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Abstract. Using spectrofluorescence imaging of fura-2 water triggered by a myriad of signaling pathways (Lang
loaded renal A6 cells, we have investigated the generaet al., 1998). A dominant role is attributed to variations
tion of the cytosolic C&' signal in response to osmotic in the intracellular C&" concentration in the activation of
shock and localized membrane stretch. Upon hypotonithis regulatory volume decrease (Razani-Boroujerdi,
exposure, the cells began to swell prior to a transienPartridge & Sopori, 1994). An increase in cytosolicCa
increase in [C&T; and the cells remained swollen after accompanies cell-swelling in different types of epithelial
[C&a?"]; had returned towards basal levels. Exposure taells (Wong & Chase, 1986; Christensen, 1987; Wong,
2/3rd strength Ringer produced a cell volume increaséebell & Chase, 1990; McCarty & O’Neil, 1992; Ehren-
within 3 min, followed by a slow regulatory volume feld, Raschi & Brochiero, 1994; Mooren & Kinne, 1994;
decrease (RVD). The hypotonic challenge also producedinel Hanna, Wehner & Sauer, 1994). The generation of
a transient increase in [€] after a delay of 22 sec. this cytosolic [C&"] response to hypotonic exposure in-
Both the RVD and [C&]; response to hypotonicity were volves extracellular Cd entry and/or C&' release from
inhibited in a C&*-free bathing solution and by gadolin- intracellular stores. A mechanosensitive fJarise has
ium (10 wm), an inhibitor of stretch-activated channels. been described in different cell types, including fibro-
Stretching the membrane by application of subatmo-blasts (Henkart & Nelson, 1979), endothelial cells (Na-
spheric pressure (-2 kPa) inside a cell-attached patchuse & Sokabe, 1993), human intestine (Okada, Hazama
pipette induced a similar global increase in fJaas & Yan, 1990), mammary cells (Henkart & Nelson,
occurred after hypotonic shock. A stretch-sensitive1979), airway epithelial cells (Sanderson, Charles &
[C&a?"]; increase was also observed in &Glee bathing  Dirkse, 1990) and renal A6 cells (Kawahara & Mat-
solution, provided the patch-pipette containedCarhe  suzaki, 1992).
mechanosensitive [€§; response was by gadolinium In the present study, using spectrofluorescence im-
(10 pum) or C&*-free pipette solutions, even when®a aging of Fura-2 loaded A6 cells, a distal renal cell line
(2 mm) was present in the bath. Long-term (>10 min) from Xenopus laevighe source of the intracellular €a
pretreatment of the cells with thapsigargin inhibited thesignal and its mechanism of control in response to os-
[Ca?"]; response to hypotonicity. These results providemotic shock were investigated and compared to th& Ca
evidence that cell swelling or mechanical stimulation cansignal produced by a localized membrane stretch. We
activate a powerful amplification system linked to intra- observed that the increase in cytosolic f{Chassociated
cellular C&"* release mechanisms. with a cell swelling is due to a Gaentry via a stretch-
activated channel and subsequent release from thapsigar
Key words: Stretch-activated Caentry — Cell volume  gin-sensitive stores. Importantly we show that activation
regulation — A6 cells — C& Fluorescence imaging — of single stretch-activated calcium channels is sufficient

thapsigargin to trigger an amplified CZ, signal. Thus C#; signaling
operates with high gain in response to cell swelling and
Introduction membrane stress.

Animal cells initially swell in hypotonic media, but their \jaterials and Methods
volume is subsequently regulated by loss of KCI and

A6 CELL CULTURE

E— A6 cells, a cell line derived from th&enopus laevisiephron were
Correspondence tovV. Urbach purchased from American Type Culture Collection (Rockville, MD).
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The cells were grown at 28°C on plastic tissue culture flasks (Corning,500195GEI. Assuming a spherical shape of isolated cells, the relative
NY) in a modified culture medium for amphibian cells (NCTC 135, volume change\(/V,) was calculated from the cross-sectional surface
Gibco, NY) containing 10% fetal calf serum (Gibco), 0.6% penicillin area before &) and during swelling § from the relation:V/V, =
and 1.0% streptomycin (Gibco), and gassed with 5%,.C&fter the (S/$)%? (Ross & Cahalan, 1995). The A6 cells were exposed to a
cells had formed a polarized confluent monolayer, they were dispersetiypotonic solution by perfusion (10 ml/min) of 2/3rd strength Ringer
by exposure to 0.25% trypsin (Trypsin-EDTA, Gibco) for 5 min at (extracellular C&" concentration was maintained constant at@)m
37°C. Following centrifugation, the cell pellet was resuspended in cul- Cell volume changes were also detected by analyzing the inten-
ture medium and subcultured (> million of cells per flask) or resus- sity of fura-2 fluorescence signals. The two excitation wavelengths of
pended in a normal Ringer solution for the experiments. fura-2 permit a ratiometric determination of cytosolic fandepen-

dent of the dye concentration. A rise in intracellular fJaproduces

an increase of the fluorescent intensity measured at 340 nm and a
INTRACELLULAR C&* MEASUREMENTS decrease at 380 nm. Thus a reduction of fluorescence at both 340 nm

and 380 nm, without a change of the ratio value, indicates a dilution or
Isolated A6 cells were loaded with the acetoxy-methyl ester of fura-24 leakage of the dye, without a change in Ga Since this phenom-
(5 pm) dissolved in DMSO, for 30 min at room temperature. The final enon was observed upon hypotonic exposure of the cells, we conclude
DMSO concentration was < 0.1% in Ringer solution. The dye-loadedinat the decrease of dye concentration corresponds to a dilution of the
cells were washed in standard Ringer solution and deposited on a glag;),e, due to the cell swelling. Using this technique a simultaneous

coverslip, mounted in a miniperfusion chamber and placed on the staggeasurement of cell swelling and intracellular’Cs possible.
of a Nikon epifluorescent microscope (Diaphot TMD). The light from

a Xenon lamp was filtered through alternating 340 nm and 380 nm

filters. The emitted fluorescence produced after the excitation of fura-2S5 yTIONS

was filtered at 510 nm and detected with a video camera (Darkstar,

Photonics Sciences, UK). The video images were digitized, recordeene standard amphibian Ringer solution had the following composition
and analyzed using an image analysis program (STARWISE FLUO(in mm): 120 NaCl, 3.7 KOH, 6 HEPES, 2 Cagll MgCl, and pH 7.4.
sysFen”'l, IMSTAR Paris, France). The fluorescence obtained at eacbsmolarity was adjusted to 250 mOsM by adding glucose. The hypo-
excitation wavelength h, and Lo depends upon the level of €a  i5pic perfusion solution was made by diluting the standard Ringer with
binding to fura-2. Intracellular G4 concentration was measured from distilled water and CaGas added to maintain the Ezconcentration

the fluorescence ratio,}{lsgo Calibration of the dye was performed 4t 2 my (2/3rd strength Ringer). The Ca-free Ringer solution contained
using a range of EGTA-buffered &asolutions of the fura-2 free acid (in mm): 120 NaCl, 3.7 KOH, 10 HEPES, 5 EGTA (250 mOsM), and

using the equation of Grynkeiwicz et al. (1985): pH adjusted at 7.4. Fura 2/AM was supplied by Molecular Probes
21 — K'(R / R Gadolinium (lll) chloride hexahydrate was obtained from Aldrich
[Ca™i = K'(R = R/ (R = R), Chemical. Thapsigargin was purchased from Sigma Chemical.

Data are given as mean + SE, ani$ the number of experiments.

whereK' is the product of the dissociation constant of thé'Gara-2 L L ; -
; I Statistical significance was determined from Studessts as indicated
complex and a constant related to the optical characteristics of the

system.R is the experimental ratio of}4155, from which the back- n the text.
ground fluorescence has been subtracted, Rpd and R, are the
values ofR in the presence of zero and saturating calcium respectively.

Results

K’, Rnin @and R4, Were obtained using fura-2 free acid in a range of
EGTA-buffered C&" solutions.

The intracellular C&" changes were determined under two dif-
ferent experimental procedures designed to mechanically stress the céﬁFFECT OFHyPOTONICITY ON CELL VOLUME AND
membrane. Localized membrane stretch was produced by applicatiofY TOSOLIC CALCIUM
of suction inside a patch-pipette after formation of a giga-ohm seal on
an isolated A6 cell. Cell swelling was produced by exposure of iSO‘Exposure of A6 cells to 2/3rd strength Ringer solution
lated cells to a 2/3rd strength hypotonic Ringer solution superfusedproduced a cell swelling and an increase in intracellular
through a micropipette positioned within of the cell. In other . . .

9 pipette p An gﬁlmum concentration ([G4];). The time course of

f

experiments, to avoid possible shear stress effects, a slow exchange .
the entire bath solution was made. These two methods of producing al angesin cell volume and [éa'l were compared. The

osmotic shock produced changes in intracellula?'Gd similar ime ~~ €Xperiments were started 10 min after plating the isolated
course and magnitude. A6 cells on plastic Petri dishes. No significant changes
in cell surface area were observed under control condi-
tions when A6 cells were bathed in normal isotonic
Ringer solution for extended periods of time. The initial
Isolated A6 cells were seeded on Petri dishes in 1 ml normal Ringediameter of isolated cells was 25 + QuBn and remained
solution, and placed on the inverted microscope stage (Nikon Diaphotonstant at 26 + 0.5um (n = 7) measured after 30 min.
TMD). Video images of cells recorded with a camera (WAT 902, However, within 3.4 + 0.2 min of exposure to 2/3rd
WATEC, Japan) connected to a video frame grabber (model LG3strength Ringer solution, cell volume increased by 43 +
Sci(Tn Cdorporation). Imsges were regordﬁd inbrllea:J timg, stored an(b% ( = 19), followed by a slow regulatory volume
analyzed on a Macintosh computer using the public domain NIH Image . L . .
program (v1.57ppc), developed at the U.S. National Institutes ofdecrease (Flg' 1)' Over the initial 15 min of hypOtonIC
Health and available from the Internet by anonymous ftp from zippy. exposure, the cell volume had undergc_me a volume regu-
nimh.nih.gov or on floppy disk from the National Technical In- latory decrease of 19 + 3% (= 19) (Fig. 1).

formation Service, Springfield, Virginia, part number PB95- Exposure to hypotonic shock also produced a tran-

SINGLE-CELL VOLUME DETERMINATION



V. Urbach et al.: C& in A6 Cells 31

A ing, was observed (phase a). No changes if{Cwere

recorded during this time. After a delay of 225 £ 5

seconds (phase b), the fluorescence intensity increased &

340 nm and decreased at 380 nm, which translates to &

[C&a?"]; increase from 15+ 4 nv to a peak value of 510

+21 v (n = 42). This effect on [C&]; was observed

in 94% of cells exposed to a hypotonic shock. The cal-

cium response was transient and, after the peak’[Ca

levels decreased towards resting levels 0% ¥75 nwv,

with a mean half-time of 40 + 10 sen & 11). Itis clear

} : . . ' — from these experiments that the increase in intracellular

0 5 10 15 20 25 30 Ca* lags behind the initial cell swelling phase and the
time (min) transient increase in [G§; is over, while cell volume is

still increasing.

B C .
SWELLING RVD EFFECTS OFEXTERNAL C&* AND GADOLINIUM ON
[Ca®™*]; DURING A HYPOTONIC SHOCK

0.15 The contribution of extracellular calcium to the rise in
0 [Ca?"]; after hypotonic exposure of A6 cells was inves-
tigated. The substitution of normal Ringer (MnC&™)
0.05 in the bath with a Ca-free-EGTA solution did not pro-
0 duce a detectable change in baseliné’[Ga The [C& ],
Ca® Ca-free Gd* Ca* Ca-free Gd* in control was 170 + 14m, and was unchanged at 182
Fig. 1. Cell swelling and volume regulation during a hypotonic shock + 14 v .measured .10 min after incubation in Ca-free-
(2/3rd strength Ringer). The relative volum¥/Y,) was calculated EGTA Ringer solution m = 271,P > 0'5)' However,
from the initial volume,V,, measured at the beginning of the experi- after exposure to a hypotonic shock produced in the ab-
ment ¢ = 0) and the volumey, measured at each subsequent time sence of external Ga (2/3rd strength Ca-free-EGTA
point. (A) Three typical experiments are shown for cells exposed toRinger solution), only 52% of cells responded with a
calcium-contaiqiqg bathing solutio.(jZ to'CaF"-free solution ©), and _ blunted increase in [éﬂl The remaining 48% of cells
to 10 mv gadolinium ). The_arrow |nd|cate§ the start of hypotonlc gave no calcium response. In responding cells exposed
exposure of the cellst (= 4 min). B) Comparison of the maximum . b . -
to calcium-free solutions, the mean absolute increase in

relative volume increasé/(,,,) in the presence of calcium-containing 5
hypotonic solutionif = 19), in a Ca-free bathing solutiom (= 10)  [C& "]i was reduced to 264 + 29n(n = 27) compared

and after gadolinium treatmemt & 14). (C) Comparison of the RvD ~ t0 an increase of 428 + 12wn(n = 31, P < 0.01)
response in cells bathed in calcium-containing hypotonic solutioa ( observed in the same pool of cells exposed to extracel-
19), C&*-free bathing solutionr( = 10) and gadoliniumr(= 19).AV  |ylar calcium. These results show that Taentry
corresponds _to _the difference_betweé,qax and V measured 15 min through the plasma membrane is one of the components
after the beginning of hypotonic exposure. of the rise in intracellular C& during cell swelling
(Fig. 4).
sient and large increase in [€3 (Fig. 2). Comparison One possible route for Gaentry during cell swell-
of cell volume and C# variations after a hypotonic ing is via a stretch-activated channel. We investigated
shock showed that small volume changes, as low as 5%he effect of pretreatment of A6 cells with gadolinium
can elicit the [C4"]; rise (Fig. 2). However, the cell (Gd®"), an inhibitor of stretch-activated channels, on the
volume and [C&;, changes were dissociated in time. C&* response to a hypotonic shock (Fig. 4). After¥d
As shown in Fig. 2, the cells began to increase in volumg10 pMm) treatment, only 58% of the cells responded to a
prior to any increase in [G4];. Furthermore, during hypotonic shock with calcium changes that were reduced
continued hypotonic exposure, the cells were still in-and asynchronous, whereas 94% of cells responded in
creasing in volume, whereas [€} had returned to- non-gadolinium-treated paired experiments on the same
wards basal levels. The dissociation between cell swelleell batches (Fig. 4). The mean increase of{Qgpro-
ing and C&" transients is also apparent from the experi-duced by hypotonic exposure of responding cells was
ment shown in Fig. 3, where measurements of relativeeduced to 228 + 19w (n = 7) in the presence of G4
changes in cell volume and calcium were obtained sicompared to an increase of 330 + 3@ (n = 39) in
multaneously in the same cell. Two phases in the cellucontrol experimentsR < 0.05). These results support
lar responses were observed. An initial reduction ofthe involvement of volume-activated and Geaensitive
fluorescence intensity at both 340 nm and 380 nm, whictchannels in C& entry during hypotonic exposure of the
corresponds to dilution of the dye due to the cell swell-cells.
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L 10 volume Q) variations during the first minutes of
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Note the recovery of intracellular [} to resting
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— Fig. 4. Effects of external [CH], and gadolinium (10 m) on the
[Ca?*]; response to a hypotonic shock (2/3rd Ringer solution). The
[C&a?"]; response to a hypotonic shock is shown for cells bathed in
calcium-containing solutions ((¢§, = 2 mm) (@), in calcium-free
200 solution ©), and in solutions containing gadolinium and calcium) (
E 150 A
2
—~ 100 A : P b of A6 cells was investigated. Removal of externafCa
50 4 5 P from the bath solution did not significantly affect the

time course of the swelling response or the maximal
0 20 40 60 80 )
volume increase of cells exposed to a 2/3rd strength so-
lution. In Ca-free-EGTA solution, the maximal volume
Fig. 3. Representative experiment obtained in isolated A6 cells showNcrease, reached after 3.6 + 0.4 min of hypotonic expo-

ing [C&*], and fura-2 fluorescence intensity measured at 340 nm andsure of the cells, was 41 + 2% (= 10) (Fig. 1). The
380 nm as a function of time, before and after exposure to hypotonicchange in cell volume and the time taken to reach the

solution (2/3rd strength Ringer). The [C§ rise was observed after a  peak volume increase are therefore similar to that found
delay of 18 sec. Cell swelling had already occurred over this timejn control C&* Containing solutions.

peri_od as indicated by the decrease in fluorescence intensity at the two Exposure of cells to G (10 MM) did not affect the
excitation wave lengths. . . .
cell swelling response to hypotonic shock. A maximal
volume increase of 51 + 5% (= 14) was reached after
4.0 £ 0.6 min of exposure to a hypotonic solution con-
taining G&* (Fig. 1).
The effect of removal of external calcium or exposure to ~ We verified that a cell volume increase still occurred
Gd** on the cell volume responses to hypotonic exposureén cells in which the swelling-induced rise in [E% was

time (sec)

EFFECTS OFEXTERNAL Ca&* AND GADOLINIUM ON CELL
SWELLING AND RVD
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600 7 | gadolinium | creased 3-fold within 1 sec of application of membrane
s 400 - I 2/3 Ringer I stretch and subseque_ntly decreased within 30 sec to ¢
N ; . plateau value 2-fold higher (296 + 1&upn = 10) than
& 200 - : : basal while the stretch was maintained. The calcium re-
© B R e el sponse occurred instantaneously with the onset of mem-
0 E { brane stretch and was transient despite the maintenanc
: i of stretch (Fig. ). In the first seconds of membrane
40 7 E : stretch, the increase in [€%, was localized under the
e ; ; pat_ch pipette, before spr_eadmg rapidly to more distant
s 30 ; ; regions within the cell (Fig. B).
20 - é \ EFFECTS OFEXTERNAL Ca2+ AND GADOLINIUM ON THE
200 A ; ; STRETCHACTIVATED C&* RESPONSE
& 150 4 5 The role of external C4 in the mechanosensitive cal-
§ , ; cium response was investigated using® Gfaee Ringer
— 100 ; solution in the patch pipette. The increase in{Ganor-

— : : : , mally elicited by _membrane _stretch was not observed
0 20 40 60 80 when the patch pipette contained a®Gfree Ringer so-
lution (cells bathed in standard Ringer solution) (Fig. 7,
Table 1). Thus, the stretch-induced increase in intracel-
Fig. 5. Gadolinium (10uwm) effect on fura-2 fluorescence intensity at lular [C&?'] was absolutely dependent upon the presence
340 and 380 nm in response to a hypotonic shock (2/3rd strengtipf c&* in the patch-pipette solution.
Ringer) with C&* in the bathing solution in a cell where the [€h These results suggest the involvement of stretch-
level did‘noF change. The Qecrease of fluorescence intensity gt 340 a”gctivated channels in the calcium response to membrane
380 nm indicated the dilution of the dye due to the cell swelling. . L. . .
deformation. In addition, a highly localized €aentry

through mechanosensitive channels appears sufficient tc
trigger a global cytosolic increase in €dollowing me-

hanical stretching of the membrane patch. As shown in

ig. 7 and summarized in Table 1, a twofold increase in
[Ca®"]; over basal could be produced by stretching a
small area of cell membrane even when the bath solution
did not contain C#', provided C&" was present in the
patch pipette.

The role of the stretch-activated channel in this re-
sponse was further investigated using®GdThe effect
of localized membrane stretch to produce an increased
[Ca®']; was completely abolished by adding ¥d10
wMm) to the patch-pipette solution (Fig. 7, Table 1).

This results indicate that calcium entry through
stretch-activated, calcium permeable andGdensitive
channels triggers a powerful amplification system to pro-
duce a global cytosolic change in [€4.

time (sec)

completely abolished by Gt Fura-2 fluorescence in-
tensity measurements at 340 nm and 380 nm show ce
swelling occurring in the presence of Edalthough the
[C&a?"]; level remained constant throughout the period of
osmotic shock (Fig. 5).

Removal of external G4 or addition of Gd* (10
pM) in the bath solution inhibited regulatory volume de-
crease after cell swelling (Fig. 1). When cells were ex-
posed to a CH-free solution or to G, the volume
measured 15 min after hypotonic exposure was not sig
nificantly reduced (calcium free\V/V, = 3.5 + 3%,n
= 10,P > 0.5 and Gd": AV/\,, = 0.6 + 0.5%,n = 14,
P> 0.5).

These results confirm the primary role of calcium
entry through G&'"-sensitive channels in generating the
RVD response. An increase in [€% is necessary to
initiate RVD but a maintained elevated [€} is not
required for restoration of cell volume once RVD is ini- THAPSIGARGIN EFFECT ON[C&®"];
tiated.

Our finding, that exposure to a calcium-free solution or

5 to gadolinium did not completely abolish the [Eh re-

EFFECTS OFLOCALIZED MEMBRANE STRETCH ON[Ca™]; sponse to hypotonic shock, indicates that extracellular

C&" is not the unique source for the increasedq{Qa
The role of stretch-activated €achannels in the cal- following cell swelling. Intracellular C& stores must
cium response, was examined by testing the effect ofilso be implicated in generating the volume and mecha-
localized stretch of the membrane on fJa We show  nosensitive C&; signal. To test this hypothesis, we in-
that suction inside a cell-attached patch-pipette causes\astigated the effect of cell swelling on [€% in A6
transient increase in intracellular calcium (Fig)6 The  cells after treatment with thapsigargin, an inhibitor of the
data are summarized in Table 1. Intracellular{Gan- Ca-ATPase pump in endoplasmic reticulum. Addition of
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Fig. 6. Effect of application of subatmospheric
E 0- pressure (black bars, -3kPa) inside a cell-attached
c) 800 7 patch pipette on [C4];. (A) [Ca?*]; measured in 3
r‘:ﬁ 400 1 M regions of interest (ROI) in the same cell in
O response to pipette suction. The cell-attached seal
0- was made at the first pressure pulse (first pressure
800 A bar) and did not produce a change in {Ja
¢ However, after achieving the giga-ohm seal, a
0 J 400 1 4 subsequent pressure pulse (second pressure bar)
0 50 t 100 14 150 t 200 0 e caused a rapid transient rise in fCRin all 3
t bt t T T T T regions of interest.§) Ca*; imaged along the
! 23 4 0 . 25 axis‘ab at timeg, tot, in the same cell as in
time (sec) axe "ab” (m) A).
Table 1. Effects of external C& and Gd* on the intracellular C& 7007 I
response to membrane stretch
600 A
Conditions (a) (b) (c) n
Pipette/bath Basal Stretch Al[Ca®"; s 500
=
~ 4004
2 c&'2 ca* 147 + 12 581 + 32 43444 10 &
ca* freel2 C&* 171 + 21 174 + 25 3:t46 20 O 300
2 c&/ca free 263 + 32 543 + 28 280+60 20
2C&+Gd2Ccg 176 + 16 172 + 15  -4+31 31 2004
The presence of G&(mm) or G&®* (10 uM) in pipette and bath solu- 100
tions are shown. For each experimental condition, the basat]Ga), 0-
the maximum [C#']; reached during applicationof localized stretch (b) r T T T 1
and the mean [C4]; change (c) are given invn 0 20 40 60 80

time (sec)

thapsigargin (100 m) to the bath solution produced a Fig. 7. Effect of calcium and gadolinium on [€4; changes induced
significant two-fold increase in [éﬂl over basal (Fig. 8, by Iocalize_d stretch of the membrane L_Jsin_g a patch pipette. A sub-
Table 2). Thapsigargin treatment reduced the increase igfmospheric pressure (-3 kPa) was applied inside a cell-attached patch
[Ca2+]- produced by a hypotonic shock (FigA)8 The pipette filled with the same normal Ringer solution as the b@l (

i /

d finhibiti fth lci d ded with normal Ringer in the pipette, and Ca-free Ringer in the bathing
egree of innibrtion ot the calcium response depenae O@olution ©), with a Ca-free solution in the pipette and normal Ringer

the dl_”ation of the th_aPSiQargin treatment prior to @ Ny-iy path @), and with normal Ringer containing gadolinium in the
potonic challenge. FigureBBand Table 2 show the ef- pipette and normal Ringer in batm),

fects of hypotonic shock on [G§; at various times fol-

lowing thapsigargin. A hypotonic exposure after 5 mintaken together, indicate the involvement of a calcium
treatment with thapsigargin, produced a normal transienéntry-induced calcium release mechanism (CICR).
increase in [C&]; which was not significantly different Exposure to a hypotonic solution, after 5-to-10 min
from non-thapsigargin treated cells. thapsigargin treatment, produced an initial transient

After a 10-min exposure to thapsigargin, the effect[Ca?*]; increase (which was blunted after 10 min thap-
of a hypotonic shock to produce an increase inq{§ia  sigargin), followed by a rapid decrease in fCJatowards
was significantly reduced by 3.3-fold compared to con-basal levels (Fig. 8 and Table 2). With longer exposures
trol. Following 20 min of thapsigargin treatment, a hy- to thapsigargin (20 min), a hypotonic shock produced a
potonic shock failed to produce any significant variationdecrease in [Cd]; without any observable initial in-
in intracellular calcium. crease in [C&]; (Table 2).

These experiments highlight the importance of cal-  The hypotonic-induced fall in [C4]; may be due to
cium mobilization from thapsigargin-sensitive stores inCa* efflux across the plasma membrane or reuptake into
generating the calcium signal in response to cell swellthapsigargin-insensitive stores. This result suggests tha
ing. Furthermore, since extracellular calcium was showrcell swelling not only mobilizes intracellular Eabut
to be necessary to initiate this response, these resultajso stimulates mechanisms to terminate th& Gagnal.
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Table 2. Effect of the duration of thapsigargin treatment on the?[G;aesponse to a hypotonic challenge (2/3rd

dilution)

(@) (b) (c) (d) (e) n
Basal Thapsigargin Hypotonic A[Ca?"); Return

199 + 6 359 + 7 (5 min) 697 + 14 33921 (¥ 159 + 8 23
185 £ 1 338 + 7 (10 min) 447 + 33 108 + 40 (**) 242 + 12 20
164 + 11 431 + 5 (20 min) 435 + 6 4+11 (*%) 161 + 10 35

Intracellular [C&"] (nvm) was measured following three different durations (5, 10, 20 min) of thapsigargin
treatment prior to hypotonic exposure. The basaP[Gand the plateau value of [€§,; reached after thapsi-
gargin treatment are shown in columns (a) and (b), respectively. The maximuifi;[@ael and the mean
[C&a2"); variation, obtained in response to hypotonic exposure (after thapsigargin) are shown in columns (c) and
(d), respectively. Prolonged hypotonic exposure produced a fall in intracellular calcium and tk [Gels
measured 5 min after the beginning of hypotonic exposure are given in column (e).

Statisitical significance (* > 0.5 and (**) P < 0.05 in comparison t&[Ca®*];, = 359 + 25 m (n = 42)
obtained without thapsigargin.

Discussion Previous studies in the proximal tubule (McCarty &
O’Neil, 1991) have demonstrated an important contribu-

In this study we have measured intracellulafOaaria- ~ tion of C&" release from intracellular stores in the cal-
tions after hypotonic shock or localized stretch of theCium response after a hypotonic shock, and this conclu-
plasma membrane in renal A6 cells. The hypotonicsion is supported by our experiments. Repetitive mem-
shock produced an increase in cell volume consistenlprane stretches never produced the same largéJCa
with previous reports of osmotic effects in A6 cells responsedata not showpindicating that C&" is mobi-
(Ehrenfeld et al., 1994; De Smet et al., 1995). The silized from a limited store. Furthermore, long-term treat-
multaneous measurements of cell volume and?{;a ment with thapsigargin, which causes emptying of intra-
also showed a significant delay between the onset of celtellular C&* stores, produced an inhibition of the [€h
swelling and changes in [€4,. Comparison of volume increase in response to hypo-osmotic shock
and C&" changes after a hypotonic shock showed that  External C&" was necessary to produce a maximum
the [C&"], increase was initiated after a 5% increase inincrease in [C&]; after membrane stretch or cell-
cell volume. The calcium response was rapid and transwelling and also to activate regulatory volume decrease.
sient (duration 30 sec), compared to the volume increas&€hese observations are consistent with the dependence o
which attained a maximum value only 2 min after expo-the intracellular C& signal on extracellular G4 de-
sure to hypotonic shock. Intracellular €éaad returned scribed in osmotically swollen intestinal epithelial cells
to a basal level before volume regulation (RVD) started.(Hazama & Okada, 1988), amphibian urinary bladder
Despite the apparent temporal uncoupling ofCand  (Davis & Finn, 1987; Wong, Debell & Chase, 1990),
volume changes, our data show that intracellular calciunMDCK cells (Wong et al., 1990.), proximal tubule cells
plays a central role in the control of volume regulation of (Suzuki et al., 1990) and nonpigmented ciliary epithelial
A6 cells. The regulatory volume decrease of A6 cellscells (Civan et al., 1992). In addition, the inhibitory ef-
was less effective in calcium-free-EGTA solution or with fect of gadolinium on the stretch and swelling-induced
gadolinium in the external bath, conditions which inhib- [Ca?*]; variations and on RVD suggests the involvement
ited the normal calcium response to a hypotonic shockof a mechanosensitive calcium channel in this response.
The mechanisms involved in the rise of Cjaafter  Stretch-activated calcium permeable channels have beer
hypotonic exposure are complex. In our experiments ordescribed in different epithelial cell types (Christensen,
A6 cells, the changes to intracellular€a@roduced by a  1987; Filipovic & Sackin, 1991; Okada et al., 1990),
hypotonic shock or membrane stretch are consistent witincluding the basolateral membranes of A6 cells the ba-
the rise reported in osmotically swollen toad urinary solateral membrane of A6 cells (Urbach et al., 1993).
bladder (Wong & Chase, 1986), proximal tubule (Beck The present data are consistent with the hypothesis that ¢
et al., 1991; McCarty & O’Neil, 1991) or A6 cells mechanosensitive calcium channel mediate$" @atry
(Kawahara & Matsuzaki, 1992; Ehrenfeld et al., 1994).during swelling of A6 cells.
The reduced C¥; rise following hypotonic shock in the We have shown, using patch electrodes, that a lo-
absence of extracellular €aand the inhibition of the calized membrane stretch produces a rapid and large in-
osmotic-induced Cd response by thapsigargin, demon- crease in [C&7;, equivalent to that observed under cell
strate that the rise in [G4; during cell swelling is de- swelling conditions. This suggests that a localized mem-
pendent both on plasma-membrane entry of'Cand  brane stretch can trigger a powerful amplification cas-
release of calcium from intracellular stores. cade for calcium signaling. Thus, €aentry via stretch-
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sensitive calcium channels may provide the initial cal-(program grant 040067/2/93) and The Cystic Fibrosis Association of

cium signal to produce stimulation of calcium releasel!reland.

from thapsigargin-sensitive stores (calcium-entry-

induced calcium release “CICR”). The calcium sensitiv-

ity of IPs-sensitive receptors of calcium stores (Lino, References

1990) could also be implicated in this phenomenon.

CICR may also be reinforced by &aeffects on calcium

entry across the plasma membrane (Calcium-Release

Activated Calcium entry “CRAC"), and by the positive
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Svane & Hoffmann, 1992). Thus, a mechanosensitive 89:687-702

IP; synthesis may act synergistically with calcium entry De Smet, P., Simaels, J., Declerq, P.E., Van Driessche, W. 1995. Regu-

to stimulate calcium mobilization from intracellular Iato_ry Vol_ume Decrease in cultured kidney ells (A6): Role of

stores during cell swelling, thus amplifying the calcium _ AAMino Acids.J. Gen. Physiol106:525-542 _

signal initiated by calcium entry through stretch- Ehrenfeld, J., Raschi, C Brochiero, E. 1994. Basolateral po_tassmm
" membrane permeability of A6 cells and cell volume reglatidn.

sensitive channels.

i i Membrane Biol.138:181-195
. In summary, we have shown that meCh_amcal stimu ilipovic, D., Sackin, H. 1991. A calcium permeable stretch activated
lation of a small patch of membrane can activate a globa cation channel in renal proximal tubulem. J. Phisiol 269:F119—
rise in intracellular C#', indicating a powerful amplifi- F129
cation system linked to intracellular €arelease mecha- Grynkeiwicz, G., Poenie, M., Tsien, R.Y. 1985. A new generation of
nisms. We conclude that a mechanosensitive calcium calcium indicators with greatly improved fluorescence properties.
entry is the pathway for G4 signaling during cell swell- J. Biol. Chem260:3440-3450
ing in A6 cells. However, the calcium response is tran-Hazama, A., Okada, Y. 1988. €zsensitivity of volume-regulatory K
sient and terminated before regulatory volume decrease and CI' channels in cultured human epithelial cells. Physiol.
occurs. The calcium signal may, therefore, be permis- 402687-702
sive for RVD while other mechanosensitive events (e.g.Henkart, M.P., Nelson, P.G. 1979. Evidence for an intracellular cal-
cytoskeleton reorganization) intervene in producing a cium store releasable by surface stimuli in fibroblasts (Lcells).

full RVD response. Gen. Phy5|oI73:655-§73 o .
Kawahara, K., Matsuzaki, K. 1992. Activation of calcium channel by

shear-stress in cultured renal distal tubule c&8ischem. Biophys.
This research was funded by grants from The Wellcome Trust U.K. Res. Com184:198-205

Beck, J.S., Breton, S., Laprade, R., Giebisch, G. 1991. Volume regu-
lation and intracellular calcium in the rabbit proximal convoluted
tubule.Am. J. Physiol260:F861-F867

Christensen, O. 1987. Mediation of cell volume regulation by'Ca



V. Urbach et al.: C& in A6 Cells 37

Lang, F., Busch, G.L., Ritter, M., Volki, H., Wladegger, S., Gulbins, E., Ross, P.E., Cahalan, M.D. 1995. Canflux pathways mediated by
Haussinger, D. 1998. Functional significance of cell volume regu-  swelling or stores depletion in mouse thymocytesGen. Physiol.
latory mechanismsPhysiol. Rev78:247-306 106415-444

Lino, M. 1990. Biphasic C& dependence of inositol triphosphate in-  sanderson, M.J., Charles, A.C., Dirkse, E.R. 1990. Mechanical stimu-
duced release in smooth muscle cells of the guinea pig taenia caeci. |ation and intercellular communication increases intracelluld Ca

J. Gen. Physiol95:1103-1122 in epithelial cells.Cell Regulationl:585-596
McCarty, N., O'Neil, R.G. 1991. Calcium dependant control of volume

regulation in renal proximal tubule cells |. Swelling-activatedCa
entry and releasel. Membrane Biol123:149-160

Suzuki, M., Kawahara, K., Ogawa, A., Morita, T., Kawaguchi, Y.,
Kurihara, S., Sakai, O. 1990. [€% rises via G protein during

McCarty, N., O'Neil, R.G. 1992. Calcium signaling in cell volume regulatory volume decrease in rabbit proximal tubule céits. J.

regulation.Physiol. Rev72:1037-1061 Physiol. 258690-F696
Mooren, F.C., Kinne, R.K.H. 1994. Intracellular calcium in primary Svane, P.C., Hoffmann, E.K. 1992. Formation of inositol (1,4,5) phos-
cultures of rat renal medullary collecting duct (IMCD) cells during ~ Phate following hypotonic shock or agonist stimulation of the
variations of extracellular osmolalitPfluegers Arch427:463-472 Ehrlich mouse ascites tumor cell, demonstrated by HPACa
Naruse, K., Sokabe, M. 1993. Involvement of stretch-activated ion ~ Physiol. Scand146 (suppl.608):205
channels in C& mobilization to mechanical stretch in endothelial Tinel, H., Wehner, F., Sauer, H. 1994. Intracellula”Ceelease and
cells. Am. J. Physiol264:37-44 C&* influx during regulatory volume decrease in MDCK celsn.
Okada, Y., Hazama, A., Yan, W.L. 1990. Stretch-induced activation of  J. Physiol.267:F130-F138
C&*-permeable ion channels is involved in the volume regulation Urbach, V., Andersen, H., Hall, J.A., Harvey, B.J. 1993. A calcium

of hypotonically swollen epithelial cellsNeurose. ResSuppl. permeable cation channel activated by membrane stretch and cell

12:55-S13 . o X swelling in renal A6 and frog skin epithelid. Physiol.467:273P
Randriamampita, C., Tsien, R.Y. 1993. Empying of intracellulaf'Ca

stores releases a novel small messenger that stimulafésn@ax. Wong, S.M.E., Chase, H.S. 1986. Role of intracellular calcium in cel-
Nature 364:809-814 lular volume regulationAm. J. Physiol250:C841-C852

Razani-Boroujerdi, S., Partridge, L.D., Sopori, M.L. 1994. Intracellular Wong, S.M.E., Debell, M.C., Chase, H.S. 1990. Cell swelling increases
calcium signaling induced by thapsigargin in excitable and inexcit-  intracellular free [C&"] in cultured toad bladder cellAm. J. Phys-
able cells.Cell Calcium16:467-474 iol. 258:F292—-F296.



