ATII cells
(gray bars) or ATI cells (black bars) following 10 min of stretch at 12, 21, or
30% increase in cell area. ATP release by ATI cells was significantly greater
than unstretched controls for 21 and 31% stretch and by ATII cells for 30%
stretch (*P 
 0.05). ATI cells also were significantly more sensitive than ATII
cells to release ATP at 21% stretch (†P 
 0.05).
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release, including plasma membrane channels, such as cystic
fibrosis transmembrane conductance regulator (CFTR) or a
CFTR-regulated channel, other ATP-binding cassette trans-
porters such as P-glycoprotein, maxi-anion channels, organic
anion transporters, and connexin hemichannels (reviewed in
Ref. 51). Many of these channels are present in alveolar
epithelial cells, including CFTR (14) and P-glycoprotein (15).
Although the mechanisms mediating mechanically induced
ATP release by alveolar epithelial cells remain to be deter-
mined, we can rule out the possibility of ATP permeability
through plasma membrane gap junction hemichannels (4, 16,
52), since gap junction inhibitors had little effect on enhanced
surfactant lipid secretion by cocultures subjected to 21%
stretch.

Differences in mechanical sensitivity were not likely to be
due to a difference in cell adhesion, since ATI and ATII cells
were well attached to the membrane whether or not they were
in monocultures or cocultures, and their deformation was
indistinguishable from the membrane substrate (Fig. 3 and Ref.
54). One possibility is that a difference in mechanical sensi-
tivity was due to the greater surface area for ATI cells com-
pared with ATII cells, a trait ATI cells have in common with
type I cells in situ. ATI cells have a large, flat surface in contact
with the substratum with the potential to have a higher capacity
to transduce changes in substratum surface area than the more
cuboidal ATII cells. Also, ATI and ATII cells have differences
in cytoskeletal organization as determined using beads coated
with Arg-Gly-Asp (RGD) peptides (RGD beads) that bind to
integrins at the cell surface and magnetic twisting cytometry to
measure the extent of integrin association with the cytoskeleton
(7). Berrios et al. (7) showed that RGD beads bound to ATI
cells had twice the resistance to rotation than RGD beads
bound to ATII cells. This suggests that integrins expressed by
ATI were more tightly associated with the cytoskeleton than
ATII cell integrins. Because integrin-cytoskeletal interactions
are a critical component of stretch-induced signal transduction
(34), a more stable integrin-cytoskeleton complex for ATI cells
compared with ATII cells is consistent with the notion that ATI
cells were more efficient at transducing mechanical signals
than ATII cells.

Critically, we can rule out plasma membrane rupture as a
mechanism for ATP release by ATI cells. Tschumperlin and
colleagues (55, 56) have shown that ATI cells are remarkably
resistant to stretch-induced injury compared with ATII cells,
even at extreme levels of stretch beyond the magnitudes tested
here. As previously determined (55), 21% tonic stretch causes
plasma membrane rupture in roughly 13% of ATII cells and

1% of ATI cells. However, at the same stretch magnitude,
ATI cells secreted approximately fivefold more ATP than ATII
cells (Fig. 6). Thus ATI cells were less susceptible to damage
than ATII cells yet secreted more ATP. ATI cell damage is also
extremely low at 30% stretch (55). Whether ATII cell damage
plays a role in ATP release at 30% stretch where roughly 30%
of ATII cells are damaged remains to be determined. However,
we can rule out cell damage as a source for enhanced [3H]PC
secretion by ATII cells in general since it was inhibited by
apyrase treatment at all stretch magnitudes examined.

Gap junction inhibitors had no effect on [3H]PC secretion by
ATII cells regardless of whether or not they were combined
with ATI cells. We were surprised by this observation since
these agents inhibited transmission of mechanically induced

calcium transients from ATI to ATII cells by cultured cells (9,
35, 36). Also, Ashino et al. (3) showed using in situ whole lung
microscopy that hyperinflation initiated a transient increase in
type I cell cytosolic calcium that was transmitted to type II
cells through gap junctions and was required to initiate lamellar
body fusion with the plasma membrane. In that study, hyper-
inflation did not directly stretch type II cells, which under-
scores the physiological relevance of type I cell mechanical
stimulation as a pathway to stimulate surfactant secretion. We
found that ATII cells were subjected to direct mechanical
stimulation in our system. Direct stimulation of ATII cells
stimulates lipid insertion into the plasma membrane (25, 57)
and surfactant release (59). Cell stretch also causes the direct
influx of extracellular calcium, through either plasma mem-
brane disruption or activation of channels (26, 46). Thus, in our
coculture system, recruitment of calcium or inositol 1,4,5-
trisphosphate from ATI cells via gap junctions was not likely
to be required to initiate a calcium signaling pathway in ATII
cells since this pathway would be directly stimulated by ATII
cell stretch.

We found that ATI cells released ATP in response to stretch
at a concentration sufficient to induce surfactant lipid secretion
by ATII cells. However, Isakson et al. (35, 36) found that
mechanical stimulation of an individual ATI cell with a glass
micropipette did not induce a detectable level of extracellular
ATP release. Thus, on a per cell basis, ATP release by
mechanically stimulated ATI cells is likely to be low. How-
ever, when we stimulated the entire monolayer, the net release
of ATP was significant (Fig. 6). Although the net level of ATP
released into the medium is apparently low (�10–50 nM),
ATP concentrations near the cell surface are typically orders of
magnitude higher than bulk measurements of ATP released
into the medium (6). It also has been suggested that ATP
release sites and receptors may be compartmentalized into
membrane microdomains to enable high local ATP concentra-
tions (38). These two factors are likely to bring the local
extracellular ATP concentration into the micromolar range
required to stimulate surfactant lipid secretion (30).

In contrast to ATI cells, Isakson et al. (35, 36) found that
micropipette stimulation of ATII cells induced extracellular
ATP release. Because we also observed ATP release by ATII
cells at high levels of stretch, this suggests that micropipette
stimulation of small, cuboidal ATII cells may create focal
distortions equivalent to significant changes in cell surface
area. However, the same focal membrane deformation of large,
flat ATI cells results in a smaller change in surface area,
suggesting a rationale for the ability of the micropipette
method to be more effective at stimulating ATII cells com-
pared with ATI cells.

In summary, we found that ATI cells release extracellular
ATP at a lower threshold of stretch than ATII cells and that this
can serve as a paracrine pathway to stimulate surfactant secre-
tion. Because there are many other cell types in the lung, such
as fibroblasts, it is certainly possible that other cells could be
sources of extracellular ATP. However, A549 lung epithelial
cells release 12-fold more ATP in response to mechanical
stimulation than NIH/3T3 fibroblasts (13), suggesting that the
epithelium in the lung is likely the major source of extracellular
ATP released in response to stretch. For alveolar epithelial
cells cultured on a deformable silastic substratum, 21% stretch
corresponds to 60–80% total lung capacity (54). This level of
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mechanical distension is in the physiological range of a deep
breath, yawn, or sigh (21, 42). Also, in the injured lung, there
are likely to be hot spots where alveoli are inflated to a
comparable level to compensate for atelectasis of neighboring
alveoli (50). Although type I cells are more likely to be
subjected to greater relative changes in cell size than type II
cells in the intact lung (3), type I cell stretch might not be
required in vivo since alveolar unfolding might also stimulate
type I cells to secrete ATP by subjecting the cells to shear
forces. Regardless of the mechanism, our results are consistent
with a role for type I cells as mechanosensors in the lung and
underscore the notion that type II and type I alveolar epithelial
cells act in concert to regulate pulmonary surfactant secretion.

ACKNOWLEDGMENTS

We thank Michelle Hawk, Jian-Qin Tao, and Lisa Miller for expert
technical assistance.

GRANTS

This work was supported by National Institutes of Health Grants GM-61012
(M. Koval), P01-HL-019737, Project 3 (M. Koval and S. R. Bates), HL-57204
(S. S. Margulies), and EY-10009 (C. H. Mitchell).

REFERENCES

1. Abraham V, Chou ML, DeBolt KM, and Koval M. Phenotypic control
of gap junctional communication by cultured alveolar epithelial cells.
Am J Physiol Lung Cell Mol Physiol 276: L825–L834, 1999.

2. Abraham V, Chou ML, George P, Pooler P, Zaman A, Savani RC, and
Koval M. Heterocellular gap junctional communication between alveolar
epithelial cells. Am J Physiol Lung Cell Mol Physiol 280: L1085–L1093,
2001.

3. Ashino Y, Ying X, Dobbs LG, and Bhattacharya J. [Ca2�]i oscillations
regulate type II cell exocytosis in the pulmonary alveolus. Am J Physiol
Lung Cell Mol Physiol 279: L5–L13, 2000.

4. Bao L, Sachs F, and Dahl G. Connexins are mechanosensitive. Am J
Physiol Cell Physiol 287: C1389–C1395, 2004.

5. Bates SR, Tao JQ, Notarfrancesco K, DeBolt K, Shuman H, and
Fisher AB. Effect of surfactant protein A on granular pneumocyte sur-
factant secretion in vitro. Am J Physiol Lung Cell Mol Physiol 285:
L1055–L1065, 2003.

6. Beigi R, Kobatake E, Aizawa M, and Dubyak GR. Detection of local
ATP release from activated platelets using cell surface-attached firefly
luciferase. Am J Physiol Cell Physiol 276: C267–C278, 1999.

7. Berrios JC, Schroeder MA, and Hubmayr RD. Mechanical properties
of alveolar epithelial cells in culture. J Appl Physiol 91: 65–73, 2001.

8. Bodin P and Burnstock G. Purinergic signalling: ATP release. Neuro-
chem Res 26: 959–969, 2001.

9. Boitano S, Safdar Z, Welsh DG, Bhattacharya J, and Koval M.
Cell-cell interactions in regulating lung function. Am J Physiol Lung Cell
Mol Physiol 287: L455–L459, 2004.

10. Borok Z, Danto SI, Lubman RL, Cao Y, Williams MC, and Crandall
ED. Modulation of t1� expression with alveolar epithelial cell phenotype
in vitro. Am J Physiol Lung Cell Mol Physiol 275: L155–L164, 1998.

11. Borok Z, Liebler JM, Lubman RL, Foster MJ, Zhou B, Li X, Zabski
SM, Kim KJ, and Crandall ED. Na transport proteins are expressed by
rat alveolar epithelial type I cells. Am J Physiol Lung Cell Mol Physiol
282: L599–L608, 2002.

12. Borok Z, Lubman RL, Danto SI, Zhang XL, Zabski SM, King LS, Lee
DM, Agre P, and Crandall ED. Keratinocyte growth factor modulates
alveolar epithelial cell phenotype in vitro: expression of aquaporin 5. Am J
Respir Cell Mol Biol 18: 554–561, 1998.

13. Boudreault F and Grygorczyk R. Cell swelling-induced ATP release is
tightly dependent on intracellular calcium elevations. J Physiol 561:
499–513, 2004.

14. Brochiero E, Dagenais A, Prive A, Berthiaume Y, and Grygorczyk R.
Evidence of a functional CFTR Cl	 channel in adult alveolar epithelial
cells. Am J Physiol Lung Cell Mol Physiol 287: L382–L392, 2004.

15. Campbell L, Abulrob AN, Kandalaft LE, Plummer S, Hollins AJ,
Gibbs A, and Gumbleton M. Constitutive expression of p-glycoprotein

in normal lung alveolar epithelium and functionality in primary alveolar
epithelial cultures. J Pharmacol Exp Ther 304: 441–452, 2003.

16. Cotrina ML, Lin JH, Alves-Rodrigues A, Liu S, Li J, Azmi-Ghadimi
H, Kang J, Naus CC, and Nedergaard M. Connexins regulate calcium
signaling by controlling ATP release. Proc Natl Acad Sci USA 95:
15735–15740, 1998.

17. Crack BE, Pollard CE, Beukers MW, Roberts SM, Hunt SF, Ingall
AH, McKechnie KC, Ijzerman AP, and Leff P. Pharmacological and
biochemical analysis of FPL 67156, a novel, selective inhibitor of ecto-
ATPase. Br J Pharmacol 114: 475–481, 1995.

18. Crapo JD, Barry BE, Gehr P, Bachofen M, and Weibel ER. Cell
number and cell characteristics of the normal human lung. Am Rev Respir
Dis 126: 332–337, 1982.

19. Dahlin K, Mager EM, Allen L, Tigue Z, Goodglick L, Wadehra M,
and Dobbs L. Identification of genes differentially expressed in rat
alveolar type I cells. Am J Respir Cell Mol Biol 31: 309–316, 2004.

20. Davidson JS and Baumgarten IM. Glycyrrhetinic acid derivatives: a
novel class of inhibitors of gap-junctional intercellular communication.
Structure-activity relationships. J Pharmacol Exp Ther 246: 1104–1107,
1988.

21. Dietl P, Frick M, Mair N, Bertocchi C, and Haller T. Pulmonary
consequences of a deep breath revisited. Biol Neonate 85: 299–304, 2004.

22. Dietl P, Haller T, Mair N, and Frick M. Mechanisms of surfactant
exocytosis in alveolar type II cells in vitro and in vivo. News Physiol Sci
16: 239–243, 2001.

23. Dobbs LG, Gonzalez R, and Williams MC. An improved method for
isolating type II cells in high yield and purity. Am Rev Respir Dis 134:
141–145, 1986.

24. Evans WH and Boitano S. Connexin mimetic peptides: specific inhibi-
tors of gap-junctional intercellular communication. Biochem Soc Trans 29:
606–612, 2001.

25. Fisher JL, Levitan I, and Margulies SS. Plasma membrane surface
increases with tonic stretch of alveolar epithelial cells. Am J Respir Cell
Mol Biol 31: 200–208, 2004.

26. Frick M, Bertocchi C, Jennings P, Haller T, Mair N, Singer W, Pfaller
W, Ritsch-Marte M, and Dietl P. Ca2� entry is essential for cell
strain-induced lamellar body fusion in isolated rat type II pneumocytes.
Am J Physiol Lung Cell Mol Physiol 286: L210–L220, 2004.

27. Gilfillan AM and Rooney SA. Functional evidence for involvement of P2
purinoceptors in the ATP stimulation of phosphatidylcholine secretion in
type II alveolar epithelial cells. Biochim Biophys Acta 959: 31–37, 1988.

28. Gilfillan AM and Rooney SA. Purinoceptor agonists stimulate phosphati-
dylcholine secretion in primary cultures of adult rat type II pneumocytes.
Biochim Biophys Acta 917: 18–23, 1987.

29. Gobran LI and Rooney SA. Regulation of SP-B and SP-C secretion in rat
type II cells in primary culture. Am J Physiol Lung Cell Mol Physiol 281:
L1413–L1419, 2001.

30. Gobran LI, Xu ZX, Lu Z, and Rooney SA. P2u purinoceptor stimulation
of surfactant secretion coupled to phosphatidylcholine hydrolysis in type
II cells. Am J Physiol Lung Cell Mol Physiol 267: L625–L633, 1994.

31. Gonzalez R, Yang YH, Griffin C, Allen L, Tigue Z, and Dobbs L.
Freshly isolated rat alveolar type I cells, type II cells, and cultured type II
cells have distinct molecular phenotypes. Am J Physiol Lung Cell Mol
Physiol 288: L179–L189, 2005.

32. Griese M, Gobran LI, Douglas JS, and Rooney SA. Adenosine A2-
receptor-mediated phosphatidylcholine secretion in type II pneumocytes.
Am J Physiol Lung Cell Mol Physiol 260: L52–L60, 1991.

33. Guo Y, Martinez-Williams C, Yellowley CE, Donahue HJ, and Ran-
nels DE. Connexin expression by alveolar epithelial cells is regulated by
extracellular matrix. Am J Physiol Lung Cell Mol Physiol 280: L191–
L202, 2001.

34. Ingber DE. Tensegrity: the architectural basis of cellular mechanotrans-
duction. Annu Rev Physiol 59: 575–599, 1997.

35. Isakson BE, Evans WH, and Boitano S. Intercellular Ca2� signaling in
alveolar epithelial cells through gap junctions and by extracellular ATP.
Am J Physiol Lung Cell Mol Physiol 280: L221–L228, 2001.

36. Isakson BE, Lubman RL, Seedorf GJ, and Boitano S. Modulation of
pulmonary alveolar type II cell phenotype and communication by extra-
cellular matrix and KGF. Am J Physiol Cell Physiol 281: C1291–C1299,
2001.

37. Isakson BE, Seedorf GJ, Lubman RL, Evans WH, and Boitano S.
Cell-cell communication in heterocellular cultures of alveolar epithelial
cells. Am J Respir Cell Mol Biol 29: 552–561, 2003.

L495PARACRINE STIMULATION OF SURFACTANT SECRETION BY ATP

AJP-Lung Cell Mol Physiol • VOL 289 • SEPTEMBER 2005 • www.ajplung.org

 on M
ay 6, 2010 

ajplung.physiology.org
D

ow
nloaded from

 

http://ajplung.physiology.org


38. Joseph SM, Buchakjian MR, and Dubyak GR. Colocalization of ATP
release sites and ecto-ATPase activity at the extracellular surface of human
astrocytes. J Biol Chem 278: 23331–23342, 2003.

39. Koval M. Sharing signals: connecting lung epithelial cells with gap
junction channels. Am J Physiol Lung Cell Mol Physiol 283: L875–L893,
2002.

40. Koval M, Geist ST, Westphale EM, Kemendy AE, Civitelli R, Beyer
EC, and Steinberg TH. Transfected connexin45 alters gap junction
permeability in cells expressing endogenous connexin43. J Cell Biol 130:
987–995, 1995.

41. Mason RJ and Voelker DR. Regulatory mechanisms of surfactant
secretion. Biochim Biophys Acta 1408: 226–240, 1998.

42. Nicholas TE, Power JH, and Barr HA. The pulmonary consequences of
a deep breath. Respir Physiol 49: 315–324, 1982.

43. Paine R III and Simon RH. Expanding the frontiers of lung biology
through the creative use of alveolar epithelial cells in culture. Am J Physiol
Lung Cell Mol Physiol 270: L484–L486, 1996.

44. Poot M, Kavanagh TJ, Kang HC, Haugland RP, and Rabinovitch PS.
Flow cytometric analysis of cell cycle-dependent changes in cell thiol
level by combining a new laser dye with Hoechst 33342. Cytometry 12:
184–187, 1991.

45. Qiao R, Zhou B, Liebler JM, Li X, Crandall ED, and Borok Z.
Identification of three genes of known function expressed by alveolar
epithelial type I cells. Am J Respir Cell Mol Biol 29: 98–105, 2003.

46. Reddy A, Caler EV, and Andrews NW. Plasma membrane repair is
mediated by Ca2�-regulated exocytosis of lysosomes. Cell 106: 157–169,
2001.

47. Reigada D and Mitchell CH. Release of ATP from retinal pigment
epithelial cells involves both CFTR and vesicular transport. Am J Physiol
Cell Physiol 288: C132–C140, 2005.

48. Rice WR, Burton FM, and Fiedeldey DT. Cloning and expression of the
alveolar type II cell P2u-purinergic receptor. Am J Respir Cell Mol Biol
12: 27–32, 1995.

49. Rooney SA. Regulation of surfactant secretion. Comp Biochem Physiol A
Mol Integr Physiol 129: 233–243, 2001.

50. Schiller HJ, McCann UG II, Carney DE, Gatto LA, Steinberg JM,
and Nieman GF. Altered alveolar mechanics in the acutely injured lung.
Crit Care Med 29: 1049–1055, 2001.

51. Schwiebert EM and Zsembery A. Extracellular ATP as a signaling
molecule for epithelial cells. Biochim Biophys Acta 1615: 7–32, 2003.

52. Stout CE, Costantin JL, Naus CC, and Charles AC. Intercellular
calcium signaling in astrocytes via ATP release through connexin
hemichannels. J Biol Chem 277: 10482–10488, 2002.

53. Suwabe A, Mason RJ, and Voelker DR. Temporal segregation of
surfactant secretion and lamellar body biogenesis in primary cultures of rat
alveolar type II cells. Am J Respir Cell Mol Biol 5: 80–86, 1991.

54. Tschumperlin DJ and Margulies SS. Alveolar epithelial surface area-
volume relationship in isolated rat lungs. J Appl Physiol 86: 2026–2033,
1999.

55. Tschumperlin DJ and Margulies SS. Equibiaxial deformation-induced
injury of alveolar epithelial cells in vitro. Am J Physiol Lung Cell Mol
Physiol 275: L1173–L1183, 1998.

56. Tschumperlin DJ, Oswari J, and Margulies AS. Deformation-induced
injury of alveolar epithelial cells. Effect of frequency, duration, and
amplitude. Am J Respir Crit Care Med 162: 357–362, 2000.

57. Vlahakis NE, Schroeder MA, Pagano RE, and Hubmayr RD. Defor-
mation-induced lipid trafficking in alveolar epithelial cells. Am J Physiol
Lung Cell Mol Physiol 280: L938–L946, 2001.

58. Williams MC. Alveolar type I cells: molecular phenotype and develop-
ment. Annu Rev Physiol 65: 669–695, 2003.

59. Wirtz HR and Dobbs LG. Calcium mobilization and exocytosis after one
mechanical stretch of lung epithelial cells. Science 250: 1266–1269, 1990.

60. Zhao DM, Xue HH, Chida K, Suda T, Oki Y, Kanai M, Uchida C,
Ichiyama A, and Nakamura H. Effect of erythromycin on ATP-induced
intracellular calcium response in A549 cells. Am J Physiol Lung Cell Mol
Physiol 278: L726–L736, 2000.

L496 PARACRINE STIMULATION OF SURFACTANT SECRETION BY ATP

AJP-Lung Cell Mol Physiol • VOL 289 • SEPTEMBER 2005 • www.ajplung.org

 on M
ay 6, 2010 

ajplung.physiology.org
D

ow
nloaded from

 

http://ajplung.physiology.org

