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Calcium Mobilization and Exocytosis After One

Mechanical Stretch of Lung Epithelial Cells

HuBERT R. W. WIRTZ* AND LELAND G. DoBBSst

Deep inflation of the lung stimulates surfactant secretion by unknown mechanisms.
The hypothesis that mechanical distension directly stimulates type II cells to secrete
surfactant was tested by stretching type II cells cultured on silastic membranes. The
intracellular Ca?* concentration was measured in single cells, before and after
stnctdung Asmglestreuchofalveolartypenccﬂsuusedamnsnent(lessthanw
seconds) increase in cytosolic Ca?* followed by a sustained (15 to 30 minutes)
stimulation of surfactant secretion. Both Ca?* mobilization and exocytosis exhibited
dose-dependence to the magnitude of the stretch-stimulus. Thus, mechanical factors
can trigger complex cellular events in nonneuron, nonmuscle cells and may be involved

VIDENCE FROM EXPERIMENTS WITH

whole animals or isolated lungs sug-

gests that deep inflation of the lung
augments secretion of pulmonary surfactant,
the phospholipid-rich, chemically heteroge-
neous material that lowers surface tension at
the air-liquid interface within the lungs (1).
The mechanism by which an increase in lung
volume apparently stimulates surfactant se-
cretion is unknown. Because alveolar surface
area may increase by as much as 80% during
inflation to total lung capacity (2), one
hypothesis is that mechanical distension of
the alveolus causes surfactant to be secreted
by alveolar type II epithelial cells. (Surfac-
tant components are synthesized by the type
II cell, stored in intracellular organelles, and
secreted by exocytosis.) We found that a
single stretch of alveolar type II cells cul-
tured on elastic membranes caused a tran-
sient increase in cytosolic Ca?*, after which
surfactant secretion persisted for 30 min.
Intracellular Ca?* concentration ([Ca?*};)
was measured in single cells before and after
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stretching. Calcium was mobilized from in-
tracellular rather than extracellular stores.
Thus, mechanical factors can trigger com-
plex cellular events in a nonneuron, non-
muscle cell and may be of general impor-
tance in regulating cellular functions.

Rat alveolar type II cells were cultured for
20 to 24 hours on onc of two types of
circular elastic silicone membrane dishes (3).
In experiments designed to study surfactant
secretion, cells were incubated during this
period with [*H]choline (1 pCi/ml) to label
phosphatidylcholine (PC), the major com-
ponent of surfactant (4). Release of lactic
acid dehydrogenase (LDH) into the media
was measured as one indicator of cellular
damage (3).

Membranes were stretched by applying
hydrostatic pressure beneath the membranes
(6). To imitate deep inflation of the lung, we
distended membranes once and then re-
turned them to the relaxed position. Secre-
tion from cells on stretched or unstretched
membranes was then measured. Changes in
membrane surface area for each type of
membrane were determined by measuring
the height of membrane displacement and
calculating the increase in surface area from
the formula for the area of a sphere (7). We
compared the increase of measured two-
dimensional cellular surface arca (CSA) (8)
to the increase in calculated membrane sur-
face area (MSA) by photographing living

cells on membranes in stretched and relaxed
states and digitizing cellular surface area
(Fig. 1). For cells cultured on both types of
membranes, stretch-induced increases in se-
cretion relative to unstretched controls cor-
related well with increases in CSA rather
than with increases in MSA.

We measured secretion of [*H]phosphati-
dylcholine ([*H]PC) over 1 hour from cells
on silastic sheeting and Sylgard membranes
(Table 1). One hour after a single stretch
that increased mean CSA by 16% (silastic
sheeting membranes) or 17% (Sylgard
membranes), [P H]PC secretion by cells on
both types of membranes (Table 1 and Fig.
2) was significantly increased when com-
pared to control membranes studied concur-
rently in the same device.

There was a direct correlation between
the magnitude of stretch (as measured by an

with differendal interfer-
ence contrast optics (X40 lens). Cells were loaded
thhﬂuoresocmdmcctate(SOquorlhour)and
the membrane was held and stretched in a modi-
fied Sykes-Moore chamber (Bellco Glass) with a
no. 1 cover slip bottom. (A) Two connecting cells
shown in the stretched state. The calculated in-
crease in MSA was 52%. The measured increasc
in two-dimensional CSA was 23% for the cell on
the left and 25% for the cell on the right com-
pared to the relaxed state (B). (C) Staining with
the vital dye fluorescein acetate indicates viability
of the two cells. (D) Overlaid outlines o:':dle two
cells, showing the difference in shape area.
Cells were covered with a thin layer of medium
(MEM with 25 mM Hepes buffer with Krebs
salts).
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Fig. 2. Secretory response of alveolar type II cells
to mechanical stimuli. (A) Dose response of secre-
tion of [*H]PC (mean *+ SD) to increases in
mean CSA. Numbers on top of error bars
(mean + SD) indicate the number of experiments
performed with different cell isolations at each
mean increase in CSA. O, Points that are not
statistically  significantly different from un-
stretched controls; @, points that are different
from controls [analysis of variance followed by a
Newman-Keuls multiple range test (P < 0.05)].
A stretch of 25% increase in mean CSA stimulat-
ed secretion more than one of 17% (P < 0.05).
(B) Time course of [*H]PC secretion by type 11
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cells cultured on Sylgard membranes. [PH]PC secretion was measured

simultaneously on six membranes in the same stretching device. Data shown
are from one of four experiments performed with different isolations of type
IT cells. Aliquots (120 pl) of media (of a total of 1.32 ml of medium per
membrane) were removed at the indicated time points. At zero time (arrow),
membranes were stretched (increasing mean CSA by 21%) or control
solutions or chemical secretagogues (107® M ATP + 10~® M TPA + 10~°
M terbutaline) were added. At subsequent time points, additional aliquots of
media were removed. Line a, unstretched + TPA, ATP, terbutaline; line b,
stretched; line ¢, stretched + SP-A; line d, unstretched controls. (C) Unsti-

increase in mean CSA) and the magnitude
of [PH]PC secretion (Fig. 2A). A threshold
distension exists below which secretion is
not augmented. Because membranes often
ruptured when distension was greater than
that indicated in Fig. 2A, we could not
determine whether secretion reaches a pla-
teau with respect to the magnitude of
stretch. The kinetics of stretch-induced se-
cretion (Fig. 2B) indicated that secretion
did not occur en bloc after a stretch, but
continued to be augmented for at least 30
min. However, the rate of secretion after a
single stretch decreased over the 30-min
period. By 100 min after a stretch, the
stimulatory effect had virtually ceased. We
compared the magnitude of secretion stimu-
lated by a single stretch to that stimulated by
multiple stretches or known chemical secre-
tagogues for type II cells. Ten consecutive
stretches stimulated secretion only 1.1 times
more than a single stretch of the same
magnitude (Fig. 2C). Continuous exposure
to 107® M 12-O-tetradecanoyl phorbol-13-
acetate (TPA) resulted in a secretory re-
sponse that was somewhat greater than that
elicited by a single stretch (16% increase in
CSA) but was not statistically significantly
different from it (Table 1). On Sylgard
membranes, stretch-induced secretion (17%
increase in CSA) was comparable to secre-
tion stimulated by continuous exposure to
three secretagogues [107® M TPA + 107*
M adenosine triphosphate (ATP) + 107° M
terbutaline] (Fig. 2, B and C).

It appears unlikely that stretch-induced
secretion in our system is an artifact of
cellular damage or detachment of cells dur-
ing the stretch. Neither vital dye exclusion
nor total radioactivity was lower in cells on
stretched membranes (9). LDH release from
cells on stretched membranes was not differ-
ent from cells on unstretched control mem-

30 NOVEMBER 1990

(P < 0.05).

branes (Table 1). Occasionally LDH release
exceeding 1% was observed from cells on
unstretched and stretched membranes; re-
sults from those membranes were discarded
(10). Further evidence supporting the con-
cept that secretion of [*H]PC is not due
merely to damage of cell membranes is that
we could inhibit secretion by surfactant
protein A (SP-A) (Table 1 and Fig. 2B) or
cold temperature (Table 1). SP-A inhibits
agonist-induced PC secretion in type II cells
(11); the mechanism of inhibition is un-
known. Increased secretion is also unlikely
to be caused by the motion of medium
covering cells during the stretch because
cells on plastic dishes incubated for 3 hours
on a rocking platform with 27 cycles per
minute did not show differences in either

Control

1
stretch

10
stretches
TPA, ATP
terbutaline

mulated, single stretch—, multiple stretch—, and agonist-stimulated secretion
of [*’H]PC on Sylgard membranes during 1 hour. A single stretch was
performed as described in the text. Ten stretches were performed at the
beginning of the experiment, and the membranes were then allowed to relax
for the rest of the experimental period. Membranes were stretched so that the
mean CSA increased by 17%. Membranes treated with agonists (10™* M
ATP, 10°® M TPA, and terbutaline 107> M) were not stretched. By
Dunnett’s test, all treatment groups were different from unstretched controls

baseline or TPA-induced secretion com-
pared to cells on stationary dishes (12).

Metabolites of arachidonic acid are re-
leased after distension of the lung (13). The
stimulatory effect of lung inflation on secre-
tion is inhibited by indomethacin in some
experiments (14), but not in others (15). We
tested whether the addition of a cyclooxy-
genase inhibitor (indomethacin) or a lipoxy-
genase inhibitor (BW 755 C) blocked
stretch-induced secretion in type II cell cul-
tures. Neither indomethacin nor compound
BW 755 C blocked the secretory response to
stretch (Table 1).

Both cyclic adenosine monophosphate
(cAMP) (16) and [Ca®']; (17) have been
implicated as cellular second messengers in
surfactant secretion. A single stretch did not

Table 1. Factors affecting secretion. Stretch-induced (16% increase in CSA) and TPA-induced
secretion of [*’H]PC during 1 hour from type II cells cultured on silastic sheeting (mean + SD, n =
number of cell isolations). Human proteinosis SP-A (1.25 ug/ml) (a gift of S. Hawgood) was added to
appropriate wells 3 min before stretch. Results were analyzed by an analysis of variance and a Newman-
Keuls test. Influence of low temperature and inhibitors of the cycloxygenase and lipoxygenase on
stretch-induced secretion of type II cells cultured on Sylgard membranes (mean + SD, n = number of
cell isolations). Higher and lower concentrations of indomethacin and BW 655 C than shown in the
table were also tested. Higher concentrations resulted in LDH release. All concentrations were
ineffective in blocking stretch-induced secretion. Compounds were added to experimental membranes
30 min before stretch. Results were analyzed as described above.

[*H]PC (% of total)

LDH (% of total)

Treatment

Un- Un-
stretched Stretched stretched Stretched
Cells cultured on silastic membranes
None 1.7+ 0.9 2.9 = 0.9% 6 0.2 0.2
TPA (1078 M) 32+ 1.1% 6 0.1
SP-A 1.3+0.7 6 0.3
Cells cultured on Sylgard membranes
None 2609 4.6 = 1.8% 10
4°C 24 +05 24+ 0.6 3
Indomethacin (107° M) 2410 4.4+ 1.3% 3
BW 755C (107° M) 22+05 3.8 £0.8*% 4

*Value is different from unstretched control (P < 0.05).
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cause an increase in cellular ;AAMP measured
5 and 30 min later, whereas terbutaline, a -
adrenergic agonist, stimulated cAMP at 5
min (Fig. 3A). We next measured [Ca*"]; in
single cells, monitoring the same cell before
and after stretching (Fig. 3, B to D). For
technical reasons, the earliest time points we
could measure after stretch and relaxation
occurred 8 to 10 s after relaxation was
complete. Because [Ca?*]; was greatest at
this time and then rapidly fell, it is likely that
the maximal [Ca*]; induced by stretch were
greater than those we were able to measure.
When experiments were performed in medi-
um containing Ca?* and Mg?*, [Ca*");
increased 3.5 times after stretch and relax-
ation (baseline [Ca®*];, 0.107 = 0.039 pM;
after stretch [Ca®*];, 0.369 = 0.099 pM;
n =9 cells, six different cell isolations) (Fig.
3B). Intracellular Ca** concentrations then
declined to baseline at variable rates (within
60 s). (Return to basal [Ca®*]; + 50% was
reached at 46 + 42 s after measurement was
restarted.)

To determine whether the increases in
[Ca?*]; observed after stretch and relaxation
were from intracellular or extracellular
sources, we also measured [Ca®*]; in cells

stretched in Ca?*- and Mg?*-free medium
containing 0.2 mM EGTA. Although
[Ca?*]; was somewhat lower in this medi-
um, the response was similar, with [Ca?"];
increasing 3.5 times after stretch and relax-
ation (baseline [Ca®*];, 0.073 + 0.034 pM;
after stretch [Ca®*];, 0.216 = 0.083 pM;
n = 7 cells from five different cell isolations)
(Fig. 3C). Thus, stretch produces a rise in
[Ca®"]; mediated by release of Ca®* from
intracellular stores rather than by allowing
Ca®* to enter from extracellular stores, such
as may occur through stretch-dependent
Ca?* channels in the plasma membrane
(18).

We also examined the dose-dependence of
[Ca**]; on the magnitude of the stretch
stimulus (Fig. 3D). In the cell shown, an
increase in [Ca®*]; first appeared after a
stretch resulting in an 11% increase of CSA.
The subsequent larger stretch to an ~17%
increase of CSA produced a larger increase
in [Ca*"];. Thus, the threshold for increase
in [Ca®*]; appears to be close to the thresh-
old of secretion with respect to the magni-
tude of stretch. When examining single cells,
we have noticed that the stretch threshold
varies somewhat among cells, due to vari-

A B
0.5 4 . 0.4 0.4
c =
=
2 _ 04 s 03 0.3
8 = 502 S:ar} %f 0.2
c2 i stretc
So 0.3 8 0.1 l 0.1
c E = 0+ T +0.0
8a 024 0 10 20 -20 20 60 100
13
£8 o1 Time (s)
3 ]
3 ] W c
o 3 = 3 =
;—51 3E~ :_g— {é .‘.g— {é < 0.3 0.3
gg © © ©c & 3 02 0.2
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Fig. 3. (A) Cyclic AMP content per 0 10 2 20 20 60 100
dish (2.5 x 10® cells) at 5 and 30 Time (s)
min after stretch (CSA 17%) com- p
pared to nonstretched controls, and 0.6
5 min after adding 10™* M terbuta- Resting +2%CSA  +52%CSA  +11%CSA
line. Results were analyzed by anal- g 0.4 Daseline
ysis of variance and Neuman-Keuls =
test. The cAMP content of cells & 4,
treated with terbutaline was differ- § ’ —_————
ent from control (P < 0.001). (B) 0.0
[Ca**]; before and after stretch 70 10 20 0 20 40 O 20 40 0 20 40
(CSA increase 17%) in Ca®*- ]
Mg**~containing medium. (C) Time (s)
[Ca**], before and after stretch 0.6
(CSA increase 17%) in Ca®*- g Resting +17 % CSA Resting
Mg**—free medium containing 0.2 3 ¢4
mM EGTA. (D) Dose-response =
curve of [Ca**]; after increasing “8 0.2
amounts of stretch (in Ca?*- & -
Mg**—containing medium): (in 0.0 4 — ———— rerrr——
the order shown) baseline; 2% in- 0O 4 8 0 20 40 0 20 40

crease in CSA; 5.2% increase in
CSA; 11% increase in CSA, new

Time (s)

baseline; 17% increase in CSA; [Ca®*]; after completion of the experiment. The [Ca?*]; and cAMP

were measured as in (21).
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ability among cells in the CSA/MSA ratio
(and therefore in the extent to which they
are stretched) or in the cellular response to
stretch stimuli.

Addition of rat SP-A to the medium
before stretching did not affect the increase
in [Ca®*]; (19), suggesting that the inhibi-
tory effect of SP-A on secretion occurs late
in exocytosis. This is supported by the fact
that SP-A inhibits secretion stimulated by
chemical agonists that act by stimulating
different cellular second messengers.

We conclude from these results that secre-
tion of PC in alveolar type II cells can be
directly stimulated by a single brief mechani-
cal distension. Mechanical stimuli can trig-
ger complex cellular events in nonneuron,
nonmuscle cells. The effect of a single stretch
stimulus is prolonged, stimulating secretion
for 15 to 30 min.

The lung is a distensible organ that under-
goes phasic changes in volume. Periodic
deep breaths such as sighs and yawns occur
in most mammalian species and are thought
to be important in maintaining lung compli-
ance, presumably by stimulating surfactant
secretion. The time course observed here, in
which 75% of the maximal secretory re-
sponse occurred within 15 min of the
stretch, supports the concept that mechani-
cal forces acting directly on cells may have an
important role in lung physiology.

The mechanism of stretch-induced secre-
tion appears to involve transient increases in
[Ca?*]; from intracellular sources similar to
those observed after addition of chemical
secretagogues or hyposmotic swelling (20)
in a wide variety of cell systems. We postu-
late that there is a tension- or distortion-
sensitive signaling mechanism located in the
cell membrane or attached to cytoskeletal
elements and that this mechanism is able to
release Ca®* from intracellular sources by an
unknown mechanism. The model system
described here affords an opportunity to
study the mechanisms by which mechanical
forces may be coupled to cellular events.
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Recognition by Human V_,9/V32 T Cells of a GroEL
Homolog on Daudi Burkitt’s Lymphoma Cells

PauL FiscH,*t MIROSLAV MALKOVSKY, SUSAN KovAaTts, ELs STURM,
Erixk BRAAKMAN, BRUCE S. KLEIN, STEPHAN D. Voss,

LAWRENCE W. MORRISSEY, ROBERT DEMARS, WILLIAM J. WELCH,
REINDER L. H. BorLHUIS, PAUL M. SONDEL

All human y8 T cells coexpressing the products of the variable (V) region T cell
receptor (TCR) gene segments V., 9 and V;2 recognize antigens from some mycobac-
terial extracts and Daudi cells. Exogenous and endogenous ligands on the cell surface,
homologous to the groEL heat shock family, induced reactivities that resembled
superantigen responses in this major subset of human peripheral blood ¥3 T cells.
Stimulation of human V,9/V;2 T cells is not restricted by human leukocyte antigens
(HLA), including nonpolymorphic B,-microglobulin (,M)—associated class Ib mol-
ecules. These data may be important for understanding the role of y8 T cells in
autoimmunity and in responses to microorganisms and tumors.

SUBSET OF T CELLS EXPRESS THE

3 T cell receptor (TCR) (1) and

have limited variable (V) region
repertoire (2). Antigens that stimulate yd T
cells are only now being identified (3), and it
is not clear whether they need to be pro-
cessed and presented as is the case for af T
cells (4). The nonclassical major histocom-
patibility complex (MHC) class Ib mole-
cules also have limited polymorphism and
have been proposed as antigen-presenting
molecules for y3 T cells (5). Both murine (6,
7) and human (8) yd T cells can respond to
mycobacterial extracts. In the mouse, the
65-kD mycobacterial heat shock protein
(hsp65) and peptides from it can stimulate
8 T cells (6). Hsp65 is homologous to the

groEL protein of Escherichia coli and similar
stress proteins in prokaryotic and eukaryotic
cells (9, 10). Examination of over 2000
human 3 T cell clones revealed that all of
those expressing both V.9 and V32 (11, 12)
are particularly efficient killers of the Daudi
Burkitt’s lymphoma cell line (13). In this
study, we examined the proliferative re-
sponses of human 8 T cells to endogenous
and exogenous antigens. The proliferative
response of human V. 9/Vs2 T cells to
Daudi cells and bacterial extracts could be
inhibited by antiserum to the mammalian
groEL related heat shock proteins (hsp58 or
hsp60) (14). This serum immunoprecipi-
tated a molecule of corresponding molecular
size from the surface of Daudi cells. We
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