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Abstract. Trypsinized human skin fibroblasts in sus-
pension perform regulatory volume decrease (RVD)
after cell swelling in hypotonic medium. During
RVD, 3*Cl~ efflux is dramatically increased and the
cell membrane is depolarized, indicating the activa-
tion of C1~ channels. This activation of Cl~ channels
depends on extracellular as well as on intracellular
Ca’*. The swelling-induced C1~ efflux and the RVD
response are inhibited by the 5-lipoxygenase inhibi-
tor ETH 615-139. Finally, following hypotonic treat-
ment, cellular pH decreases. The pH decrease does
not involve the CI"/HCOj exchange because it is
independent of the external Cl~ concentration.

Key words: Regulatory volume decrease — Volume
regulation — CI~ channel — 5-Lipoxygenase —
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Introduction

It has recently been reported that the net loss of
KCl observed during regulatory volume decrease
(RVD) of human fibroblasts, following exposure to
hypotonic medium, involves the activation of sepa-
rate conductive K¥ and Cl~ pathways (Rugolo et
al., 1989; Mastrocola, Flamigni & Rugolo, 1991).
The CI~ channels activated by cell swelling have a
low conductance (3 pS) and they remain open for
several minutes (Rothstein & Bear, 1989; Mastro-
cola et al., 1991). Although the transport pathways
involved in RVD have been thorougly investigated
in several different kinds of cells (see Hoffmann &
Kolb, 1991; Hoffmann & Ussing, 1992; Hoffmann,
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Simonsen & Lambert, 1993), the mechanisms of the
activation are only partly understood. An increase
in the cytoplasmic Ca®* concentration, caused by
release from intracellular stores and/or by entry
across the plasma membrane, seems to be a major
activator of KCI efflux. Calcium is part of a signal
cascade proposed to be involved in RVD in Ehrlich
ascites tumor cells (Hoffmann et al., 1993). This
cascade includes stimulation of the inositol phos-
phate cycles (Christensen et al., 1988; Hoffmann
et al., 1993), increased activity of protein kinase C
(A.K. Larsen, B.S. Jensen and E.K. Hoffmann, un-
published results) and increase in leukotriene-D4
(Lambert, Hoffmann & Christensen, 1987; Lambert,
1993). In many cell types, stretch-activated ion chan-
nels have been described (see Morris, 1990), and it
has been proposed that their function might be re-
lated to Ca*" influx through the plasma membrane
during RVD (Christensen, 1987; Lansman, Hallam
& Rink, 1987). Opening of such nonselective stretch-
activated cation channels after cell swelling has been
directly demonstrated in Ehrlich celis (Christensen
& Hoffmann, 1992).

In the present study, we report that trypsinized
human skin fibroblasts exposed to hypotonic me-
dium partially recover their cell volume within 8-10
min. The activation of 3Cl~ efflux during RVD is
significantly reduced by removal of extracellular cal-
cium and by depletion or buffering of intracellular
Ca’*. We also suggest that the effect of Ca?* ions
might be related to the activity of the S-lipoxygenase
(5-L0O), a Ca’"-dependent enzyme which is involved
in the conversion of arachidonic acid to leuko-
trienes. Finally, we demonstrate that intracellular
pH decreases during RVD, through the action of a
mechanism which does not involve the DIDS-sensi-
tive C17/HCO; exchanger.
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Materials and Methods

CeLL CULTURE

Human skin fibroblasts, derived from healthy individuals, were
maintained in Dulbecco’s modified Eagle’s medium containing 2
mM L-glutamine, 10% fetal calf serum and antibiotics, incubated
at 37°C in a CO, incubator with humidified atmosphere of 5%
CO, in 95% air. Cells were subcultured weekly by trypsinization.
For the experiments with cells in suspension, fibroblasts were
treated for 2—4 min at 37°C with Ca?"- and Mg?*-free balanced
salt solution containing 0.25% trypsin and 0.1% EDTA. Cells
were then diluted with the growth medium, centrifuged and resus-
pended in the incubation medium.

INCUBATION MEDIA

The standard experimental medium (300 mOsm/kg, adjusted with
mannitol) had the following composition (in mMm): 135 NaCl, 3
KCl, 1.3 CaCl,, 1.5 MgCl,, 10 p-glucose, 20 NaHEPES and pH
was adjusted to 7.4. In Cl -free gluconate medium, Cl~ was
substituted by the equimolar amount of gluconate. In choline
medium, Na®™ was substituted by the equimolar amount of cho-
line. The hypotonic medium (200 mOsm/kg) was prepared from
the standard experimental medium by dilution with 20 mM Na-
HEPES. In hypotonic medium with low CI~ (7 mM instead of 95
mM), NaCl was substituted by the equimolar amount of Na-glu-
conate.

CELL VOLUME MEASUREMENTS

For cell volume measurements, cells were trypsinized, centri-
fuged and resuspended in the incubation medium. Aliquots of
the cell suspension were diluted 500-fold with the experimental
solution (filtered with 0.45 um filter, Millipore) to give a final
cell density of about 20,000 celis/ml (i.e., cytocrit 0.008%). Cell
volume distribution curves were obtained using a Coulter counter
model ZB, tube orifice 140 um, equipped with a Coulter chan-
nelyzer (C-1000). The mean cell volume was calculated as the
median of a volume distribution curve. Absolute cell volumes in
fl (10~ liter) were calculated from the median of the cell volume
distribution curves using polystyrene latex beads (diameter 13.5
um, Coulter Electronics) as standard.

FLUORIMETRIC MEASUREMENTS

Fluorimetric measurements were performed in thermostated
polystyrene cuvettes on a Perkin Eimer L.S-5 luminescence spec-
trometer. Membrane potentials were estimated from the fluores-
cence intensity of the dye I,1'-dipropyloxadicarbocyanine
(DIOC;-(5)). Cells were trypsinized, centrifuged and resuspended
in the experimental solution, at a cell density equal to 600,000
cells/ml. The dye was added at a final concentration of 3.6 uMm.
A stable fluorescence signal was achieved within 15 min. Excita-
tion and emission wavelengths were 577 and 605 nm, respectively,
and slit widths were 5 nm. Calibration was performed with the
cation ionophore gramicidin in Na*-free/Cl~ choline media by
isosmotically varying the extracellular K* concentration. The
calibration curve was a plot of the fluorescence after addition of
gramicidin vs. the Nernst equilibrium potentials for K*. The
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depolarization induced by hypotonic dilution was estimated from
the difference in fluorescence between cell groups diluted with
an equal volume of ‘‘dye-free’” isotonic medium (control) or 20
mm NaHEPES (hypotonic), using the slope of a standard curve
in which all samples were diluted to 66% with an identical but dye-
free solution (for details, see Lambert, Hoffmann & Jgrgensen,
1989). Intracellular pH was assessed by use of the acetoxymeth-
ylester of a fluorescent probe (BCECF-AM). Cells (10°) were
seeded on 10 x 50 mm glass coverslips and allowed to grow to
confluence (4-5 days). Cells were then washed with phosphate
buffered solution (PBS), and incubated at 37°C for 30 min with
the incubation medium containing BCECF-AM at a final concen-
tration of 5 um. Cells were washed twice with PBS-containing
bovine serum albumine (BSA, 1 mg/ml), to remove excess probe,
and the cells were subsequently incubated in dye-free incubation
medium at 37°C. BCECF leakage from the cells at 37°C was
estimated at 0.18%/min. Excitation wavelength was 495 nm,
emission wavelength was 525 nm and slit widths were 5 nm.
Calibration was carried out in KCl medium using the K*/H*
ionophore nigericin for dissipation of the pH gradient across the
membrane (intraceltular pH = extracellular pH) and using TRIS
and TES as titrants. The calibration curve was obtained by simul-
taneous recordings of pH in the cuvette and the fluorescence (see
Thomas et al., 1979; Kramhgft, Lambert & Hoffmann, 1988).

%Cl~ EFFLUX

The ¥Cl- efflux experiments were performed as described in
Mastrocola et al. (1991). Cells (1.2 x 10°) were seeded into each
9.6 cm? well of a Nunc six-well culture plate and allowed to grow
to confluence in 3 ml of growth medium for 5-7 days. For the
experiments, cells were washed twice with 10 ml/well of 150
mMm NaCl and 10 mm NaHEPES (pH 7.4) (300 mOsm/kg), and
incubated with the incubation medium containing 2 uCi/ml of
Na*(Cl for 90 min, in a water bath at 37°C. Efflux was determined
as follows: after 15 sec, the efflux medium was removed from a
well and transferred to a scintillation vial for counting. An equal
volume of the same medium was added to the well within 2-3
sec. This process of removing efflux medium and adding fresh
efflux medium was repeated at the indicated time points. At the
end of the experiment, the monolayer was dissolved in 1 ml of
0.2 M NaOH (15 min at 55°C). Aliquots of the cell lysate were
collected for determination of radioactivity and protein content
(Bradford, 1976). The total radioactivity in the cells at zero time
was calculated by summing the radioactivity in each aliquot of
the efflux medium plus the radioactivity remaining in the cells.
The rate constant (k) for **Cl~ efflux was determined from the
experimental points, fitted according to a one-compartment
model, by a computer program based on standard nonlinear least-
squares procedure (Bevington, 1969).

REAGENTS

Na*Cl was from Amersham. Stock solutions of DiOC;-(5) iodide
(1.2 mMm)(Molecular Probes, Junction City, OR), ETH 615-139
(2 mm)(donated by Dr. 1. Ahnfelt-Rgnne, Leo Pharmaceuticals,
Copenhagen) and NDGA (50 mMm) (Sigma, St. Louis, MO) were
prepared in ethanol and kept at —20°C. BCECF-AM (1 mg/ml)
(Molecular Probes, Junction City, OR) and BAPTA/AM (2 mM)
(Calbiochem) were prepared in dry dimethyl sulfoxide (DMSO).
Leukotriene-D, was purchased from Cascade Biochem,
Berkshire, UK. DIDS was from Sigma.
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STATISTICAL EVALUATION

All values are expressed as the mean = SEM with the number
of experiments in brackets; P is the level of significance on a
Student’s #-test on paired observations.

ABBREVIATIONS

HEPES , N-2-hydroxyethylpiperazine-N’-2-ethane-sulfonic acid;
TRIS, tris (hydroxymethyl) aminoethane; TES, n-tris (hydroxy-
methyl) methyl-2-aminoethane-sulfonic acid; DiOC;-(5), 1,1'-di-
propyloxadicarbocyanine; BCECF-AM, 2,7-bis(2-carboxyethyl)-
S(and-6)carboxy-fluorescein, tetraacetoxymethyl ester; NDGA,
nordihydroguaiaretic acid; ETH 613-139, N-substituted quinolyl-
methoxy phenylamine; LTD4, 5S-hydroxy-6R- S-cysteinyl,
glycinyl-7,9-trans-11,14-cis-eicosatetraenoic  acid. 5-HPETE,
S-hydroperoxy eicosatetraenoic acid; DIDS, 4,4'-diisothio-
cyanostilbene-2,2'-disulfonic acid; BAPTA/AM, acetomethoxy
derivative of 1,2.bis (2-aminophenoxy) ethane N,N,N’'/N’
tetraacetic acid.

Results

REGULATORY VOLUME DECREASE (RVD) IN
HumAN FIBROBLASTS

It has previously been shown that exposure of hu-
man fibroblasts to hypotonic medium activates a
conductive Ci~ pathway (Mastrocola et al., 1991).
To assess whether the opening of the channel was
actually related to the RVD response, we measured
the changes in cell volume of fibroblasts in suspen-
sion after exposure to hypotonic medium. Figure
1 shows that, following reduction of the medium
osmolality from 300 to 200 mOsm/kg, the cells swell
within the first minute as almost perfect osmome-
ters, i.e., their volume increases 35 = 2% (n = 11)
over the isotonic cell volume. Subsequently, the
cells shrink towards their original cell volume with
about 60% recovery obtained after 10 min. The glu-
conate medium was chosen to avoid entrance of
NaCl via a Na*,Cl- or Na*,K",2Cl~ cotransport
system, which in this case could counteract the
swelling-induced net loss of KCl and look like an
inhibition of the RVD response. It is noted that al-
though the mean cell volume in isotonic medium of
the two fibroblast lines, used in the present investiga-
tion differed from each other, i.c., 5,256 = 147 fl
(n = 5) and 4,164 = 131 fl (n = 6), the time course
of the RVD response was the same in both cell lines.

MEMBRANE POTENTIAL DURING RVD

It has previously been shown that in human fibro-
blasts the Cl~ conductance exceeds the K* conduc-
tance under hypotonic conditions (Mastrocola et al.,
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Fig. 1. Cell volume recovery in human fibroblasts exposed to
hypotonic medium. At zero time, an aliquot of cells in isotonic
solution (300 mOsm/kg) was transferred to hypotonic gluconate
medium (200 mOsm/kg) giving a final cell density of about 20,000
cells/mi. The change in cell volume was followed with time in a
Coulter counter. The figure is representative of 11 independent
experiments.

1991). This is expected to result in a depolarization
of the cell membrane during RVD. The membrane-
potential-sensitive fluorescent dye DiOC,-(5) was
used to monitor changes in the membrane potential
during RVD, and the results are shown in Fig. 2.
Dilution of the cell suspension with either isotonic
medium or 20 mM NaHEPES initially reduces the
fluorescence to 66%, followed by a redistribution of
the dye, which is so fast that we are not always able
to follow it. If the cell swelling is not accompanied
by any change in membrane potential, the resulting
external fluorescence would be slightly lower than
in the suspension diluted with isotonic medium (see
Lambert et al., 1989). However, dilution of the cell
suspension with 20 mm NaHEPES is accompanied
by a large increase in fluorescence, which reaches
a new steady-state within 5 min (Fig. 2), indicating
a depolarization of the cell membrane. The mean
value of the membrane potential for human fibro-
blasts in isotonic medium was estimated at -60 = 12
mV (rn = 3) and the magnitude of the depolarization
induced by hypotonic dilution was estimated at
34 =+ 4mV (n = 3).

ErrFECT OF Ca’* ON VOLUME-ACTIVATED
3Cl~ EFFLUX

The Table illustrates the effect of Ca>* removal from
the hypotonic medium on the rate constant (k) of
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Table. Effect of extracellular and intracellular Ca?* on the rate constant of *Cl~ efflux from

human fibroblasts

Conditions Rate constant
for swelling-induced
%C1- efflux
(relative to control)
Ca?*-containing 1
Cal*-free 0.75 £+ 0.09
Ca?*-depleted 0.51 = 0.03
Ca?*-containing + BAPTA 0.58 + 0.05

P <0.05
(P < 0.001)
(P <0.01)

Cells were loaded with *Cl™ as described in Materials and Methods. The rate constants of the ¥C1-
efflux are given relative to control = SEm of at least three independent sets of experiments. The control
3C1~ efflux under Ca**-containing conditions was measured in hypotonic gluconate medium containing
1.3 mM CaCl,. The %C1~ efflux under Ca?*-free conditions was measured in hypotonic Ca**-free efflux
medium containing 0.2 mM EGTA. Under Ca?*-depleted conditions, after 3Cl™ loading, cells were
kept for 15 min in a Ca?*-free incubation medium containing *C1~ and 1 mM EGTA; *¥C1~ efflux was
measured in hypotonic Ca?*-free medium containing 0.2 mM EGTA. Where indicated, 10 um BAPTA/
AM was added to the incubation medium containing *C1- and kept for 40 min. P is the value of
significance in a Student’s #-test where the values are tested against the control value 1.
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Fig. 2. DiOC;-(5) fluorescence after isotonic and hypotonic dilu-
tion of human fibroblasts in NaCl medium. Human fibroblasts
were equilibrated with the fluorescent dye DiOC;5-(5) (3.6 uM,
cell density 600,000 cells/ml) for 15 min in isotonic NaCl medium
after which a stable fluorescence signal was obtained. At the time
indicated by the arrow, the cell suspension was diluted with
dye-free isotonic medium or dye-free 20 mm NaHEPES (final
osmolality: 200 mOsm/kg), and the fluorescence was recorded
as a function of time. The initial fluorescence was calculated from
the degree of dilution (66%). The traces represent seven identical
sets of experiments.

the swelling-induced C1~ efflux. A significant reduc-
tion of the rate constant is observed in nominally
Ca?*-free efflux medium containing 0.2 mm EGTA.
A more substantial reduction is obtained by deplet-
ing intraceilular Ca?* with 15 min incubation in Ca®*-
free 1 mM EGTA-containing medium (Table). Under
this condition, the level of intracellular free Ca?* of
human fibroblasts has been reported to fall to 20 nm,

being the resting [Ca?*], 60 nM in standard Ca®*-
containing medium (Johnson et al., 1990). The Table
shows that a similar reduction of *Cl- efflux in
hypotonic medium was obtained by treating fibro-
blasts with 10 um BAPTA/AM, an intracellular Ca?*
buffer (Tsien, 1980).

EFFECT OF 5-LIPOXYGENASE INHIBITORS ON *Cl~
EFFLUX AND RVD

It was previously shown that hypotonic swelling of
Ehrlich ascites tumor cells was associated with stim-
ulation of leukotriene synthesis (Lambert et al.,
1987). If leukotrienes are also involved in the activa-
tion of CI~ efflux during RVD in human fibroblasts,
inhibitors of 5-L.LO should inhibit RVD, as well as
the swelling-induced **Cl~ efflux. As shown in Fig.
3, the 5-L.O inhibitor ETH 615-139 (Kirstein, Thom-
sen & Ahnfelt-Rgnne, 1991) completely inhibits the
volume recovery after cell swelling at a concentra-
tion of 5 uM. Figure 4 shows the effect of ETH 615-
139 on *Cl~ efflux from human fibroblasts sus-
pended in isotonic medium and after transfer to hy-
potonic medium. It is seen that the efflux of **CI~ is
dramatically stimulated by the hypotonic treatment
and that this stimulation is completely blocked by
ETH 615-139. ETH 615-139 also seems to slightly
reduce **Cl- efflux under isotonic conditions. The
concentration of ETH 615-139 required to inhibit the
¥C1~ efflux (20 M) is higher than the concentration
required for the cell volume measurements because
the amount of cells used for *Cl~ efflux experi-
ments is higher than the amount used in Coulter
counter experiments. Finally, the 5-LO inhibitor
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Fig. 3. Effect of the S-lipoxygenase inhibitor ETH 615-139 on
RVD in human fibroblasts. Experimental protocol as in Fig. 1.
Open symbols represent control cells. Filled symbols represent
cells with 5 uM ETH 615-139 added at time zero. The figure
represents eight independent sets of experiments.
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Fig. 4. Effect of the 5-lipoxygenase inhibitor ETH 615-139 on
*Cl~ efflux from human fibroblasts. Cells treated as described
in the Table were exposed to isotonic gluconate medium (O) and
hypotonic gluconate medium (V, 200 mOsm/kg). When indicated,
cells were pretreated with ETH 615-139 (20 uM) for 1 min before
exposure to isotonic (@) or hypotonic (¥, 200 mOsm/kg) media
containing 20 uM ETH 615-139. The CI~ content of fibroblasts
(100%) was estimated at 504 * 46 nmol/mg protein (n = 17).
The curves indicate three identical sets of experiments. Percent
of tracer remaining in cells was calculated for each time point
and plotted on a log scale as a function of time.
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Fig. 5. Changes in intracellular pH (pH,) in human fibroblasts
after exposure to hypotonic medium. Cells grown on coverslips
and loaded with BCECF-AM as described in Materials and Meth-
ods, were exposed to isotonic (300 mOsm/kg) or hypotonic (200
mOsm/kg) medium with 7 mm CI~ or 95 mMm Ci~. The extracel-
lular pH was 7.4. The figure is representative of eight independent
experiments for normal hypotonic medium, and four independent
experiments for low Cl~ hypotonic medium.

NDGA (70 uM) inhibited the rate constant for *Ci-
efflux to 65 = 5% (n = 3) (data not shown).

EFFeCT OF ADDED LLTD, oN RVD aND
%C1~ EFFLUX

The activation of 5-LO leads to the formation of
5-HPETE, which in turn could be converted into
several types of leukotrienes: LTA,, LTB,, LTC,,
LTD,and LTE, (Needleman et al., 1986). In particu-
lar, LTD, has been shown to be responsible for Cl1~
channel activation in Ehrlich ascites tumor cells
(Lambert, 1987, 1989; Lambert et al., 1987). LTD,
(100 nMm) was neither able to accelerate the RVD
response nor to induce shrinkage of human fibro-
blasts in isotonic medium (data not shown). LTD,
also failed to increase the rate constant for 3*Cl-
efflux both under hypotonic and isotonic conditions
(data not shown).

EFFECT OF HYyPOTONIC SHOCK ON
INTRACELLULAR pH

Previous data obtained in blood platelets (Livne,
Grinstein & Rothstein, 1987) and in Ehrlich ascites
tumor cells (Livne & Hoffmann, 1990) show that
cells undergoing RVD acidify, The pH indicator
BCECF was used to determine intracellular pH in
human fibroblasts. Figure 5 shows that after expo-
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sure to hypotonic medium, the intracellular pH (pH,)
is initially slightly increased, but after 1 min a gradual
acidification (0.20 = 0.016 pH unit in 10 min, n =
8) takes place. The acidification might be caused by
recycling of extracellular C1~ for cellular HCO; via
the anion exchanger (Livne & Hoffmann, 1990). To
assess the involvement of the anion exchanger, the
extracellular concentration of CI™ in the hypotonic
medium was reduced from 95 to 7 mM, which is
well below the cytoplasmic concentration after cell
swelling. At this C1~ concentration, the Cl~ gradient
is outwardly directed and the C1-/HCO; exchanger
is therefore unable to contribute to the acidification.
Figure 5 shows that the acidification rate is not re-
duced under these conditions. The addition of the
anion-exchanger inhibitor DIDS (250 uMm) to the hy-
potonic medium also failed to reduce cytoplasmic
acidification (data not shown).

Discussion

It has previously been shown that exposure of hu-
man fibroblasts to hypotonic conditions leads to acti-
vation of conductive pathways for C1~ and K* (Mas-
trocola et al., 1991). In the present study, we have
followed the changes in cell volume of trypsinized
human fibroblasts using a Coulter counter. Human
fibroblasts initially swell as almost perfect osmome-
ters, but subsequently recover their volume within
approximately 8-10 min (Fig. 1). This regulation
is a consequence of the activation of C1™- and K™-
conductive pathways, resulting in net loss of KCl
and osmotic obliged cell water. The progressive in-
crease in the fluorescence of the membrane-poten-
tial-sensitive probe DiOC;-(5) after hypotonic dilu-
tion (Fig. 2) clearly indicates that the cell membrane
depolarizes during RVD. This finding confirms that
the increase in the C1~ conductance in human fibro-
blasts following hypotonic exposure exceeds the
concomitant increase in the K conductance (Mas-
trocola et al., 1991). A similar effect of hypotonic
dilution on the fluorescence signal has also been
demonstrated with Ehrlich ascites tumor cells (Lam-
bert et al., 1989) and with human lymphocytes
(Grinstein et al., 1982). In Ehrlich ascites tumor cells
both the activation of C1~ channels and the activa-
tion of nonselective cation channels contribute to
the depolarization (Christensen & Hoffmann, 1992).
Whether nonselective cation channels are involved
in the swelling-induced depolarization in fibroblasts
is presently unknown.

Several factors have been proposed to play a
role in the activation of the RVD response in differ-
ent kinds of cells including Ca?*, calmodulin, eicosa-
noids, phospholipases, protein kinases and the mi-
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crofilament network (see Hoffmann et al., 1993;
Lambert, 1993). In several cell types, Ca’" entry
across the cell membrane is required for the swell-
ing-induced RVD response. In other cell types, the
volume response is unaffected by removal of exter-
nal Ca’", and in these cells swelling-induced release
of Ca?* from internal stores has been proposed to
be involved in the RVD response (Pierce & Politis,
1990; Mc¢Carty and O’Neil, 1992; Hoffmann et al.,
1993). The finding that the rate constant for *¢Cl-
efflux from human fibroblasts exposed to hypotonic
Ca*'-free medium was reduced by 25% (Table) sug-
gests that Ca?" entry across the plasma membrane
contributes to the expected increase in cellular Ca**
during RVD. In Ehrlich ascites tumor cells, an intact
microfilament network is a prerequisite for a normal
RVD response in Ehrlich cells (Cornet, Lambert
& Hoffmann, 1993), and Ca’?* influx seems to be
mediated via nonselective stretch-activated cation
channels (Christensen & Hoffmann, 1992). Release
of Ca’* from intracellular stores also seems to play
a significant role as depletion of fibroblast Ca’" re-
sults in a dramatic reduction in the rate constant for
3¥C1~ efflux (Table). In this respect, it is noteworthy
that EGTA might inhibit RVD by causing nonspe-
cific effects on the cell membrane. This possibility,
however, is unlikely since we have demonstrated
(Table) that the intracellular Ca®* chelator BAPTA,
which increases the intracellular buffering capacity,
also inhibits Cl~ efflux. This latter finding suggests
that an increase in [Ca®*]; is required for RVD in
fibroblasts. It thus seems that Ca’" influx as well as
Ca*" release from intracellular stores are involved
in the activation of conductive Cl~ transport in hy-
potonically swollen human fibroblasts. This is in
agreement with observations from several other cel-
lular systems (for reviews, see Pierce & Politis, 1990;
McCarty & O’Neil, 1992; Hoffmann et al., 1993). It
should be noted that a reduction in the cellular Ca**
concentration might reduce the Cl~ efflux indirectly
by closing the Ca’"-activated K* channel. In this
case, the membrane of the human fibroblasts will
become more depolarized and the driving force for
the Cl~ efflux reduced. However, this possibility
can be ruled out since depletion of intracellular Ca**
does not reduce the *CIl~ efflux from human fibro-
blasts under isotonic conditions (T. Mastrocola and
M. Rugolo, unpublished data).

A direct effect of Ca®* on cell-swelling-activated
Cl~ channel was not observed with patch-clamp ex-
periments in Ehrlich cells (Christensen & Hoffmann,
1992) and in bovine chromaffin cells (Doroshenko
& Neher, 1992). 1t has therefore been proposed that
the effect of Ca®* might be indirect and mediated
by Ca’*-related metabolic processes (Hoffmann &
Kolb, 1991; Doroshenko & Neher, 1992). In relation
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to this, it has recently been reported that an in-
creased synthesis of leukotrienes via the 5-LO sys-
tem is a prerequisite for the RVD response in the
Ehrlich cells (Lambert et al., 1987). It is well known
that in resting cells the 5-1.O is localized in the cyto-
sol and, upon elevation of [Ca’*],, it is translocated
to the membrane and becomes activated (Rouzer et
al., 1990). It is therefore possible to suggest that the
effect of Ca*" on RVD of fibroblasts might be re-
lated to the activation of the 5-L.O. In this respect, it
is noteworthy that the addition of the 5-1.O inhibitor
ETH 615-139 to human fibroblasts completely inhib-
its the activation of the *Cl~ efflux after hypotonic
cell swelling (Fig. 4) and the concomitant regulation
of the cell volume (Fig. 3). These results are consis-
tent with the hypothesis that one or more 5-1.O prod-
ucts are likely to be involved in the activation of the
Cl~ channels in human fibroblasts. In Ehrlich cells
it has been shown that it is LTD, which is responsible
for the activation of C1~ channels (Lambert, 1987,
1989; Lambert et al., 1989) as well as for the stimula-
tion of the taurine leak pathway (Lambert & Hoff-
mann, 1993) during RVD. Indeed, addition of LTD,
to Ehrlich cells results in a net loss of KCl and cell
water, which under hypotonic conditions is seen as
a dramatic acceleration of the RVD response and
under isotonic conditions as a significant cell shrink-
age (Lambert, 1987, 1989; Lambert et al., 1987).
Conversely, in human fibroblasts LTD, does not
accelerate the RVD response nor induce cell shrink-
age under isotonic conditions (not shown). This sug-
gests that Cl~ conductance in human fibroblasts dur-
ing RVD and in isotonic medium is not increased
by LTD,, as confirmed by the lack of effect of LTD,
on the rate constant of Cl~ efflux under both isotonic
and hypotonic conditions. Further studies are re-
quired to identify the 5-1.O products responsible for
activation of the Cl~ channels.

In human fibroblasts, like in other cell types
(Livne et al., 1987; Livne & Hoffmann, 1990), cyto-
plasmic acidification follows RVD (Fig. 5). The re-
duction in the extracellular C1~ concentration of the
hypotonic medium and the addition of the inhibitor
of the C1" /HCO; exchanger were without effect on
the acidification, suggesting that the C1"/HCOj ex-
changer is not involved. The cytoplasmic acidifica-
tion might be the result of HCO; extrusion through
the Cl1~ transport pathway activated by osmotic cell
swelling, although acid production by activation of
K*/H" exchange, as described for Amphiuma red
cells (Cala, 1985), should also be considered. The
selectivity of the volume-sensitive anion transport
pathway has not been investigated in human fibro-
blasts. In MDCK cells (Weiss & Lang, 1992) and in
human epithelial cells (Rasola et al., 1992) it has been
reported that the volume-sensitive anion transport
pathway is permeable for both HCO; and Cl-.
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Although the cytoplasmic acidification observed
during RVD seems to be a widely occurring phenom-
enon, its possible role in RVD has not been defined.
However, it can be postulated that a pH change
might be a signal which affects the cellular metabo-
lism (Watford, 1990).

T. Mastrocola was recipient of a scientific fellowship from the
Italian Consiglio Nazionale delie Ricerche (C.N.R.). This work
was supported by Progetto Finalizzato Ingegneria Genetica,
C.N.R., Roma, and by the Danish Natural Research Council.

References

Bevington, P.R. 1969. In: Data Reduction and Error Analysis for
the Physical Sciences, pp. 204-246. McGraw-Hill, New York

Bradford, M.M. 1976. A rapid and sensitive method for the quan-
titation of microgram quantities of proteins utilizing the princi-
ples of protein-dye binding. Anal. Biochem. 72:248--254

Cala, P.M. 1985. Volume regulation by Amphiuma red blood
cells: characteristics of volume-sensitive K*/H* and Na*/H*
exchanges. Mol. Physiol. 8:199-214

Christensen, O. 1987. Mediation of cell volume regulation by Ca*
influx through stretch-activated channels. Nature 330:66-68

Christensen, O., Hoffmann, E.K. 1992. Cell swelling activates
K*and Cl~ channels as well as nonselective, stretch-activated
cation channels in Ehrlich ascites tumor cells. J. Membrane
Biol. 129:13-36

Christensen, S., Hoffmann, E.K., Saermark, T., Simonsen, L..O.
1988. Inositol trisphosphate may be a second messenger in
regulatory volume decrease in Ehrlich mouse ascites-tumor
cells. J. Physiol. 403:109p

Cornet, M., Lambert, I.LH., Hoffmann, E.K. 1993. Relation be-
tween cytoskeleton, hypo-osmotic treatment and volume reg-
ulation in Ehrlich ascites tumor cells. J. Membrane Biol.
131:55-66

Doroshenko, P., Neher, E. 1992. Volume-sensitive chloride con-
ductance in bovine chromaffin cell membrane. J. Physiol.
449:197-218

Grinstein, S., Clarke, C.A., Dupre, A., Rothstein, A. 1982. Vol-
ume-induced increase of anion permeability in human lympho-
cytes. J. Gen. Physiol. 80:801-823

Hoffmann, E.K., Kolb, H.A. 1991. Mechanisms of activation of
regulatory volume responses after cell swelling. In: Advances
in Comparative and Environmental Physiology. R. Gilles,
E.K. Hoffmann, L. Bolis, editors. Vol. 9, pp. 140-185.
Springer-Verlag, Berlin, Heidelberg

Hoffmann, E.K., Simonsen, L.O., Lambert, I.H. 1993. Cell vol-
ume regulation: Intracellular transmission. In: Interactions,
Cell Volume-Cell Function. F. Lang, and D. Haiissinger, edi-
tors. Vol. 14, pp. 188-248, Springer-Verlag, Heidelberg

Hoffmann, E.K., Ussing, H.H. 1992. Membrane mechanisms in
volume regulation in vertebrate cells and epithelia. /n: Mem-
brane Transport in Biology. J.A. Schafer, H.H. Ussing, P.
Kristensen, G.H. Giebisch, editors. Vol. 5, pp. 317-399,
Springer-Verlag, Berlin, Heidelberg

Johnson, C.L., Johmson, C.G., Bazan, E., Garver, D.,
Gruenstein, E., Ahluwalia, M. 1990. Histamine receptors in



62

human fibroblasts: inositol phosphates, Ca?*, and cell growth.
Am. J. Physiol. 258:C533-C543

Kirstein, D., Thomsen, M.K., Ahnfelt-Rgnne, 1. 1991. Inhibition
of leukotriene biosynthesis and polymorphonuclear leukocyte
functions by orally active quinolylmethoxylamines. Pharma-
col. Toxicol. 68:125-130

Kramhgft, B., Lambert, I.H., Hoffmann, E.K. 1988. Na*/H*
exchange in Ehrlich ascites tumor cells: Activation by cyto-
plasmic acidification and by treatment with cupric sulphate.
J. Membrane Biol. 102:35-48

Lambert, I.H. 1987. Effect of arachidonic acid, fatty acids, pros-
taglandins, and leukotrienes on volume regulation in Ehrlich
ascites tumor cells. J. Membrane Biol. 98:207-221

Lambert, I.H. 1989. Leukotriene-D, induced cell shrinkage in
Ehrlich ascites tumor cells. J. Membrane Biol. 108:165-176

Lambert, I.LH. 1993. Eicosanoid and cell volume regulation. In:
Cellular and Molecular Physiology of Cell Volume Regulation.
K. Strante, editor. C.R.C., Boca Raton, FL (in press)

Lambert, I.H., Hoffmann, E.K. 1993, Regulation of taurine trans-
port in Ehrlich ascites tumor cells. J. Membrane Biol.
131:67-79

Lambert, I.H., Hoffmann, E.K., Christensen, P. 1987. Role of
prostaglandins and leukotrienes in volume regulation by Ehr-
lich ascites tumor cells. J. Membrane Biol. 98:247-256

Lambert, I.H., Hoffmann, E.K., Jgrgensen, F. 1989. Membrane
potential, anion and cation conductances in Ehrlich ascites
tumor cells. J. Membrane Biol. 111:113-132

Lansman, J.B., Hallam, T.J., Rink, T.J. 1987. Single stretch-
activated ion channels in vascular endothelial cells as mecha-
notransducers? Nature 325:811-813

Livne, A., Grinstein, S., Rothstein, A. 1987. Volume-regulating
behavior of human platelets. J. Cell Physiol. 131:354-363

Livne, A., Hoffmann, E.K. 1990, Cytoplasmic acidification and
activation of Na*/H* exchange during regulatory volume de-
crease in Ehrlich ascites tumor cells. J. Membrane Biol.
114:153-157

T. Mastrocola et al.: Volume Regulation in Human Fibroblasts

McCarty, N.A., O'Neil, R. 1992, Calcium signaling in cell volume
regulation. Physiol. Rev. 72:1037-1061

Mastrocola, T., Flamigni, A., Rugolo, M. 1991. Hypotonic shock
activated Cl~ and K* pathways in human fibroblasts. Bio-
chim. Biophys. Acta 1069:201-208

Morris, C.E. 1990. Mechanosensitive ion channels. J. Membrane
Biol. 113:93-107

Needleman, P., Turk, J., Jakschik, B.A., Morrison, A.R., Lef-
kowith, J.B. 1986. Arachidonic acid metabolism. Annu. Rev.
Biochem. 55:69-102

Pierce, S.K., Politis, A.D. 1990. Ca®*-activated cell volume re-
covery mechanisms. Annu. Rev. Physiol. 52:27-42

Rasola, A., Galietta, L.J.V., Gruenert, D.C., Romeo, G. 1992.
Ionic selectivity of volume-sensitive currents in human epithe-
lial cells. Biochim. Biophys. Acta 1139:319-323

Rothstein, A., Bear, C. 1989. Cell volume changes and the activity
of the chloride conductance path. In: Bicarbonate, Chloride,
and Proton Transport Systems. Ann. NY Acad. Sci.
574:294-308

Rouzer, C.A., Ford-Hutchinson, A.W., Morton, H.E., Gillard,
J.W. 1990. J. Biol. Chem. 265:1436-1442

Rugolo, M., Mastrocola, T., Flamigni, A., Lenaz, G. 1989. Chlo-
ride transport in human fibroblasts is activated by hypotonic
shock. Biochem. Biophys. Res. Commun. 154:719-726

Thomas, J.A., Buchsbaum, R.N., Zimniak, A., Racher, E. 1979.
Intracellular pH measurements in Ehrlich ascites tumor cells
utilizing spectroscopic probes generated in situ. Biochemis-
try 18:2210-2218

Tsien, R.Y. 1980. New calcium indicators and buffers with high
selectivity against magnesium and protons: design, synthesis,
and properties of prototype structures. Biochemistry
19:2396-2404

Watford, M. 1990. A “swell” way to regulate metabolism. Trends
Biochem. Sci. 15:329-330

Weiss, H., Lang, F. 1992. Ion channels activated by swelling of
Madin Darby Canine Kidney (MDCK) cells. J. Membrane
Biol. 126:109-114



