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Volume-activated Chloride Currents from Human
Fibroblasts: Blockade by Nimodipine
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Abstract. The whole-cell patch clamp technique was used to identify and to char-
acterize volume-activated Cl− current (ICl(vol)) in fibroblasts derived from human
periodontal ligament. During osmotic cell swelling, the cells exhibited an outwardly
rectifying current, which was dependent upon the concentration of external Cl−.
The anion permeability sequence of the chloride channel for anions was as follows:
SCN− > I− > Br− > Cl− > F− > methanesulphonate > gluconate. Being an in-
hibitor of Cl− channels and Cl−/HCO−3 exchanger, 4,4’-diisothiocyanato-stilbene-
2,2’-disulfonic acid (DIDS) inhibited the currents with a voltage-dependence (EC50

= 57 µmol/l at +80 mV), and 5-nitro-2-(3-phenylpropylamino)-benzoic acid
(NPPB), a carboxylate analogue Cl− channel blocker, showed the reversible sup-
pression of the currents in a dose-dependent manner (EC50= 59 µmol/l). Nimodip-
ine, a selective dihydropyridine Ca2+ channel blocker suppressed ICl(vol) (EC50 =
66 µmol/l) and the effects were quite similar to those of NPPB. Nifedipine, an-
other DHP blocker also inhibited the currents but with lesser efficacy (EC50 =
139 µmol/l). The removal of external Ca2+ or the addition of Cd2+ in the bath
solution did not affect the blocking effects of nimodipine on ICl(vol). These findings
demonstrate that the human fibroblasts ICl(vol) was suppressed by nimodipine in
an extracellular Ca2+-independent way. These results may provide, at least in part,
an explanation for the Ca2+-independent decrease in Cl−/organic osmolytes efflux
and RVD responses by nimodipine in some cell types.
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Introduction

Volume-activated Cl− currents (ICl(vol)) have been described in numerous cell types
(Kubo and Okada 1992; Gosling et al. 1995; Nilius et al. 1997), and are known to
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be responsible for osmotically active particles efflux, including organic osmolytes as
well as Cl−, during cell swelling leading in many cells to regulatory volume decrease
(RVD) responses (Okada 1997). Although there are a few minor differences, ICl(vol)

show generally (1) an outwardly rectifying current-voltage (I-V) relationship, (2)
inactivation at depolarization, (3) inhibition by common Cl− channel blockers, and
(4) insensitivity to changes in cytoplasmic Ca2+ concentration (Nilius et al. 1996).

Nimodipine, a dihydropyridine (DHP) Ca2+ channel blocker, was reported to
be able to inhibit the efflux of osmolytes and RVD responses in several cell types
(O’Connor and Kimelberg 1993; Sánchez-Olea et al. 1995; Morán et al. 1997a,b).
In astrocytes (O’Connor and Kimelberg 1993), the mechanism was suggested to
involve the blockade of L-type Ca2+ channels, reducing the Ca2+-activated K+

and Cl− conductances responsible for the efflux of intracellular osmolytes. However,
Ca2+-independent inhibition of the RVD by nimodipine was also reported in some
other cells, such as cerebellar granule neurons (Morán et al. 1997b), fibroblasts
(Morán et al. 1997a; Pasantes-Morales et al. 1997), and even in astrocytes (Sánchez-
Olea et al. 1995). In those preparations, the effects of nimodipine were not changed
in the absence of extracellular Ca2+, and other Ca2+ channel blockers showed
negligible effects on the osmolytes efflux and RVD. Based on these reports, it can be
postulated that both the Ca2+-independent effects of nimodipine on the Cl−/amino
acid efflux decreasing and the inhibition of RVD under hypotonic condition may
be resulted from blockade of any pathway (s) responsible for Cl− and/or organic
osmolytes, e.g., volume-activated Cl− channels.

In the present study we characterized the ICl(vol) in human fibroblasts, tested
the effects of nimodipine on ICl(vol), and investigated any possible involvement of
extracellular Ca2+ in the effects of nimodipine. The results showed that nimodipine
suppressed ICl(vol) efficiently in an extracellular Ca2+-independent way.

Materials and Methods

Cell cultures

Human fibroblasts were obtained from human periodontal ligament explants dis-
sected from the mid-root of four fully erupted premolar teeth according to the
methods described by Somerman et al. (1989). The teeth were placed in sterile
Dulbecco’s modified Eagle’s medium (DMEM) immediately after extraction. Un-
der sterile conditions, the periodontal ligament tissue was mechanically removed
and placed in 35-mm plastic tissue culture plates (Falcon) which contained cul-
ture medium composed of DMEM, 10% heat-inactivated fetal bovine serum, 100
units/ml penicillin, and 100 µg/ml streptomycin. The cells from the explant were
allowed to proliferate undisturbed for 2–3 weeks in humidified 5% CO2 incubator
at 37◦C. Trypsin-EDTA incubation was used to remove the cells, which were then
transferred into 100-mm plastic tissue culture plates (Falcon) for continued growth.
These cells were maintained in the same culture medium and passed as needed for
the experimentation. For electrophysiological studies, the cells of passage 3–8 were
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plated onto a sterile untreated glass coverslip at 1× 104 cells ml−1 and used after
2–7 hours of incubation when the cells were still roundish.

Electrophysiology

Patch clamp pipettes were manufactured from thin-walled soda lime glass (1.2-mm
o.d.), using a two-stage vertical pipette puller (L/M-3P-A, List Electronics), and
were fire-polished using a microforge (MF-83, Narishige). Because of large currents,
low-resistance pipettes (around 0.75–1.5 MΩ when filled with a CsCl-based pipette
solution) were employed to reduce the voltage drop across the residual series resis-
tance. Cell membrane capacitance was estimated from the amplifier setting required
to neutralize the capacitive transient evoked by 5 mV voltage-step pulses. Mean
membrane capacitance was 13.1± 0.5 pF (n = 120). The bath was grounded using
an Ag-AgCl electrode through a 1 mol/l CsCl agar bridge to minimize the changes
in liquid junction potentials with various external solutions and membrane poten-
tials were corrected for liquid junction potentials as described by Neher (1992).
Leak currents were not subtracted and all current values were plotted as absolute
values measured with respect to the zero current level. The whole-cell patch clamp
recording (Hamill et al. 1981) was performed with an Axopatch 200 A patch clamp
amplifier (Axon Instrument) connected to a digital computer through a Labmaster
(PP-50) DMA interface (Scientific Solution). Voltage-step protocols were gener-
ated, and data were acquired and analysed using an IBM-AT compatible computer
and pCLAMP 6.0 software (Axon Instrument). All experiments were performed at
room temperature (22–25◦C).

Experimental solutions

External and internal solutions were designed to enhance the ICl recording. In or-
der to minimize the cationic currents activated by either voltage or Ca2+, CsCl
and 1 mmol/l EGTA were added into the pipette solution. The pipette solution
consisted of 140 CsCl, 1.2 MgCl2, 1 EGTA, 10 HEPES, 5 D-mannitol, 2 Na2-ATP
(in mmol/l, pH 7.4, 300–310 mosmol/l). The composition of isotonic bath solution
was as follows (in mmol/l): 140 CsCl, 0.5 MgCl2, 1.3 CaCl2, 10 HEPES, 20 D-
mannitol (pH 7.4, 310–320 mosmol/l). Hypotonic external solution contained 105
CsCl, 0.5 MgCl2, 1.3 CaCl2, 10 HEPES, 20 D-mannitol (in mmol/l, pH 7.4, 240–250
mosmol/l). External bath solutions with different [Cl−] were prepared by equimo-
lar substitution of CsCl with D-mannitol. For experiments on anion selectivity,
the CsCl in the hypotonic bath solution was replaced by Na-X of equal concentra-
tion (where X = Cl−, SCN−, I−, Br−, F−, methanesulphonate or gluconate). For
Ca2+-free experiments, 0.5 mmol/l EGTA was added into the bath solution. Os-
molarity of all the solutions was measured using a freezing point osmometer (Fiske
Associate).

Continuous superfusion and exchanges of external bath solutions, and the drug
applications were performed using a rapid application system of Y-tube method as
described elsewhere (Murase et al. 1990).
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Figure 1. Activation of swelling-induced currents in a human fibroblast. Aa. Time course
of the current activation evoked by alternate step pulses to +80 and −80 mV at 0.1 Hz
from a cell exposed to isotonic and hypotonic CsCl solutions. The outward and inward
current amplitude was measured at points that an open circle and an open square in Ab
represent, respectively. Zero current level is indicated by a dotted line. Ab. Superimposed
current traces recorded at points 1, 2, and 3 in Aa. Voltage protocol is shown above the
traces. Command pulse to +80 mV during 100 ms was preceded by a conditioning pulse
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Chemicals

All the reagents for cell culture were purchased from Gibco laboratory. NaF, me-
thanesulphonic acid, and diphenylamine-2-carboxylic acid (DPC) were from Fluka.
5-Nitro-2-(3-phenylpropylamino)-benzoic acid (NPPB), tetrodotoxin and nimodip-
ine were from Research Biochemical International. All other chemicals were from
Sigma. Nimodipine was dissolved in ethanol to the concentration of 50 mmol/l and
the other drugs were dissolved in dimethylsulfoxide. They were added to the exter-
nal solution to give the appropriate concentration just before use. The vehicle alone
showed a negligible effect on whole cell currents at the concentration of 0.1–0.2%
(n = 5). All experiments with DHP drugs were carried out in dim light.

Data Analysis

The amplitudes of membrane current were measured at 5–20 ms after the start of
voltage clamp steps or before the end of the pulses.

Relative anion permeabilities (PX/PCl) were calculated from the shift in the
reversal potentials (Erev) following replacement of extracellular Cl− by the anion
X− using the modified Goldman–Hodgkin–Katz equation:

PX/PCl = ([Cl−]n exp(−∆ErevF/RT − Cl−]s)/[X−]s

where [Cl−]n and [Cl−]s are the Cl− concentrations in the normal and substituted
external solutions, [X−]s is the concentration of the substituting anions, ∆Erev is
the shift in Erev, R is the gas constant, T is absolute temperature, and F is the
Faraday constant.

The half-maximal concentration (EC50) values for blockers were calculated by
fitting the dose-response curve to a logistic equation of the form:

Idrug/Icontrol = (1−A)/[1 + ([drug]/EC50)
k] +A

where [drug] is the concentration of drug, A is the current value at the end of the
fitting region, and k is the slope factor of the curve. A value is 0 unless stated
otherwise.

All data were expressed as mean ± S.E.M. (n = number of observations),
and where appropriate, tested for significance using Student’s t test unless stated
otherwise. Values of P < 0.05 were considered to be significantly different.

J
to −100 mV of 1 s duration. Then, brief hyperpolarization to −100 mV was followed by
a −80 mV step. The cell was then held at 0 mV. Ba. Current traces recorded at points
a (upper panel), b (center panel), and c (lower panel) in Aa. Step pulses between −100
and +100 mV for 1 s were preceded by 2 s conditioning pulse to −100 mV. An open
square in a, closed and open circles in b, and a closed square in c represent the points at
which the current amplitudes were measured to evaluate the I-V relationships. Bb. The
relationships between the current magnitude and the membrane potential obtained from
current traces in Ba.
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Results

ICl(vol) in human fibroblasts

When a cell was exposed to an isotonic bath solution, little currents were evoked by
the alternating steps (2.7 ± 0.1 pA/pF at +80 mV, −2.6 ± 0.2 pA/pF at −80 mV,
n = 25, Fig. 1A) and voltage-steps from −100 to +100 mV (∆V = 10 mV, Fig. 1B).
The I-V relationship was slightly outward rectified (Fig. 1Bb, open squares) and
Erev of the currents was +0.4 ± 0.2 mV (n = 10). Exposure of the cell to the
hypo osmotic bath solution (80% osmolarity) led to a slow sizable inward and
outward development of whole cell currents in response to the repetitive voltage-
steps to ± 80 mV (Fig. 1A). Microscopically clearly visible cell swelling was always
accompanied by the activation of the currents. The current density after 10 minutes
of hypotonic exposure was −58.8 ± 6.4 and +129.6 ± 14.3 pA/pF (n = 25) at
−80 and +80 mV, respectively. The I-V relationship of the hypotonically activated
current was determined using a protocol in which pulses of 1 s duration from −100
to +100 mV (∆V = 10 mV) were applied (Fig. 1B). A hyperpolarizing conditioning
pulse of 2 s duration to −100 mV was applied prior to each command step for
the recovery from a depolarization-induced inactivation (Gosling et al. 1995). The
peak I-V relationship in the hypotonic condition rectified in an outward direction
(Fig. 1Bb, open circles). The Erev of the peak currents was +4.7± 0.6 mV (n = 15),
which was close to the calculated ECl (+7 mV) under the ionic condition of the
experiments. A remarkable characteristic of the swelling-induced currents was a
current decay during step pulses above +50 mV, which became progressively faster
as the potential was clamped at increasingly positive voltages (Fig. 1Aa and Ba).
This decay resulted in the cross-overs of current traces after 100–200 ms (Fig. 1Ba)
and a negative slope of the end-pulse I-V relationship (filled circles in Fig. 1Bb) over
the range positive to +50 mV. Upon switching from the hypotonic to the isotonic
bath solution, a sudden increase in the outward currents was observed (an asterisk
in Fig. 1Aa), which may be due to the increase in extracellular Cl− concentration
([Cl−]o) from 105 to 140 mmol/l. The rise was followed by a slow reverse of the
currents to the control level. Reexposing the same cells to the hypotonic bath
solution caused a reactivation of the whole cell currents (Fig. 1Aa). These results
show that the swelling-induced current is not a leak current or a result of cell
damage during osmotic perturbation.

The swelling-induced currents were thought to be mainly selective to Cl−

because (1) pipettes and bath solutions were used with all the K+ and Na+ be-
ing replaced by Cs+ (see Methods) to study the ICl in isolation from the other
cationic currents, (2) Erev of the currents was close to the ECl of the perfect Cl−-
selective channels. To ensure it, we examined the anionic nature of the currents.
Fig. 2A shows the dependence of the hypotonic-induced currents on the [Cl−]o.
Voltage ramps between −120 and +120 mV were used to determine the Erev of
the currents in bath solutions with standard and reduced [Cl−]o. Erev of the I-V
relationship reconstructed from the ramp protocol (+7.3± 1.0 mV, n = 5) did not
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Figure 2. Cl−-dependence and anion permeability of volume-activated conductance.
A. I-V relationships of the hypotonic-stimulated currents reconstructed from the currents
measured in voltage ramps (−120 to +120 mV during 550 ms) in hypotonic solutions
with 105, 80, 40, 20 and 15 mmol/l [Cl−]o. A single cell was exposed to a decreasing
concentration of [Cl−]o and data were obtained from five cells. The shift of the Erev was
plotted against the [Cl−]o in inset. The solid line was derived from the linear regression
for the data and the dotted line represents the expected relation for a purely Cl−-selective
channel. The slope of the solid line is −44 mV/log-decade, which was close to the expected
value of −54 mV/log-decade for perfect Cl− selective channels under the experimental
condition. B. Representative current traces from a single cell evoked by the ramp pulses
in hypotonic solutions with indicated anions. Inset shows the relative permeabilities of
test anions to Cl− which was obtained from five to seven cells.

differ significantly from that obtained from the voltage-step protocol (+4.7 ± 0.6
mV, P > 0.2). The Erev of the current was shifted to depolarized potentials when
the cell was exposed to decreasing [Cl−]o (Fig. 2A), which means that the Erev of
the swelling-induced current is governed by the [Cl−]o in bath solution.

To further characterize the swelling-activated conductance, we investigated
anion selectivity of the channels. The swelling-activated currents were evoked by
the voltage-ramp pulses in normal, hypotonic Cl−-containing external solution, and
in solutions with test anions replacing Cl− (Fig. 2B). Since the Erev with NaCl in
the bath (+7.2± 1.9 mV, n = 7) was not significantly different from that with CsCl
(+6.0 ± 0.9 mV, n = 10, P > 0.3), a cationic conductance might contribute little
to the currents. The anion permeabilities relative to Cl− were calculated from the
shifts in Erev using the Goldman–Hodgkin–Katz equation as described in Methods.
An apparent selectivity sequence for the volume-activated channels was as follows:
SCN− > I− ≥ Br− > Cl− > F− methanesulphonate> gluconate (Fig. 2B, Table 1),
which is identical to the one described for ICl(vol) in many cell types (Kubo and
Okada 1992; Gosling et al. 1995). These results demonstrate that the ion channels
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Table 1. Relative anion permeability (PX/PCl) of the ICl(vol)

Anion Erev (mV) PX/PCl n

SCN− −6.4 ± 2.4 1.73 ± 0.05 5
I− −0.3 ± 0.8 1.43 ± 0.02 5

Br− 3.8 ± 0.9 1.26 ± 0.08 7
F− 17.5 ± 3.4 0.68 ± 0.06 5

MeSO−3 33.7 ± 3.4 0.35 ± 0.06 5
Gluconate 47.7 ± 3.2 0.20 ± 0.02 5

Erev, reversal potential; PX/PCl, permeability ratio of ion X with respect to Cl−; n,
number of cells.

responsible for the swelling-induced currents are anion, rather than cation-selective,
and indicate certain permeability to some organic anions.

Pharmacology of ICl(vol)

We investigated the pharmacological properties of the volume-activated conduc-
tances. The swelling-induced currents were not significantly affected by cationic
channel blockers such as 1 µmol/l TTX (1.4 ± 0.4% at +80 mV, n = 3) and
100 µmol/l verapamil (2.3 ± 0.3% at +80 mV, n = 5). However, classical Cl−

channel blockers suppressed the current effectively. 4,4’-Diisothiocyanato-stilbene-
2,2’-disulfonic acid (DIDS), a stilbene-derivative Cl− channel blocker, inhibited
ICl(vol) in a dose-dependent manner (Fig. 3). The inhibitory effect of DIDS was
very fast and fully reversible after washout at the concentration below 400 µmol/l
(Fig. 3Aa). Blockade produced by DIDS was voltage-dependent, and the outward
currents were substantially more sensitive than the inward currents (Fig. 3, Ta-
ble 2). At the concentration of 1 mmol/l (the largest concentration we tested)
DIDS inhibited the peak currents by 86.2 ± 2.4% and 35.4 ± 4.9% at +80 and
−80 mV, respectively. Since the rate of the depolarization-induced decay of the
current was accelerated in the presence of DIDS as shown in Fig. 3Ab, the efficacy
of the drug on the outward currents was underestimated when the blocking effect
was evaluated at the peak of the current. The inhibitory effects of DIDS, therefore,
were calculated from the ratio of the total area of the currents obtained from the
integration of the positive whole-cell currents before and after application of the

I
Figure 3. Voltage-dependent block of ICl(vol) by DIDS. Aa. Time course of ICl(vol) inhi-
bition during sequential application of increasing concentrations of DIDS. Currents were
elicited as in Fig. 1A. Open circles and squares represent the peak current amplitudes
and the normalized area of the outward currents, respectively. Ab. Superimposed current
traces recorded before and after the application of DIDS. The a, b, c, d, e and f represent
the location in Aa at which the current traces were derived from. Ba. Current traces
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evoked by step pulses to test potentials from −100 to +100 mV before and after the
application of 100 µmol/l DIDS. Bb. I-V plots derived from the current traces in panel
Ba. C. Dose-response relation of DIDS on inward ICl(vol) (at −80 mV, open circles), peak
outward ICl(vol) (at +80 mV, closed circles), and area of outward ICl(vol) (at +80 mV, open
squares). Each symbol represents the mean ± S.E.M. obtained from three experiments.
Smooth curves were derived from the curve fit to a logistic equation from which EC50

values were derived.
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Table 2. Pharmacology of ICl(vol)

Blockade (%) or concentration (µmol/l)
Drugs Vm = +80 mV Vm = −80 mV n

DIDS 40 µmol/l peak 38.5 ± 2.2% 12.5 ± 1.0%
40 µmol/l area 65.8 ± 1.6%

100 µmol/l peak 60.4 ± 2.5% 20.2 ± 3.2% 3
100 µmol/l area 79.6 ± 0.9%

EC50 peak 56.7 ± 1.0 µmol/l e –∗–99.7 ± 12.5 µmol/l#
∗

EC50 area 19.4 ± 1.0 µmol/l c

NPPB 50 µmol/l 42.9 ± 7.6% 48.7 ± 9.9%
100 µmol/l 78.9 ± 4.3% 81.3 ± 4.9% 5
EC50 59.0 ± 7.4 µmol/l –≈– 59.5 ± 8.5 µmol/l

DPC 300 µmol/l 32.4 ± 4.2% 35.3 ± 5.1% 3

Nimodipine 40 µmol/l 15.1 ± 0.6% 14.0 ± 0.5%
100 µmol/l 84.1 ± 3.1% 85.8 ± 3.4% 6
EC50 65.7 ± 2.5 µmol/l –≈– 65.8 ± 2.8 µmol

Nifedipine 100 µmol/l 34.9 ± 6.1% 31.0 ± 11.5%
200 µmol/l 67.9 ± 3.3% 67.3 ± 0.7%
EC50 138.6 ± 1.4 µmol/l –≈–142.6 ± 15.5 µmol/l

#A value in a logistic equation was 0.6±0.04 (see open circles in Fig. 3C). * P < 0.05,
≈ not significantly different.

drug (Fig. 3Aa, open squares). This resulted in the significant left shift of EC50

value by about 38 µmol/l from 57 µmol/l to 19 µmol/l (Fig. 3C, Table 2).
NPPB, a carboxylate analogue Cl− channel blocker also inhibited the ICl(vol)

reversibly. The effects of NPPB were voltage-independent (Fig. 4A,B) and the EC50

was ∼60 µmol/l (Fig. 4C, Table 2). NPPB did not affect the inactivating property
of the outward ICl (Fig. 4). Another carboxylate analogue, DPC, also inhibited the
currents in the same manner as NPPB. However, the efficacy was far less than that
of NPPB (Fig. 4C, Table 2).

Effects of Nimodipine

DHP, including nimodipine and nifedipine, show a selective inhibition on L-type
Ca2+ channels at the concentration of 1–10 µmol/l in neurons and muscle cells.
At that concentration, however, ICl(vol) was little affected by nimodipine (1.0 ±
1.5% at +80 mV by 10 µmol/l, n = 6). At 100 µmol/l, nimodipine eliminated
84.1 ± 3.1% and 85.8 ± 3.4% at +80 and −80 mV, respectively, and the effect
was reversible after washout of the drug (Fig. 5). The blocking characteristics of
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Figure 4. Inhibitory effects of NPPB on ICl(vol). Aa. Outward (open circles) and in-
ward (open squares) current amplitudes, evoked by the same protocol as in Fig 1A, were
plotted against time. NPPB of increasing concentration eliminated the currents in a dose-
dependent manner. Ab. Superimposed current traces recorded before and after the ap-
plication of NPPB at the location indicated in Aa. Ba. Current traces evoked by step
pulses to test potentials from −100 to +100 mV in isotonic, hypotonic solution and in
the presence of 200 µmol/l NPPB. Bb. I-V plots derived from the current traces in Ba.
C. Dose-dependent and voltage-independent inhibition of carboxylate-analogues, NPPB
(circles) and DPC (squares) at +80 (open symbols) and −80 mV (closed symbols). Each
point represents mean ± S.E.M. value derived from five (NPPB) and three (DPC) cells.
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Figure 5. Potent blockade of ICl(vol) by nimodipine. Aa. Time course of ICl(vol) inhibition
during a sequential application of 10, 40, 70, and 100 µmol/l nimodipine (Nim). Ab.
Superimposed current traces before (a, 1) and after (b, c, d and 2, 3, 4) the superfusion
of nimodipine. Symbols represent the location at which the current amplitude plotted in
Aa was measured. Ba. Current traces evoked by step pulses between −100 and +100
mV before (upper), and after (middle) the application of 100 µmol/l nimodipine. Lower
traces were recorded after washout of the drug during 2 min. Bb. I-V plots derived
from the current traces in Ba. C. Dose-dependent and voltage-independent inhibition by
nimodipine (circles, n = 6) and nifedipine (squares, n = 3).
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nimodipine were quite similar to those of NPPB, and the EC50 was ∼65 µmol/l at
± 80 mV (Fig. 5C, Table 2), which was comparable to those of NPPB (Fig. 4C).
Nifedipine also showed similar blockade to nimodipine with less efficacy. At 200
µmol/l (the highest concentration we tested) nifedipine suppressed the currents by
∼70% (Fig. 5C, Table 2). Although the concentration-response relationship was
incomplete, estimated EC50 value was ∼140 µmol/l (Table 2).

To determine whether the inhibition of ICl(vol) by nimodipine was mediated
by its Ca2+ channel blocking effect, we attempted to remove external Ca2+ from
bath solution using the chelator EGTA (0.5 mmol/l), and to block the voltage-
dependent Ca2+ channels using inorganic Ca2+ channel blocker Cd2+ (0.5 mmol/l)
subsequent to the application of nimodipine. The divalent cations are reported to
block the pore of the channels and affect the magnitude and kinetics of the ICl(vol)

(Voets et al. 1997). However, since the effects of Ca2+ (1.3 mmol/l) removal (∆
in Fig. 6A) and the 500 µmol/l Cd2+ addition (∇ in Fig. 6A) were less than
±10% in current magnitude (9.2 ± 4.0% and −6.5 ± 4.3%, respectively, at +80
mV, n = 4), the current amplitude measured in the absence of nimodipine or in
the presence of Cd2+ were regarded as a respective control to evaluate the blocking
effects of nimodipine. Under those conditions, the inhibition by nimodipine was not
significantly changed (Table 3, Fig. 6A), suggesting the Ca2+-independent blockade
of ICl(vol) by nimodipine.

Table 3. Ca2+-independence of nimodipine blockade on ICl(vol)

Blockade by 100 µmol/l nimodipine (%) n
Vm = +80 mV Vm = −80 mV

Control 83.6 ± 1.8 86.3 ± 1.7 10
External 0 mmol/l Ca2+, 0.5 mmol/l EGTA 85.7 ± 2.3 88.4 ± 2.6 4
External 0.5 mmol/l Cd2+ 81.4 ± 4.4 84.4 ± 2.6 4

No data were significantly different from the control value when investigated by analysis
of variance (P > 0.7).

Discussion

ICl(vol) in human fibroblasts

We showed that the currents activated by hypotonic cell swelling are Cl− currents
identical to the ICl(vol) reported in many other preparations (Kubo and Okada
1992; Gosling et al. 1995; Nilius et al. 1997). Our conclusion is based on the fol-
lowing observations: (1) the currents were recorded in the presence of internal and
external Cs+ replacing internal K+ and external Na+, a condition under which Cl−

was the major permeant ion, (2) the Erev of the currents was close to the predicted
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ECl and was shifted as the [Cl−]o changed (Fig. 2A), (3) the replacement of exter-
nal Cl− by less permeable anions greatly reduced the outward currents (Fig. 2B),
(4) the currents were sensitive to classical Cl− channel blockers, DIDS (Fig. 3),
NPPB and DPC (Fig. 4), and (5) several kinetic properties, such as outwardly
rectifying I-V relationship and depolarization-induced inactivation were identical
to those described for volume-activated Cl− channels. Fibroblastic cells (Rugolo
et al. 1989; Mastrocola et al. 1991; Mastrocola et al. 1993) including human fi-
broblasts from periodontal ligament (Bibby and McCulloch 1994) were reported to
show RVD in response to hypotonic cell swelling. In fibroblasts, the activation of
separate conductive K+ and Cl− pathway, rather than ion exchanging systems such
as Cl−/HCO−3 or K+/H+ was suggested to be the important mechanism involved
in the loss of internal KCl (Rugolo et al. 1989; Mastrocola et al. 1991; Mastrocola
et al. 1993). In addition, the Cl− conductances are more enhanced than those of
K+ in the volume regulation (Mastrocola et al. 1991) suggesting the importance of
the functional role of a volume-sensitive Cl− pathway in the RVD of the fibroblasts.
Although we did not bring the direct evindence for the role of ICl(vol) in the present
study, the channels may participate in the RVD response in human fibroblasts.

Effects of nimodipine

We expected the underlying mechanism of the Ca2+-independent nimodipine block-
ade of RVD and osmolyte efflux (Sánchez-Olea et al. 1995; Morán et al. 1997a,b;
Pasantes-Morales et al. 1997) to be associated with ICl(vol) because of the well-
known characteristics of the channels, i.e. a permeability to the organic osmolytes
and Cl− during RVD, and a Ca2+-independent activation (Nilius et al. 1996). In
our study ICl(vol) from human fibroblasts also showed a significant permeability to
gluconate (∼0.2, Table 1), and were activated in the condition of internal 0 mmol/l
Ca2+/1 mmol/l EGTA.

As expected, nimodipine efficiently suppressed the ICl(vol). The effects were
reversible after washout and dose-dependent with a similar potency to those of
NPPB (Fig. 5, Table 2). There are several possible mechanisms whereby nimodip-
ine can achieve its blocking effects on ICl(vol). First, nimodipine is a well-known
DHP Ca2+ channel blocker. By blocking the channels, Ca2+ influx is diminished,
and thereby activation of ICl(vol) is reduced. However, this is unlikely action of
nimodipine under our conditions for three reasons: (1) the effects of nimodipine
did not change under external Ca2+-free condition (external 0 mmol/l Ca2+/0.5
mmol/l EGTA) and in the presence of an inorganic Ca2+ channel blocker Cd2+

(Fig. 6A), (2) the inhibitory concentration was much higher than that required
for blocking the L-type Ca2+ channels (Fig. 5), and (3) verapamil (100 µmol/l),
another Ca2+ channel blocker, did not show any significant inhibitory effect. These
findings demonstrate that the effects of nimodipine are not mediated by the inhibi-
tion of voltage-dependent Ca2+ channels. Although the mechanism of the blockade
by nimodipine on the volume-activated Cl− channels is unclear, it may modulate
the gating process of the channels, e.g. produce a shift of voltage-dependence of
gating as NPPB does (Alton and Williams 1992), rather than act as a channel
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Figure 6. Ca2+-independent blockade of ICl(vol) by nimodipine. Time course of inhibition
of ICl(vol) by the extracellular superfusions with 100 µmol/l nimodipine, and the lack of
effects of Ca2+ removal (0 mmol/l Ca2+/0.5 mmol/l EGTA) and Cd2+ addition (0.5
mmol/l) on nimodipine blockade.

blocker as in the case of DIDS. However, single-channel studies are required to
clarify the precise mechanism.

These effects of nimodipine on ICl(vol) is likely to be applied to other DHP
blockers because nitrendipine was also reported to suppress the RVD responses and
efflux of osmolytes with potency similar to nimodipine (Sánchez-Olea et al. 1995;
Morán et al. 1997b). In this experiment, the effects of nifedipine on ICl(vol) were
tested, which were found identical to those of nimodipine, i.e. Ca2+-independent
blockade, except its weak potency (Figs. 6C and 7B).

In conclusion, ICl(vol) is activated by hypotonic cell swelling in human fi-
broblasts and a DHP-Ca2+ channel blocker nimodipine inhibited the currents in
an extracellular Ca2+-independent way. This may account for, at least in part,
the Ca2+-independent suppressive effects of nimodipine on RVD response and
Cl−/organic osmolytes efflux under hypotonic condition reported in several prepa-
rations (Sánchez-Olea et al. 1995; Morán et al. 1997a,b; Pasantes-Morales et al.
1997). In addition, although the molecular identity of the volume-activated Cl−

channels and its similarity to that of DHP-sensitive Ca2+ channels are unclear, it
is interesting that the Cl− channel blocker NPPB inhibited L-type Ca2+ channels
in smooth muscle myocytes (Doughty et al. 1998), and that mibefradil, a novel
Ca2+ channel antagonist, suppressed ICl(vol) efficiently in endothelial cells (Nilius
et al. 1997).
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