
&p.1:Abstract The characteristics of volume-sensitive chlo-
ride current (ICl) induced by osmotic cell swelling were
studied using the whole-cell patch-clamp technique and
cell diameters of antral circular guinea-pig myocytes
were simultaneously measured under isosmotic and hyp-
osmotic conditions by using a video image analysis
system. At –60 mV, osmotic cell swelling (200 mosmol/l)
activated a sustained inward current. Instantaneous cur-
rent/voltage (I-V) relations obtained by step voltage puls-
es showed an outward rectification. At potentials above
+40 mV, the current exhibited time-dependent decay. The
outward current amplitude was decreased and the reversal
potential was shifted to more positive potentials by re-
placement of external Cl– with gluconate–, while the cur-
rent amplitude and the I/V relation were not affected by
replacing extracellular Na+ with N-methyl-D-glucamine.
The anion permeability sequence of the swelling-induced
current was I– (1.80) > Br– (1.31) > Cl– (1) > F– (0.85) >
gluconate– (0.18). The ICl was effectively inhibited by the
Cl– channel blockers, 4,4′-diisothiocyanatostilbene-2,2’-
disulphonic acid (DIDS, 100µM), and niflumic acid
(10 µM). DIDS suppressed outward current more effec-
tively than inward current. Also, the ICl was dose-depen-
dently inhibited by arachidonic acid, an unsaturated fatty
acid and also inhibited by other unsaturated fatty acids
(linoleic acid and oleic acid) but not by stearic acid, a sat-
urated fatty acid. The inhibitory effect of arachidonic acid
on ICl was not prevented by indomethacin, a cyclo-oxyge-
nase inhibitor and chelerythrine, a protein kinase C inhib-
itor. Under whole-cell patch-clamp conditions, the cell di-
ameter was continuously measured using video image

analysis, which reflects the change in cell volume. A hyp-
osmotic-stimulation-induced increase of cell diameter
was followed by ICl activation. In intact single gastric
myocytes, relatively severe hyposmotic (176 mosmol/l)
superfusing solution increased the cell diameter and the
pretreatment with DIDS or with niflumic acid significant-
ly potentiated the above effect of hyposmotic superfusion.
These results suggest that volume-sensitive outwardly
rectifying chloride current (ICl) is present in guinea-pig
gastric myocyte and the ICl may play a role in smooth
muscle cell volume regulation.
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Introduction

Cl– channels have many functions, including the trans-
cellular transport of ions and fluid, cell volume regula-
tion and stabilization of the membrane potential [31, 38].
Recently, a Cl– channel current activated by hyposmotic
cell swelling (ICl) was reported to be present in various
kinds of cells including human epididymal cells [8], hu-
man epithelial cells [27], renal cortical collecting duct
cell lines [45], rabbit cardiac myocytes [15], rat osteo-
blast-like cells [12] and rabbit osteoclasts [25]. Activa-
tion of K+ and/or Cl– currents upon hypotonically in-
duced cell swelling has been reported to occur in a vari-
ety of cell species and their role in the regulatory volume
decrease (RVD) that takes place after initial cell swelling
has been proposed (for reviews see [14, 18, 38]).

Although a hyposmotic-solution-induced Cl– current
in cultured vascular myocytes has been described [20],
the physiological role of ICl in freshly isolated smooth
muscle cells and its relationship with volume regulation
have not been studied. The Ca2+-activated Cl– current has
been recorded from smooth muscle cells from various
tissues [1, 3, 10, 27, 35, 40, 42].

Cells utilize a number of volume regulatory mecha-
nisms to cope with the osmotic imbalance across the cell

W.X. Xu · S.J. Kim · I. So · K.W. Kim (✉)
Department of Physiology and Biophysics,
Seoul National University College of Medicine,
28 Yongon-Dong, Chongno-Gu, Seoul 110-799, Korea

T.M. Kang
Samsung Biomedical Research Institute, Seoul, Korea

J.C. Rhee
Department of Internal Medicine, College of Medicine,
Sung Kyun Kwan University, Seoul, Korea&/fn-block:

Pflügers Arch – Eur J Physiol (1997) 435:9–19 © Springer-Verlag 1997

O R I G I N A L  A RT I C L E

&roles:Wen Xie Xu · Sung Joon Kim · Insuk So
Tong Mook Kang · Jong Chul Rhee · Ki Whan Kim

Volume-sensitive chloride current activated by hyposmotic swelling
in antral gastric myocytes of the guinea-pig

&misc:Received: 6 June 1997 / Received after revision and accepted: 24 July 1997



membrane: ion channels, exchangers and cotransporters
[29]. Roles for the Na+/K+/2Cl– cotransporter and the
Na+/H+ exchanger in the regulatory volume changes in
vascular smooth muscle cells have been reported [40].
However, the role of ion channels in regulatory volume
decreases (RVD) or in regulatory volume increases (RVI)
in smooth muscle cells has not been studied, especially
in relation to gastrointestinal myocytes.

In our previous study, we reported that the voltage-
operated calcium current (ICa) was increased by an os-
motically induced membrane stretch [49], and during
these experiments we found that a relatively rapid in-
crease of calcium current was followed by a slowly acti-
vating inward current (unpublished observation). In this
study, we have studied the characteristics of the hypos-
motic-stimulation-activated inward current and the ex-
perimental evidence suggests that this inward current is
carried by Cl–. Also, we simultaneously measured the
cell diameter to examine the physiological role of the
chloride current in the regulation of the cell volume of
smooth muscle cells.

Materials and methods

Preparation of cells

Guinea-pigs of either sex weighing 300–350 g were exsanguinated
after being stunned. The antral part of the stomach was cut and the
mucosal layer was separated from the muscle layers in Ca2+-free
physiological salt solution (Ca2+-free PSS). The circular muscle
layer was dissected from the longitudinal layer using fine scissors
and cut into small segments (2 mm × 3 mm). These segments were
incubated in a medium modified from the Kraft-Brühe (K-B) me-
dium [24] for 30 min at 4°C. Then they were incubated for
15–25 min at 35°C in digestion medium (Ca2+-free PSS) contain-
ing 0.1% collagenase (Wako), 0.05% dithioerythreitol, 0.1% tryp-
sin inhibitor and 0.2% bovine serum albumin. After digestion, the
supernatant was discarded and the softened muscle segments were
transferred again into the modified K-B medium and single cells
were dispersed by gentle agitation with a wide-bore glass pipette.
Isolated gastric myocytes were kept in the modified K-B medium
at 4°C until use.

Electrophysiological recording

Isolated cells were transferred to a small chamber (0.1 ml) on the
stage of an inverted microscope (IMT-2, Olympus, Japan) and
continuously superfused with isosmotic PSS by gravity
(2–3 ml/min).

Experiments were performed at room temperature (20–25°C)
using the whole-cell configuration of the patch-clamp technique
[16]. Patch-clamp pipettes were manufactured from borosilicate
glass (GC 150T-7.5, Clark Electromedical, UK) using a two-stage
puller (PP-83, Narishige, Japan), and fire-polished to give final re-
sistances of 2–4 MΩ when filled with pipette solution. Whole-cell
currents were recorded with an Axopatch-1C patch-clamp amplifi-
er (Axon Instruments, USA) and command pulses were applied by
using an IBM-compatible 486-grade computer and pClamp soft-
ware v.5.5.1. The data were displayed on a digital oscilloscope
(PM 3350, Philips, The Netherlands), and a computer monitor.
The Ag/AgCl reference electrode was connected to the bath solu-
tion by a 3 M KCl agar bridge. Junction potentials were measured
by changing the external solution from the same pipette solution to
normal sodium chloride solution ([Cl–]o = 86 mM, see Drugs and
solutions) and to solutions of lower [Cl–]o (46, 26 and 16 mM).

The mean junction potential changes were –0.4 ± 0.2, 0.2 ± 0.2,
0.8 ± 0.4 and 1.2 ± 0.4 mV, respectively, and the observed reversal
potentials of ICl were corrected by these values.

Measurement of single-cell diameter

The diameter of a single myocyte was measured under perforated
whole-cell voltage-clamp conditions. The microscope used in this
experiment was a Diaphot TMD (Nikon, Japan). Transmitted light
was reflected by a full mirror and an image of the cell was project-
ed onto a charge-coupled device (CCD) camera (C 3077, Hama-
matsu, Japan), and was then stored using a video tape recorder.
For each image, the video camera provided two interleaved frames
(odd and even) at a rate of 25/s. During the experiment, each
frame was successively digitized and transiently stored on a com-
puter (486-grade IBM-compatible PC) using an 8-bit video digi-
tizer and frame memory system (Cyclope-Digital Vision, France).
With the aid of “Digital Vision 4.0” software (Cyclope-Digital Vi-
sion), a captured image was used for cell diameter measurement.

Data analysis

Volume-sensitive current and its current/voltage (I/V) relation
were obtained by digital subtraction of control currents from cur-
rents obtained under hyposmotic conditions. The 50% inhibitory
concentration (IC50) values for arachidonic acid were calculated
by fitting the concentration/inhibition curves to the following lo-
gistic function using MicroCal Origin (MicroCal, Northampton,
USA).

Percentage of inhibition (%) = 100{1–1/[ 1+(x/IC50)n]}.
Data are expressed as the mean ± SEM (n, number of observa-

tions). Statistical significance was tested by Student’s t-test and
values of P<0.05 were considered to be significant.

Drugs and solutions

All drugs used in this experiment were purchased from Sigma
(USA). Indomethacin was dissolved in 5% NaHCO3. Niflumic ac-
id and arachidonic acid were dissolved in dimethyl sulphoxide
(DMSO) at a concentration of 10 mM. The stock solutions of un-
saturated fatty acids were tightly sealed in ampoules and stored at
–20°C until use. The vehicle alone had no effect on whole-cell Cl–

currents at the concentrations used (0.1%, n = 6; 0.25%, n = 8)
and was always added to control solutions. 4,4’-Diisothiocyanato-
stilbene-2,2’-disulphonic acid (DIDS) was dissolved in distilled
water at 10 mM and added into the test solution.

Ca2+-free PSS containing (mM) NaCl 131, KCl 4.5, glucose 5,
N-[2-hydroxyethyl]piperazine-N′-[2-ethanesulphonic acid] (HEPES)
10 was adjusted to pH 7.4 with tris(hydroxymethyl)aminomethane
(TRIZMA). Modified K-B solution containing (mM) L-glutamate
50, KCl 50, taurine 20, KH2PO4 20, MgCl2 3, glucose 10, HEPES
10, ethyleneglycol bis-(β-aminoethyl ether)-N,N,N′,N′-tetraacetic
acid (EGTA) 10 was adjusted to pH 7.4 with KOH. External sodi-
um chloride solutions containing (mM) NaCl 80, HEPES 10,
MgCl2 1, CaCl2 2, glucose 10 were adjusted to 290 and
176–212 mosmol/l with sucrose and pH was adjusted to 7.4 with
TRIZMA. NaCl was replaced by the same concentration of N-
methyl-D-glucamine chloride (NMDG-chloride) in external
NMDG chloride solution. For external solutions containing differ-
ent concentration of chloride, the concentration of NaCl was re-
duced from 86 mM to 46, 26 and 16 mM, by replacement with so-
dium gluconate. In all experimental solutions for external perfu-
sion, nicardipine (5µM) was added to exclude interference from
calcium current. The osmolarity of control and hyposmotic solu-
tions was measured using a freezing-point depression osmometer
(Advanced Digimatic Osmometer, Model 3D2, USA). Pipette so-
lution containing (mM) CsCl 110, tetraethylammonium (TEA) 20,
EGTA 10, HEPES 10, Na2ATP 3, MgCl2 3.5 was adjusted to
pH 7.3 with TRIZMA.
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Results

Outwardly rectifying chloride current activated
by hyposmotic stimulation

Under the whole-cell configuration with caesium chlo-
ride solution in the pipette (for composition see Materi-
als and methods), the membrane potential was clamped
at –60 mV. Applying hyposmotic NaCl solution
(200 mosmol/l) slowly activated a sustained inward cur-
rent as shown in Fig. 1A. The change in cell volume was
obvious through the microscope, as shown in Fig. 6, and
was followed by activation of an inward current. The dis-
cernible activation of inward current occurred about
3 min (3.4 ± 0.24 min, n = 6) after the exchange of bath
solution. The inward current and increased cell diameter
were reversed slowly upon returning to the isosmotic so-
lution (290 mosmol/l), indicating that the current was
volume dependent. Upon returning the cell to the isos-
motic solution, a transient increase of inward current was
frequently observed (Fig. 1A). The activation of inward
current variably reached its steady-state about 4 min
(3.6 ± 0.4 min, n = 8) after the discernible change of
holding current. As sustained hyposmotic stress over
8 min seemed to be hazardous to the recovery of ionic
current and to the repetitive activation of swelling-acti-
vated inward current, we usually confined the hyposmot-
ic perfusion to less than 6 min.

Applying hyposmotic NMDG chloride (200 mos-
mol/l) solution activated an inward current similar to that
induced by hyposmotic NaCl solution (Fig. 1A). Step
voltage command pulses in the range of –140 to +80 mV
produced instantaneous activation of inward and outward
currents when the cell was exposed to a hyposmotic
NaCl or NMDG chloride solution. Test pulses were pre-
ceded by a common depolarizing pulse (0 mV) to con-
firm the complete block of ICa by nicardipine in the ex-
perimental solution (see Drugs and solutions) because
ICa is increased by hyposmotic stretch, as shown in our
previous report [49]. At potentials more positive than
+40 mV, the current exhibited time-dependent decay
(Fig. 1B). The I/V relation of instantaneous current
showed an outwardly rectifying shape which was not
changed when the external sodium chloride was replaced
by NMDG chloride (Fig. 1C). The reversal potential
with external NaCl solution was 10.5 ± 0.5 mV (n = 5)
and it was not significantly different from that obtained
with NMDG chloride solution (10.0 ± 0.9 mV, P>0.05).

When [Cl–]o was reduced from 86 mM to 46, 26 and
16 mM by replacement with sodium gluconate, the am-
plitude of the outward current was decreased while the
inward current was not significantly changed (Fig. 2A).
The reversal potential (Erev) was shifted in the positive
direction by decreasing [Cl–]o, i.e. 10.7 ± 1.2, 23.3 ± 2.5,
32.4 ± 2.8 and 38.7 ± 2.6 mV at 86, 46, 26 and 16 mM
[Cl–]o, respectively (filled circles in the inset of Fig. 2B,
n = 6). This result suggests that the hyposmotic-swell-
ing-activated current was induced by the activation of an
anion channel permeable to Cl–. However, at each value

of [Cl–], Erev did not exactly correspond to the ECl calcu-
lated from the Nernst equation (ECl = RT/F In [Cl] i
/[Cl] o, i.e. 11.5, 27.3, 41.6 and 53.9 mV for respective
concentrations, line in the inset of Fig. 2).

There is the possibility that replacement of extracellu-
lar Cl– results in a decrease in the intracellular Cl– activity,
especially after activation of ICl that is inward at the hold-
ing potential. This might also shift the actual Nernst po-
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Fig. 1A–C Activation of anionic current in single gastric myo-
cytes of guinea-pig by hyposmotic swelling. A At –60 mV, inward
current was activated by applying hyposmotic bath solution
(200 mosmol/l) when the bath solution contained either NaCl or
N-methyl-D-glucamine chloride (NMDGCl). B Basal currents
elicited by step pulses with the cell bathed in isosmotic solution
5 min after breakthrough into the whole-cell configuration and an-
ionic currents elicited by osmotic swelling that was induced by a
hyposmotic challenge in the same cell. C The I/V relation of dif-
ference currents obtained by digital subtraction of basal currents
from hyposmotic-swelling-induced currents. Symbols represent
mean ± SE (n = 5)&/fig.c:



tentials to values that are more hyperpolarized than would
be calculated from the known values of [Cl–]. However,
the difference is also likely to be due to a significant per-
meability to gluconate, which is used as the substitute for
Cl– in this experiment. As can be seen in Fig. 3, gluconate
can pass through the anion channel and the relative perme-
ability was calculated to be 0.18 compared with that of
Cl–. Considering the permeability of gluconate, the ex-
pected Erev could be recalculated using Goldman-Hodg-
kin-Katz equation {GHK equation, ECl = RT/FIn (PCl[Cl] i
+ Pgluconate[gluconate]i)/(PCl[Cl]o + Pgluconate[gluconate]o)}
and the results are 11.5, 23.7 33.0 and 39.5 mV, respec-
tively (open circles in the inset of Fig. 2). These values
correspond well with the measured values of Erev for the
osmotic-swelling-induced current in this experiment. The
above results suggest that this outwardly rectifying current
in gastric myocytes is mostly due to the chloride current
activated by hyposmotic cell swelling (i.e. ICl).

Ionic selectivity

The anion selectivity of the channel was examined with
the cells in hyposmotic bathing solutions in which Cl–

ions were replaced with other anionic species. Instanta-
neous I/V relations were obtained with a voltage-ramp
protocol between +80 and –140 mV (–0.44 V/s). Figure
3 shows a representative I/V relation of volume-sensitive
anion currents when extracellular Cl– was subsequently
replaced with the same concentration of I–, Br–, F– or
gluconate–. From the I/V curves obtained at maximal
current activation, the Erev values were evaluated. Ion
permeabilities relative to those of Cl– ions were calculat-
ed from Erev values using the GHK equation under biion-
ic conditions (ECl = RT/F In PCl[Cl] i/PX[X]o), assuming
that the currents were carried solely by anions and that
the [Cl–]i would not change during the superfusion of
hyposmotic solution (Table 1). The sequence of relative
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Fig. 2A, B Effects of [Cl–]o on
the I/V relation of hyposmotic-
swelling-activated current. A
Basal currents and hyposmotic-
swelling-activated currents
elicited by step pulses at vari-
ous [Cl–]o. B The I/V relations
of hyposmotic-swelling-activat-
ed current at various [Cl–]o
(n = 6). Insetshows the relation
between measured reversal po-
tentials and reversal potentials
calculated according to the
Nernst equation.&/fig.c:



permeability obtained was I– (1.80 ± 0.06) > Br–
(1.31 ± 0.04) > Cl– (1.0) > F– (0.85 ± 0.05) > gluconate–

(0.18 ± 0.01). However, there still remains the uncertain-
ty of [Cl–]i and neither could we rule out the possibility
that the substituting anions accumulate in the cytoplasm
during the superfusion.

Sensitivity to Cl– channel blockers

The effects of DIDS and niflumic acid, known to be Cl–

channel blockers [6, 7, 25, 33, 48], on ICl were tested.
DIDS (100 µM) markedly suppressed the current
(Fig. 4A) in a voltage-dependent manner; the outward
current was significantly more susceptible to DIDS com-
pared with the inward current (P<0.01, Fig. 4B, C). Out-
ward current at +80 mV was suppressed by 92.3 ± 1.8%
but inward current at –80 mV was suppressed only by
41.6 ± 13.0% in the presence of DIDS (Fig. 4C). In the
presence of DIDS, the decay of ICl under highly depolar-
ized conditions was not observable. Niflumic acid
(10 µM) also inhibited the current (Fig. 4A) and equally

affected both outward and inward currents (Fig. 4B).
Outward current at +80 mV was suppressed by
60.8 ± 8.2% and inward current at –80 mV was sup-
pressed by 65.3 ± 8.0% in the presence of niflumic acid
(Fig. 4C).

Direct inhibition of ICl by arachidonic acid

A direct inhibitory effect of arachidonic acid on out-
wardly rectifying volume-sensitive ICl in human epithe-
lial cells, human endothelial cell, the HSG cloned cell
line, rat hepatocytes, airway epithelia and osteoblast-like
cells has been reported [4, 11, 13, 21, 27, 35, 44]. We
have also found that 25µM arachidonic acid (superfus-
ing with the hyposmotic solution containing 25µM ara-
chidonic acid) significantly inhibited ICl at a holding po-
tential of –60 mV in gastric myocytes (Fig. 5A). In the
same cell, arachidonic acid inhibited ICl elicited by a
ramp pulse (from +80 to –140 mV, –0.44 /s, at –60 mV
of holding potential) and equally affected inward and
outward current (Fig. 5 B) Arachidonic acid inhibited in-
ward holding current (–60 mV) by 43.8 ± 5.1, 74.8 ± 3.0
and 94.0 ± 6.9% at 5, 10 and 25µM, respectively (n = 4,
Fig. 5E). The result was fitted according to the logistic
function (see Data analysis) and an IC50 value of
5.2 ± 0.3µM was obtained. Other unsaturated fatty ac-
ids, linoleic acid (LA) and oleic acid (OA), also inhibited
ICl but stearic acid (SA), a saturated fatty acid, did not
inhibit ICl. Figure 5F shows that the inhibitory potencies
of unsaturated fatty acids at 30µM were arachidonic ac-
id (95.2 ± 2.6%) > LA (58.8 ± 2.2%) > OA
(28.5 ± 2.5%).

To test the possibility that some oxygenase metabo-
lites of arachidonic acid mediate the latter’s effect, cells
were pretreated with a cyclo-oxygenase inhibitor, indo-
methacin (10µM), for 20 min and subsequent hyposmot-
ic cell swelling was induced. ICl was similarly induced in
the presence of indomethacin and was inhibited by
25 µM arachidonic acid with a potency similar to that of
the control (93.2 ± 11.2% in control, 92.6 ± 10.3% in the
presence of indomethacin at a holding potential of
–60 mV; n = 5, P>0.05, Fig. 5C). We also tested the pos-
sible relationship between protein kinase C and the in-
hibitory effect of arachidonic acid [34]. Four different
cells were dialysed with 1µM chelerythrine, a protein
kinase C inhibitor [17], for 15 min. In this condition, ICl
was similarly induced by hyposmotic swelling and the
bath application of arachidonic acid (25µM) still inhibited
ICl, as shown in Fig 5D.

Relationship between cell volume and ICl

To investigate the role of ICl in the volume regulation of
smooth muscle cells, a change in cell diameter was si-
multaneously measured using the video image analysis
system (see Materials and methods). Figure 6A shows
video images of gastric myocyte under isosmotic (Aa),
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Fig. 3 Effects of anion substitution on I/V relations of volume-
sensitive currents measured by a voltage ramp stimulus. A voltage
ramp from +80 to –140 mV was applied after steady current acti-
vation was observed in osmotically swollen single gastric myo-
cytes. Cells were superfused with hyposmotic medium in which
NaCl was replaced with the sodium salt of the anions indicated.&/fig.c:

Table 1 Effects of Cl– ion replacement upon reversal potentials
(Erev) of volume-sensitive anion currents in gastric myocytes of
guinea-pig. Erev was obtained from I/V plots. Relative ion perme-
abilities (Px/PCl) were calculated from the Goldman-Hodgkin-Katz
equation as follows, where x is the replacement ion: Erev=RT/F In
{[Cl] i+(Px/PCl) [x]i}/{[Cl] o+(Px/PCl)[x]o}, and where R, T and F
have their usual thermodynamic meanings&/tbl.c:&tbl.b:

Anion Erev (mV) Px/PCl n

I– –3.3±0.9 1.80±0.06 6
Br– 4.84±0.8 1.31±0.04 6
F– 15.8±1.7 0.85±0.05 6
Gluconate– 55.0±1.3 0.18±0.01 6
Cl– 8.4±0.9 1 6

&/tbl.b:



hyposmotic (Ab) and washout (Ac) conditions. Under
hyposmotic conditions, the largest diameter of the gastric
myocyte increased significantly and was slowly recov-
ered by returning to the isosmotic solution. Simulta-
neously recorded ICl activation is shown in Fig. 6B,
where repetitive voltage ramp pulses (from +80 to
–140 mV, –0.44 V/s) were applied from a holding poten-
tial of –60 mV every 20 s. In Fig. 6C, changes of cell di-
ameter and outward peak values of ICl were measured ev-
ery 20 s and plotted against time. Changes in cell diame-
ter preceded the activation of ICl by about 1 min and, up-

on returning to the isosmotic condition, the decay of ICl
and recovery of cell diameter occurred together. In this
cell, the amplitude of ICl was suppressed by the pretreat-
ment with niflumic acid for 3 min (from 355 pA to
143 pA) while the change of cell diameter was enhanced
(from 30% to 36%) by the same treatment.

Figure 7 shows the collected results obtained from the
experiment similar to that in Fig. 6. The change in cell di-
ameter was observed 2.4 ± 0.12 min after superfusing the
cells with hyposmotic solution, and was followed by ICl
activation; ICl started to increase 3.4 ± 0.13 min after hyp-
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Fig. 4A–C Effects of 4,4’-di-
isothiocyanatostilbene-2,2’-di-
sulphonic acid (DIDS) and ni-
flumic acid on ICl. A During
steady activation of ICl, step
pulses were applied in the ab-
sence and presence of DIDS or
niflumic acid. B The I/V rela-
tions measured from six cells
by command step pulses in the
absence and presence of DIDS
or niflumic acid. C Averaged
effects of DIDS and niflumic
acid on ICl at +80 and –80 mV
are compared. The asteriskin-
dicates a significant difference
(P<0.05, n = 6)&/fig.c:



osmotic superfusion. Peak outward current at +80 mV in-
creased from 48.1 ± 8.7 pA to 227.3 ± 47.3 pA and cell
volume increased by 61.7 ± 9.3% (n = 6). The recovery
of ionic current and cell diameter showed similar time
courses and about 4 min (4.2 ± 0.32 min) was needed for
the complete recovery.

For further elucidation of the physiological role of ICl,
we measured the diameter of intact gastric myocytes un-
der isosmotic (Aa), hyposmotic (Ab) and washout (Ac)
conditions (Fig. 8A). In intact gastric myocytes, relatively
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Fig. 5A–F Effect of arachidonic acid on ICl. A ICl was activated at
–60 mV and it was completely inhibited by application of 25µM
arachidonic acid under hyposmotic conditions. B I/V curve ob-
tained from the same cell in A is shown. Outward and inward cur-
rents elicited by ramp pulses (from +80 to –140 mV, –0.44 V/s)
under hyposmotic conditions were inhibited by arachidonic acid.
C Effect of arachidonic acid on ICl following pretreatment with in-
domethacin (IND) for more than 10 min. Indomethacin did not
block the inhibitory effect of arachidonic acid on ICl. D Effect of
arachidonic acid on ICl following pretreatment with chelerythrine
(CLE) for 15 min. The inhibitory effect of arachidonic acid on ICl
was not blocked by chelerythrine. E Dose dependence of the in-
hibitory effect of arachidonic acid is shown and fitted using a lo-
gistic function (see Data analysis). The half-maximally inhibitory
concentration (IC50) and coefficient (n) of the logistic function
was 5.2 ± 0.3 µM and 1.7 ± 0.2, respectively. F Effects of unsatur-
ated fatty acids and saturated fatty acid on ICl. ICl was inhibited by
unsaturated fatty acids [arachidonic acid (AA), linoleic acid (LA) and
oleic acid (OA)] but not by saturated fatty acid, stearic acid (SA)&/fig.c:

severe hyposmotic solution (176 mosmol/l) could elicit
the significant increase in cell diameter. After returning to
isosmotic conditions, we repeated the same protocol in the
presence of niflumic acid (10µM) or DIDS (100µM).

The cell diameter was measured every 20 s and repre-
sentative results are plotted against time in Fig. 8 Ba and
8 Ca. Both niflumic acid and DIDS potentiated the in-
crease of cell diameter induced by hyposmotic stimula-
tion (Fig. 8B, C). The maximal relative cell diameter un-
der hyposmotic conditions was increased from
1.28 ± 0.03 to 1.38 ± 0.04 by niflumic acid (Fig. 8 Bb,
n = 6, P<0.05). Pretreatment with DIDS also potentiated
the increase of cell diameter from 1.25 ± 0.03 to
1.38 ± 0.03 (Fig. 8 Cb, n = 6, P<0.05). Niflumic acid or
DIDS by itself had no significant effect on the cell diam-
eter under isosmotic conditions.

Discussion

Properties of volume-sensitive Cl– conductance

The present study suggests that gastric myocytes of the
guinea-pig possess a Cl– conductance that is activated by
hyposmotic cell swelling. According to the review by
Strange et al. [46], volume-sensitive anion channels
found in animal cells can be categorized into three class-
es: (1) ClC-2, which is a member of the ClC family of



voltage-gated anion channels with very small conduc-
tance (3–5 pS); (2) an outwardly rectifying anion chan-
nel with intermediate conductance (40–50 pS); and (3) a
large-conductance Cl– channel or “maxi” channel
(200–400 pS) with a linear I/V relation. In addition to be-
ing activated by cell swelling, the “maxi” channel is also
activated by patch excision, protein kinase C activation,
and cytochalasin derivatives [45].

In smooth muscle, volume-sensitive anion channels
have only been reported to occur in cultured vascular

smooth muscle cell lines [20] and the properties of Cl–

channels activated by osmotic swelling were similar to
those reported here. The volume-sensitive anion channels
observed in this experiment could be classified as vol-
ume-sensitive outwardly rectifying anion channel
(VSOAC) because the outwardly rectifying I/V relation,
the rank of relative permeability of various anions and the
prominent inhibitory effects of unsaturated fatty acids co-
incide with the general characteristics of VSOAC in other
cells [46]. The anion permeability sequence determined
from the values of Erev was I– > Br– > Cl– > gluconate–
(Table 1, Fig. 3) and this sequence is in good agreement
with the permeability sequence of volume-sensitive anion
channels reported in connection with a number of other
kinds of cells such as rat osteoblast-like cells, human epi-
thelial cells, human promyelocytic leukemic cells (HL-
60) and rabbit cardiac myocytes [12, 15, 27].

ICl observed in guinea-pig gastric myocytes seems to
be independent of intracellular calcium and the calcium-
dependent chloride current reported to occur in other
smooth muscle cells [1, 10, 19, 26, 28, 32, 37] was not
considered here since the pipette solution contained
10 mM EGTA, and 5µM nicardipine was added to the
bath solution.

ICl observed in gastric myocytes was sensitive to two
structurally unrelated Cl– channel blockers (Fig. 4).
Blockade produced by the stilbene derivative DIDS was
notably voltage dependent, the outward current being
more prominently suppressed than inward currents. Un-
like DIDS, both inward and outward currents were equal-
ly susceptible to blockade by niflumic acid and the time-
dependent decay was still observed at high levels of de-
polarization (Fig. 4A). The effects of DIDS and niflumic
acid observed in this study of gastric myocytes were very
similar to the pharmacological properties of volume-sen-
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Fig. 6A–C Simultaneous measurement of cell diameter and mem-
brane current during hyposmotic stimulation. A Changes of cell
diameter under control conditions (a), during hyposmotic swelling
(b) and washout (c). B Membrane potential was held at –60 mV
and ramp pulses (from +80 to –140 mV, –0.44 V/s) were applied
repetitively every 20 s. Hyposmotic stimulation slowly increased
cell diameter (a) and was followed by the activation of inward
holding current (b). C Plot of ionic current and relative cell diame-
ter versus time (filled circles). Time zero implies the start of repet-
itive ramp pulses, about 3 min after attaining the whole-cell con-
figuration. In the same cell, after complete recovery, hyposmotic
stimulation was applied again in the presence of niflumic acid
(10 mM, open circle) &/fig.c:

Fig. 7 ICl and changes of cell diameter by hyposmotic stimula-
tion. In six different cells, the cell diameters and the outward peak
values of ICl obtained from ramp pulses were simultaneously mea-
sured every 20 s using a protocol similar to that described in the
legend to Fig. 6. Cell diameter was increased by osmotic stress
and this increase was followed by ICl activation while the decay of
ICl and the recovery of cell diameter occurred together&/fig.c:



sitive chloride currents reported to occur in cultured epi-
thelial cells or rat osteoblast-like cells [12, 27]. In these
reports, outward currents were more prominently blocked
compared to the inward current by the stilbene derivatives
(i.e. DIDS, SITS), while the diphenylcarboxylate (DPC)
derivatives (i.e. DPC, NPPB) inhibited both inward and
outward currents. Gosling et al. [12] explained that the
negatively charged blocker (stilbene derivatives) would
be more easily driven into the blocking site when the
membrane potential is more depolarized. However, same
explanation cannot be applied to the effect of niflumic ac-
id, which is also negatively charged. Niflumic acid may
act as a modulator of the channel gating process rather
than as a direct blocker, similar to NPPB [2].

Effects of arachidonic acid on ICl

Unsaturated fatty acids, including arachidonic acid, are a
major component of cell membrane phospholipid [23].
Various modulatory effects of unsaturated fatty acids on

ion channels have been reported [13, 21, 34, 39]. In our
study, prominent inhibitory effects of arachidonic acid
on ICl were also observed (Fig. 5) and the half-maximal-
ly effective concentration (IC50, 5.2 ± 0.3µM) measured
is slightly lower than those reported in studies of other
cell preparations, i.e. 10.4µM for rat osteoblast-like
cells [13] and 8µM for human epithelial cells [27].

There is the possibility that some indirect signalling
pathways mediate the effect of arachidonic acid on ICl. In
this study, the effects of indomethacin and chelerythrin
have been examined to exclude the cyclo-oxygenase path-
way and protein kinase C pathway [36]. Effects of other
enzymatic inhibitors of lipoxygenase or the cytochrome P-
450 pathway were not tested. However, it is conceivable
that the effect of arachidonic acid is a direct one, as the
other unsaturated fatty acids (LA, OA) were also signifi-
cantly inhibitory (Fig. 5F). Previous studies also support
our results: Kubo and Okada [27] and Gosling et al. [13]
also concluded that osmotic-swelling-activated, outwardly
rectifying Cl– current was directly inhibited by arachidonic
acid.
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Fig. 8A–C Effects of Cl–
channel blockers, DIDS and ni-
flumic acid, on the hyposmotic-
solution-induced increase of
the volume of intact, single
gastric myocytes. A Images of
single gastric myocyte under
control conditions (290 mos-
mol/l, a), in the presence of
hyposmotic solution (176 mos-
mol/l, b) and washout (c). Cell
diameter was measured every
20 s using video image analysis
and is plotted as the change of
relative diameter as a function
of perfusion time. B Effect of
niflumic acid on the hyposmot-
ic-solution-induced increase of
cell diameter. C Effect of DIDS
on the hyposmotic-solution-
induced increase of cell diame-
ter. Collective results from 
six different cells are plotted 
as bar graphs (Bb and Cb,
mean ± SEM, * P<0.05)&/fig.c:



This result suggests that arachidonic acid and other
unsaturated fatty acids may affect ion channel activity by
changing the biophysical properties of the lipid mem-
brane of gastric myocytes. It is known that the activities
of various membrane proteins including ion channels are
affected by the properties of the membrane lipid, i.e. the
electrical charge of the hydrophilic group, the length of
the acyl chain, the degree of saturation and membrane
fluidity [5, 43]. The length of the acyl chain can affect
ion channel activity by changing the thickness of the
membrane [9, 22].

Physiological relevance

The ubiquitous ability to regulate volume is of funda-
mental importance to living cells. In epithelial cells,
which normally experience large changes in osmolarity,
volume-dependent ion transport systems play a key role
in transcellular solute transport [30]. In non-epithelial
cells, such as the gastric myocyte, these volume-depen-
dent ion transport systems are probably involved in the
cell volume regulation that occurs both during growth
and differentiation, and also following the action of ex-
ternal stimuli which generate net fluxes of electrolytes
and water [18, 40].

Cell volume regulation is known to involve the func-
tioning of a variety of ion channels and transporters.
Many studies have recognized that cell volume regula-
tion under hyposmotic conditions may be accomplished
by the separate activation of K+ and Cl– conductances,
which allow effluxes of KCl and osmotically obliged wa-
ter in a variety of cell species [14, 38, 47]. However, in
this experiment, we did not investigate the effect of hyp-
osmotic cell swelling on K+ conductance. In our experi-
ment, cell volume was increased in hypotonic solution
and this increase was potentiated by Cl– channel blockers
in intact myocytes (Fig. 8). As shown in Figs. 6 and 7, a
cell volume increase was followed by Cl– current activa-
tion under whole-cell patch-clamp conditions. These re-
sults suggest that hyposmotic-cell-swelling-activated Cl–

current may contribute to cell volume regulation as one
mechanisms in gastric myocytes. In fact, in intact gastric
myocytes, it was more difficult to elicit a cell swelling
by the usual hyposmotic stress used in whole-cell clamp
conditions and the relatively severe hyposmotic solution
(176 mosmol/l) induced an increase in cell diameter of
only about 25% (Fig. 8). Such a difference suggests the
presence of well-regulated ion efflux mechanisms as the
“isovolumetric regulation process” in intact gastric myo-
cytes, and under whole-cell clamp conditions the mecha-
nisms might not be managed the constantly loaded con-
centration gradient between the pipette solution and bath
solution.

Although the involvement of swelling-induced Cl–

channel activity in volume regulation is well recognized,
its potential roles in other physiological functions are yet
to be determined. In cultured kidney epithelial cells, the
Cl– conductance was increased by mechanical stress as

well as by osmotic swelling [40]. The gastrointestinal or-
gan will also undergo frequent stimulations by mechani-
cal stretch. Although it has not been tested whether the
ICl can be activated during membrane stretch without os-
motically induced swelling of smooth muscle cells, such
an investigation might provide another physiological role
of ICl, a sensing mechanism for mechanical stretch.

&p.2:Acknowledgement This study was supported by grant no. 961-
0701-010-1 from the Korean Science and Engineering Foundation
and grant no. SBRI C-95-002-2 from the Samsung Foundation.
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