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Membrane Depolarization in NRK
Fibroblasts by Bradykinin Is Mediated by a
Calcium-Dependent Chloride Conductance
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The effects of the phosphoinositide-mobilizing agonist bradykinin (BK) on mem-
brane potential and intracellular calcium in monolayers of normal rat kidney
(NRK) fibroblasts were investigated. BK induced a rapid transient depolarization
in these cells, which was mimicked by other phosphoinositide-mobilizing factors
such as prostaglandin F,, (PGF,,), lysophosphatidic acid (LPA), platelet-derived
growth factor (PDGF-BB), and serum. Depolarization by BK was independent of
extracellular Ca** or Na”. It was shown using extracellular Cl~ substitutions that
the depolarization was caused by an increased Cl~ conductance. Depolarization
was inhibited by 5-nitro-2-3-phenylpropyl(amino)benzoic acid (NPPB), niflumic
acid, and flufenamic acid, inhibitors of calcium-dependent chloride channels.
The depolarization provoked by BK could be mimicked by raising intracellular
calcium with ionomycin or thapsigargin and could be blocked with geneticin,
a blocker of phospholipase C. When intracellular calcium was buffered by
loading the cells with 1,2-bis(2-aminophenoxy)ethane-NNN’N’-tetra-acetic
acid (BAPTA), depolarization was prevented. We conclude that in NRK fibroblasts
extracellular stimuli that increase intracellular calcium, depolarize the cells via
the activation of a calcium-dependent chloride conductance. In addition to an
increase in intracellular calcium, depolarization may be an important effector
pathway in response to extracellular stimuli in fibroblasts. It is hypothesized that,
in electrically coupled cells such as NRK fibroblasts, intercellular transmission
of these depolarizations may represent a mechanism to coordinate uniform multi-

cellular responses to Ca**-mobilizing agonists.

1997. © 1997 Wiley-Liss, Inc.

The phosphoinositide-mobilizing agonist bradykinin
(BK) is a peptide exerting a wide variety of pharmaco-
logical and physiological activities in different cell
types. The receptors of BK belong to the class of G-
protein-coupled receptors possessing seven membrane-
spanning domains, which, upon binding of their ligand,
activate, among others, phospholipase C with conse-
quent Ca®*-mobilization from internal stores by re-
leased inositolphosphates and activation of protein ki-
nase C by diacylglycerol.

Biological effects caused by BK include vasodilata-
tion, altered ion transport, induction of inflammatory
processes, smooth muscle contraction, and modulation
of cell proliferation (Roberts, 1989). Many of these pro-
cesses are mimicked by other phosphoinositide-mobiliz-
ing agents like prostaglandin F,, (PGF.,; Negishi et
al., 1993; Watanabe et al., 1994). BK also has been
shown to inhibit the loss of density-dependent growth
inhibition by transforming growth factor p (TGFp) or
retinoic acid in normal rat kidney (NRK) fibroblasts
(van Zoelen et al., 1994). This effect of BK is not mim-
icked by PGF,, and is mediated by a so far unknown
second messenger, probably a prostaglandin derivative
(Afink et al., 1994; Lahaye et al., 1994).
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Apart from calcium release and PKC activation, BK
has been shown to induce arachidonic acid release (van
Corven et al., 1989; Afink et al., 1994), prostaglandin
synthesis (Regoli and Barabe, 1980), and tyrosine phos-
phorylation (Coutant et al., 1995). BK also has been
shown to have several effects on ion conductances and
membrane potential, depending on the cell type (Higas-
hida and Brown, 1986; Fasolato et al., 1988; Mehrke
and Daut, 1990; Clarke et al., 1992; Pavenstadt et al.,
1993). Although fibroblasts express receptors for many
extracellular stimuli, including BK, that increase intra-
cellular calcium by a release of inositolphosphates (van
Corven et al., 1989; Afink et al., 1994; van Zoelen et
al., 1994; Postma et al., 1996), little is known about the
electrophysiological effects of these agonists in these
cells,

To gain more insight in the electrophysiological phe-
nomena caused by BK and PGF,, in fibroblasts, we
studied their effects on both membrane potential and
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intracellular calcium in monolayers of NRK cells that
are known to express receptors for both agonists (Afink
et al.,, 1994). BK, PGF,,, and other phosphoinositide-
mobilizing agonists induced a rapid, transient depolar-
ization, concomitant with a rise in intracellular cal-
cium. We show that this depolarization results from the
activation of a calcium-activated chloride conductance.
Membrane depolarization in response to an increase
in intracellular calcium could be an important effector
pathway in the signaling of calcium-mobilizing ago-
nists in fibroblasts.

MATERIALS AND METHODS
Cell culture

NRK fibroblasts (clone 49F) were seeded at a density
of 1.0 10* cells/em?, and grown to confluence in Dulbec-
co’s modified Eagle’s medium (DMEM), supplemented
with 10% newborn calf serum. Confluent cells were
made quiescent by a subsequent 1- to 3-day incubation
in serum-free DF medium (DMEM/Ham’s F12, 1:1;
Gibceo, Life Technologies, Paisley, U.K.) supplemented
with 30 nM Na,SeO; and 10 ug/ml human transferrin.
When density-arrested cells were used, confluent se-
rum-free cultures were treated for an additional 48 hr
with 5 ng/ml EGF (Collaborative Biomedical Products,
Bedford, MA) and 5 pg/ml insulin (Sigma, St. Louis,
MO), as described previously (van Zoelen et al., 1988).

Voltage and current clamp measurements

For whole-cell patch-clamp studies, cells were per-
fused at a rate of 1-2 ml per minute with serum-free
DF medium (5% CQO,) at room temperature. DF me-
dium is a cell culture medium that contains as main
inorganic salts (in mM): 109.5 NaCl, 5.4 KCl, 1.8 CaCl,,
0.81 MgCl,, 44.0 NaHCO,, and 1.0 NaH,PO,, and is
supplemented with essential nutrients such as glucose,
amino acids and vitamins for optimal cell growth. Con-
vential whole-cell patch-clamp methods were used. Pi-
pettes were filled with a high K, Tris-buffered solution
(in mM: 25 NaCl, 120 KCl, 1 CaCl,, 1 MgCl,, 10 Tris,
and 3.5 Ethylene glycol-bis(beta-aminoethyl ether)-
N,N,N',N’-tetraacetic acid (EGTA), pH 7.4). An EPC-7
patch-clamp amplifier (List, Darmstadt, Germany) and
CED software (Cambridge Electronic Design Limited,
Cambridge, U.K.) were used to acquire data. Acquisi-
tion was obtained at a rate of 50 Hz in both the current-
clamp and voltage-clamp measurements and digitally
filtered at 10 Hz. In ion substitution experiments, DF-
medium was made from scratch, and sodium or potas-
sium was replaced by N-methyl-D-glucamine and chlo-
ride was replaced by gluconate. In calcium-free experi-
ments, calcium chloride was omitted from the medium
and 1 mM EGTA was added. Normal DF medium con-
tains 127 mM C1 .

Intracellular calcium measurements

For calcium measurements, cells were seeded on gel-
atin-coated glass coverslips and cultured as described
above. Quiescent monolayers were loaded with 2 uM
Fura-2AM with 0.01% pluronic acid for 30 min at room
temperature, washed for 15-30 min in serum-free me-
dium, and then placed in a modified Leiden perfusion
chamber. For loading the cells with 1,2-bis-(0-amino-
phenoxy)ethane-N,N,N’,N’-tetra-acetic acid acetoxy-
methyl ester (BAPTA-AM) the same protocol was used
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as for Fura-2AM. Cells were perfused with DF medium
at a rate of 1 ml/min at room temperature. Excitation
wavelengths was 340 nm, whereas emission was de-
tected at 510 nm. Fluorescence was detected using a
photon counting microspectrofluorimetric system
(Newcastle Photometric System Ltd, Newcastle, U.K.).
In combined patch-clamp and calcium measurements
this photometric system was combined with an EPC-9
patch-clamp setup, which was not basically different
from the patch-clamp setup described above.

Chemicals

PGF,,, indomethacin, forskolin, thapsigargin, per-
tussis toxin, niflumic acid, flufenamic acid, ionophore
A23187, melittin, arachidonic acid, and ionomycin were
from Sigma (St. Louis, MO); geneticin, 12-O-tetradeca-
noylphorbol-13-acetate (TPA), BK, geneticin, and gen-
istein were from Boehringer (Mannheim, Germany); 5-
nitro-2-3-phenylpropyl(amino)benzoic acid (NPPB) and
diphenylamine-2-carboxylic acid (DPC) were from RBI
(Natick, MA); and 4,4’-dinitrostilbene-2 2’-disulfonic
acid (DNDS), BAPTA-AM, and Fura-2AM were from
Molecular Probes (Eugene, OR). Arachidonic acid was
from Sigma and was 1,000 times diluted in DF-medium
from a stock solution of 1 mg/ml in ethanol before use.
Platelet-derived growth factor (PDGF-BB) was from
Genzyme (Cambridge, MA), while TGFpB was purified
from human platelets as described (van den Eijnden-
van Raaij et al., 1988).

RESULTS
Bradykinin depolarizes NRK fibroblasts

The effect of BK on membrane potential was investi-
gated using the current-clamp mode of the whole-cell
patch-clamp technique. Figure 1A shows that BK (100
nM) caused a rapid depolarization of the membrane in
serum-deprived quiescent NRK cells. The depolariza-
tion slowly recovered and typically lasted up to 5-10
min. This effect could be mimicked by PGF,, (Fig. 1A).
Depolarization occurred within 30 sec after BK was
perfused to the bath and membrane potential dropped
from an initial value of —71.2 = 3.4 mV (mean * SD;
n = 44) to a value of —16.7 = 2.2 mV (n = 15). Depolar-
ization induced by PGF,, was not significantly (-19.0 +
3.5 mV; n = 5) different (Fig. 1B). Repolarization was
faster when lower (10 nM and less) concentrations of
the agonists were used. Similar results were obtained
when density-arrested cells were used (data not
shown). Addition of other phosphoinositide-mobilizing
factors like PDGF-BB (10 ng/ml), LPA (5 uM), or serum
(2%) also depolarized the cells. On the other hand, EGF
and TGFp, growth factors that do not cause phosphati-
dylinositol turnover in NRK fibroblasts (A.D.G. de
Roos, A.P.R. Theuvenet, and E.J.J. van Zoelen, unpub-
lished results), did not depolarize the cells. Thus, typi-
cally agonists that share the ability to activate phos-
pholipase C cause a depolarization of NRK fibroblasts.

After washout of either BK or PGF,, and repolariza-
tion of the cells, a second dose of the same agonist did
not induce a second depolarization. On the other hand,
prior-exposure to BK did not attenuate the response to
PGF,, and vice versa (data not shown). This shows that
the response to BK and PGF,, exhibits homologous,
but no heterologous desensitization.
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Fig. 1. Effects of BK and PGF,, on membrane potential in mono-

layers of NRK fibroblasts. A: Typical depolarization in response to
100 nM BK measured in the current-clamp mode of the whole-cell
patch-clamp configuration. B: Depolarization in response to 100 nM
PGF,,. Cells were continuously perfused and the agonists were in-
cluded in the perfusion medium during the indicated time. Each trace
is representative of at least 10 similar experiments.

BK induces a chloride conductance

To determine which inward currents could be respon-
sible for the depolarization by BK, ion substitutions
of the perfusion medium were performed. We recently
showed that monolayers of NRK cells are electrically
well coupled (de Roos et al., 1996). This is demonstrated
by the fact that the total membrane conductance was
in the low MQ range and that changing pipette medium
to an extracellular medium had no effect on measured
membrane potential in monolayers of NRK cells. This
shows that there was electrical access to the other cells
in the monolayer via the patched cell and that an aver-
age membrane potential over the whole monolayer was
measured. We, therefore, were limited to changes in
the extracellular solution to determine which ions carry
the current.

Lowering the extracellular sodium concentration to
5 mM had no effect on the depolarization, nor on resting
membrane potential. Also, 5 min of perfusion with a
calcium-free medium (containing 1.0 mM EGTA with
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Fig. 2. Role of calcium influx in the depolarization by BK. A: Effect
of 100 nM BK in a nominal calcium-free medium, supplemented with
1 mM EGTA. B: Response to BK in the presence of 1 uM felodipine.
Similar results were obtained with 100 nM PGF,,,. Each trace is repre-
sentative of at least four similar experiments.
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no calcium added) did not affect the depolarization by
BK (Fig. 2A). Also, when the concentration of sodium
ions was lowered in a calcium-free medium, the depo-
larization was not affected (not shown), excluding a
possible contribution of sodium influx through calcium
channels to the depolarization when no calcium is pres-
ent. Moreover, Fig. 2B shows that the L-type calcium
channel blocker felodipine did not affect the depolariza-
tion by BK. These results show that an increased per-
meability for sodium or calcium ions is not involved in
the depolarization. However, lowering the extracellular
chloride concentration to 8 mM, and thereby reversing
the concentration gradient for chloride, had a remark-
able effect on the depolarization without a change in
the resting potential. Figure 3A shows that, when the
medium was changed to a low chloride medium after
depolarization by BK, the membrane potential shifted
to a value as high as +20 mV, indicating that the depo-
larization is mediated by a chloride conductance. More-
over, when the cells were first perfused with a low Cl~
medium (Fig. 3B), the membrane potential changed
after the addition of BK from an initial value around
—70 mV to positive values, according to a positive equi-
librium potential for C1~ when the concentration of ex-
tracellular Cl~ is lower than the intracellular concen-
tration. Under these conditions, BK induced also a fast
action potential-like spike that preceeded the depolar-
ization. The ability of BK to generate action potentials
is also seen in media in which the calcium gradient
is increased and has been shown to result from the
regenerative opening of voltage-dependent calcium
channels (A.D.G. de Roos et al., unpublished results).

Figure 3C shows the response to BK when the mem-
brane was first depolarized by 125 mM potassium. Bra-
dykinin caused here a change in membrane potential
toward an expected, negative, equilibrium potential for
Cl". Addition of BK to cells that were depolarized by
125 mM K" in a low C1” medium (Fig. 3D) also shifted
the membrane potential to the expected, now positive,
equilibrium potential for Cl~. These effects were all
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Fig. 3. Cell membrane potential responses to BK in solutions of vary-

ing ionic composition. A: Effect of changing to a solution that con-
tained 8 mM Cl after the cells were depolarized with 100 nM BK.
B: Response to BK in a solution containing 5 mM Cl . C: Response
to 100 nM BK after the cells were first depolarized with a medium

mimicked by PGF,,. We conclude that the depolariza-
tion by both BK and PGF,, is caused by an increased
chloride conductance.

Effect of second messenger modulators
and channel blockers

BK and PGF,, have been reported to affect various
second messenger pathways (van Corven et al., 1989,
Afink et al., 1994). Therefore, we tested several modula-
tors of these pathways. The phorbol ester 12-O-tetrade-
canoylphorbol-13-acetate (TPA), an activator of protein
kinase C (PKC), transiently inhibits electrotonic cou-
pling between NRK cells, but also is able to depolarize
the cells (de Roos et al., 1996). Cells in which PKC was
downregulated by prolonged treatment (24 -48 hr) with
100 ng/ml TPA were used to investigate whether the
depolarization by BK and PGF,,, was mediated by PKC.
Membrane potential in PKC-downregulated cells was
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that contained 120 mM K. D: Effect of BK (100 nM} in a medium
with 120 mM K’ (high K*) and 8 mM Cl (low Cl ). Similar results
were obtained with 100 nM PGF,,. Each trace is representative of at
least four similar experiments.

similar to control cells, and both BK and PGF,, were
still able to depolarize these PKC-downregulated cells,
whereas TPA had no effect. This shows that the depo-
larization by BK and PGF,, is not mediated by PKC.
Inhibition of G;-proteins by pertussis toxin (100 ng/
ml; 3-h preincubation), inhibition of tyrosine phosphor-
ylation by genistein (50 pM; 10 min preincubation),
activation of phospholipase A, by melittin (8 pg/ml) and
inhibition of cyclooxygenase by indomethacin (10 pM,
60 min preincubation) failed to block the depolarization
process (results not shown). Also, depolarization could
not be mimicked by forskolin (10 pM) or arachidonic
acid (1.0 ug/ml). We also tested several chloride channel
blockers (Greger, 1990; White and Aylwin, 1990; Friz-
zell and Morris, 1994) to identify the chloride channel
involved. DPC (250 uM) and DNDS (100 pM) did not
block the response (not shown), but NPPB (50 uM),
flufenamic acid, and niflumic acid (250 uM), all three
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Fig. 4. Flufenamic acid blocks the depolarization evoked by BK.
A: The effect of BK (100 nM) on the membrane potential after perfu-
sion of 250 uM flufenamic acid. B: Flufenamic acid (250 uM) quickly
reverses the depolarization caused by BK. Similar results were ob-
tained using niflumic acid (250 uM) instead of flufenamic acid and
PGF,, (100 nM) instead of BK. Each trace is a typical result of at
least four similar experiments.

calcium-activated chloride channel blockers (Greger,
1990; White and Aylwin, 1990) were able to block the
depolarization completely (Fig. 4A). When flufenamic
acid or niflumic acid was perfused to the cells after
the depolarization by BK, the membrane repolarized
quickly to resting levels (Fig. 4B), showing that the
block by niflumic acid and flufenamic acid is fast and
that these blockers act directly on the chloride channel
involved. The fact that the depolarization could be pre-
vented and reversed by calcium-activated chloride
channel blockers suggests a role of calcium.

Depolarization is calcium-mediated

It is known that BK, but also PGF,,, can release
calcium from intracellular stores in NRK fibroblasts
{(Afink et al., 1994; A.D.G. de Roos, unpublished obser-
vation). To further investigate the possible role of cal-
cium in activation of the chloride conductance, we tried

DE ROOS ET AL.

40 ionomycin
>
E 20}
=
-g 0 .
S -20}
o, control
O
40 F
g
£ -60
(9]
& 8ot

BK  ionomycin

+
=]
)
-~
44—

]
(=
L

(=)
T

A
(=)
T

membrane potential (mV)
o ]
<o [}

]
o0

-

1 min

Fig. 5. Effect of modulation of intracellular calcium on membrane
potential. Ionomycin (0.5 pM; A) induces a depolarization (control)
that was enhanced in 8 mM CI~ (low C17) B: The PLC inhibitor genet-
icin (0.5 mg/ml) blocks the response to 100 nM BK, but not that to
ionomycin (5 pM). The cells were preincubated for 30 min with genet-
icin. Jonomycin and BK were added directly to the bath. Each trace
is a typical result of at least four similar experiments.

to mimic the BK-induced depolarization by increasing
intracellular calcium using the ionophores ionomycin
and ionophore A23187 and the endoplasmic reticulum
calcium ATPase inhibitor thapsigargin. It was con-
firmed by Fura2 fluorescence measurements that these
agents increased intracellular calcium in NRK cells
(data not shown). Ionomyecin (5 pM) induced a depolar-
ization (Fig. 5A) similar to BK and PGF,, that also
was observed by 10 uM ionophore A23187 or 1.0 uM
thapsigargin (data not shown). Figure 5A also shows
that the depolarization by ionomycin was potentiated
by lowering extracellular Cl-, showing that ionophore
activates the same conductive pathway as BK and that
the depolarization by the relatively high concentration
of ionomycin does not result from a general permeabili-
zation of the plasma membrane. Figure 5B shows that
geneticin (0.5 mg/ml), a blocker of phospholipase C
(Rock and Jackowski, 1987), was able to block the re-
sponse to BK but not that to ionomycin. These findings
suggest that the block of the response to BK is due to
the inhibition of the release of inositolphosphates by
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Fig. 6. Intracellular calcium buffering by BAPTA. Intracellular cal-
cium (top) was recorded simultaneously with the membrane potential
(bottom). A: The calcium and membrane potential response in cells
that were not loaded with BAPTA. B and C: The responses in cells
that were loaded with BAPTA by incubating them with 5 (B) and 10
uM (C) BAPTA-AM. NRK cells were incubated with indicated concen-

geneticin, thereby preventing calcium release from in-
tracellular stores. These results support the notion that
a rise in cytosolic calcium is sufficient to activate the
chloride conductance and to depolarize NRK cells.

To further investigate the role of cytosolic calcium in
relation to the depolarization, patch-clamp measure-
ments were performed simultaneously with spectro-
fluorimetric measurements of intracellular calcium.
Figure 6A shows that the onset of the increase in intra-
cellular calcium (top panel) correlates well with the
depolarization (lower panel), indicating that these are
closely related. A buffering of intracellular calcium was
achieved by loading the cells with the acetoxymethyl
ester of BAPTA (BAPTA-AM). By the action of aspecific
esterases in the cell, the acetoxymethyl group can be
cleaved and the calcium chelator BAPTA will be
trapped in the cell. Figure 6, B and C, shows the re-
sponse in intracellular calcium and membrane poten-
tial to BK and PGF,, when the cells were loaded with
BAPTA, by incubating them with 5 and 10 uM BAPTA-
AM, respectively. Figure 6B shows that after loading
the cells with 5 uM BAPTA, both the increase in intra-
cellular caleium and membrane depolarization in re-
sponse to BK were diminished. The cells still could be
depolarized by 120 mM K' (not shown) after loading
with BAPTA, indicating that BAPTA does not have an
aspecific effect on ion conductances. Loading the cells
with 10 uM BAPTA completely abolished both the depo-
larization and the increase in intracellular calcium
(Fig. 6C). Thus, prevention of an increase in intracellu-
lar calcium also prevented the depolarization, showing
that the depolarization is calcium-dependent. Inhibi-
tion of the depolarization, however, by niflumic acid
did not impair the ability of BK and PGF,, to increase
intracellular calcium (results not shown).

trations of BAPTA-AM and Fura-2AM for 30 min as described in
Materials and Methods. After a 15-min wash, a cell was patched
in the whole-cell configuration to measure the membrane potential,
whereas calcium was determined photofluorimetrically. The calcium
signal represents the average of about 20 cells in the monolayer. Each
trace is representative of at least three similar experiments.

Taken together, the results show that depolarization
of NRK cells by the phosphoinositide-mobilizing ago-
nists BK and PGF,, is the result of activation of a cal-
cium-dependent chloride channel.

DISCUSSION

The phosphoinositide-mobilizing agent BK has been
shown to have a wide range of effects depending on cell
type. Short-term effects of BK include mobilization of
calcium from intracellular stores, activation of PKC,
release of arachidonic acid, and tyrosine phosphoryla-
tion (Roberts, 1989; Coutant et al.,, 1995). Here, we
showed that BK causes a rapid and transient depolar-
ization in NRK fibroblasts that was mimicked by PGF,,,
(Cole et al., 1988; Negihsi et al., 1993). We presented
evidence that this depolarization is caused by a cal-
cium-activated chloride current. i) Using ion substitu-
tions, a change in the extracellular Cl but not Ca*' or
Na* concentration had an effect on the magnitude of
the depolarization. ii) Depolarization could be blocked
and reversed by the calcium-activated chloride channel
blockers NPPB, niflumic acid, and flufenamic acid. iii)
Other phosphoinositide- and calcium-mobilizing fac-
tors such as LPA, PDGF-BB, and serum alsc depolar-
ized the cells. Thapsigargin and the calcium ionophores
ionomycin and A23187, substances that increase intra-
cellular calcium, were able to mimic the depolarization
by BK and PGF,,. Flufenamic acid and niflumic acid
were able to block this response. Also, inhibition of
phospholipase C by geneticin blocked the depolariza-
tion by BK. iv) The kinetics of depolarization and the
increase in intracellular calcium were similar and the
BK-induced depolarization was blocked when intracel-
lular calcium was buffered with BAPTA. We conclude
that the depolarization by BK and other phosphoinosi-
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tide-mobilizing agents, such as PGF,, is the result of
the activation of a calcium-dependent chloride conduc-
tance.

Our results show that an increase in intracellular
calcium is sufficient to depolarize NRK cells. Growth
factors that do not increase intracellular calcium in
NRK cells, such as EGF, which acts via a tyrosine ki-
nase receptor, or TGFp, which activates a serine/threo-
nine kinase receptor, had no effect on membrane poten-
tial in NRK cells. Calcium-mobilizing agonists have
been shown to induce a variety of electrophysiological
effects, depending on the cell type. For example, BK
has been shown to activate a Na* and Cl~ conductance
in human nasal epithelium (Clarke et al., 1992) and
causes a hyperpolarization followed by a depolarization
in neuronal (Higashida and Brown, 1986), epithelial
cells (Pavenstidt et al., 1993), endothelial (Mehrke and
Daut, 1990) and PC12 cells (Fasolato et al., 1988). A
hyperpolarization in these cells is primarily the result
of activation of calcium-activated potassium channels,
whereas a depolarization has been attributed to inhibi-
tion of voltage-dependent potassium channels (Higas-
hida and Brown, 1986), to a Cl~ current (Pavenstadt
et al., 1993), and to a cation influx (Fasolato et al.,
1988). Nonselective cation conductances have been im-
plicated in agonist-induced depolarization of fibroblasts
by PDGF (Frace and Gargus, 1989). Recently, it has
been found that lysophosphatidic acid (LPA) depolar-
izes quiescent Rat-1 fibroblast by activation of a Cl~
conductance. This conductance also was related closely
to PLC activation, but reported to be independent of
known second messengers including Ca®* (Postma et
al., 1996). This shows that activation of Cl- channels
may be a common mechanism by which G-protein-cou-
pled receptors exert their action in fibroblasts.

Using ion substitutions, we showed that the depolar-
ization evoked by BK was carried by chloride ions. As-
suming that the peak of depolarization (—17 mV) corre-
sponds with the equilibrium potential for chloride ions,
it follows from the Nernst equation that the intracellu-
lar Cl” concentration is approximately 65 mM (extra-
cellular 127 mM CI7). This is in good agreement with
the concentration found in other fibroblasts, which
ranges from 70 to 87 (Lamb and MacKinnon, 1971;
Chao et al., 1989; Leeves and McDonald, 1995; Postma
et al., 1996). This high intracellular C1~ concentration
probably is maintained by a C1 /HCO;~ exchanger and
Na*/K*/2Cl™ cotransporter (Lin and Gruenstein, 1988;
Chao et al., 1989).

Depolarization by BK and PGF,, was independent of
extracellular Ca®* but was abolished by preloading the
cells with BAPTA, showing that the activation of the
chloride conductance required mobilization of calcium
from intracellular stores. Whether intracellular cal-
cium activates this conductance directly or through a
calcium/calmodulin complex or calcium/calmodulin-de-
pendent kinases, as suggested in the activation of a
calcium-dependent chloride conductance in epithelia
(Frizzell and Morris, 1994), is yet unclear.

NRK cells contain L-type voltage-dependent chan-
nels (de Roos et al., unpublished data), which is illus-
trated by the fact that depolarization with KCl induces
an increase in intracellular calcium, which is blocked
by felodipine (not shown). Therefore, it is expected that
the depolarization by BK also activates calcium chan-
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nels, which may contribute to the activation of calcium-
dependent chloride channels. However, the fact that
felodipine did not affect the depolarization by BK (Fig.
2B) suggests that opening of L-type calcium channels
does not play a role in the depolarization by BK.

So far, we have not been able to see any activation
of chloride channels by patch-clamp measurements in
cell-attached or excised patches. This may suggest that
the channel density is very low or that very low-conduc-
tance Cl- channels are activated. The involvement of
low-conductance calcium-activated Cl- channels has
been suggested in HT29 cells (Greger and Kunzelmann,
1991). Also, in monolayers of Rat-1 fibreblasts, no ago-
nist-induced Cl™ currents could be detected at the sin-
gle channel level, and it has been hypothesized that
the C1™ channels involved might be localized predomi-
nantly at the sites of cell-cell or cell-matrix contacts,
and are therefore inaccessible to patch-clamp elec-
trodes {Postma et al., 1996). This might apply to mono-
layers of NRK fibroblasts as well.

In NRK fibroblasts, the resting membrane potential
is close to the expected equilibrium potential for potas-
sium ions. Therefore, large hyperpolarizations due to
opening of calcium-activated K* channels as reported
in other cells (Higashida and Brown, 1986; Fasolato et
al., 1988; Pavenstidt et al., 1993) are not likely. Even
small hyperpolarizations after addition of the potent
calcium-mobilizing agents BK or PGF,, were never
seen in NRK cells. This indicates that the activation of
K* channels by a rise in intracellular calcium does not
play arole in the modulation of the membrane potential
of NRK fibroblasts. It is possible, though, that NRK
cells possess voltage-dependent K* channels that may
facilitate the depolarization by Cl~ channels. However,
because the kinetics of depolarization were similar to
the increases in intracellular calcium, it is proposed
that opening of calcium activated chloride channels is
the primary cause of the depolarization.

NRK cells become arrested in their growth at high
cell densities (density-arrest) when cultured in the
presence of EGF as the only growth factor present. Ad-
ditional TGFg, retinoic acid, or LPA causes a loss of
this density-dependent growth arrest resulting in a
phenotypic transformation of the cells. It has been
shown that BK is able to block this growth stimulus-
induced phenotypic transformation by a BK-specific re-
ceptor-mediated mechanism (Afink et al., 1994; van
Zoelen et al., 1994). This effect of BK was not mimicked
by PGF,,. Here, we show that PGF,, transiently depo-
larizes quiescent NRK cells, as effectively as BK. This
effect also was observed in density-arrested cells.
Therefore, it is unlikely that the block of phenotypic
transformation of NRK cells by BK is related to the
currently observed depolarization of the cells.

Because confluent NRK fibroblasts are electrically
well coupled (de Roos et al., 1996) and fibroblasts form
cellular communicating networks in vivo (Komuro,
1989, 1990; Hasizume et al., 1992), agonist-induced
changes in membrane potential may be implicated in
intercellular signaling. Depolarizations evoked in a few
cells may be transduced to unstimulated neighboring
cells, thereby recruiting a greater population of cells
to respond in unison to local stimuli. In other cells,
membrane potential has been shown to be involved in
the coordination of biological processes. For instance,
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synchronous calcium oscillations in pancreatic islets
(Santos et al., 1991) are mediated by changes in mem-
brane potential. Also, it has been shown that electrical
coupling between endothelial cells and smooth muscle
cells is implicated in the transmission of a hyperpolar-
ization (Bény and Paicicca, 1994), which may be in-
volved in vasoconstriction.

We recently found that BK can generate propagating
action potentials in NRK cells. The result of these ac-
tion potentials was an almost synchronous increase in
intracellular calcium in large numbers of cells (A.D.G.
de Roos et al., submitted). These action potentials were
generated by the regenerative opening of L-type cal-
cium channels after an initial depolarization beyond a
threshold value by BK. In the experiments described
in this paper, a fast action potential-like depolarization
occasionally preceded the BK-induced depolarization,
for instance in low chloride media (Fig. 2B), which illus-
trates this phenomenon. In this way, signaling through
depolarization by BK, PGF,, and other phosphoinosi-
tide-mobilizing factors may be an effective way to prop-
agate a signal between cells. We speculate that the
depolarization evoked by calcium-mobilizing agonists
and subsequent transmission to neighboring cells rep-
resents an important mechanism for fast intercellular
transduction of locally evoked responses of cells to these
agonists.
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