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Abstract The characteristics of volume-sensitive chlanalysis, which reflects the change in cell volume. A hyp-
ride current k) induced by osmotic cell swelling wereosmotic-stimulation-induced increase of cell diameter
studied using the whole-cell patch-clamp technique awds followed byl activation. In intact single gastric
cell diameters of antral circular guinea-pig myocytesyocytes, relatively severe hyposmotic (176 mosmol/l)
were simultaneously measured under isosmotic and hgpperfusing solution increased the cell diameter and the
osmotic conditions by using a video image analygisetreatment with DIDS or with niflumic acid significant-
system. At —60 mV, osmotic cell swelling (200 mosmol/ly potentiated the above effect of hyposmotic superfusion.
activated a sustained inward current. Instantaneous direse results suggest that volume-sensitive outwardly
rent/voltage ItV) relations obtained by step voltage pulsectifying chloride currentlg)) is present in guinea-pig
es showed an outward rectification. At potentials abogastric myocyte and thk, may play a role in smooth
+40 mV, the current exhibited time-dependent decay. Timeiscle cell volume regulation.
outward current amplitude was decreased and the reversal
potential was shifted to more positive potentials by rkey words Smooth muscle - Cell volume -
placement of external €with gluconate, while the cur- Chloride currer:
rent amplitude and thEV relation were not affected by
replacing extracellular Nawith N-methyl-D-glucamine.
The anion permeability sequence of the swelling-induchrtroduction
current was1(1.80) > Br (1.31) > Ct (1) > F (0.85) >
gluconate (0.18). Thel, was effectively inhibited by the CI- channels have many functions, including the trans-
Cl- channel blockers, 44liisothiocyanatostilbene-2,2'-cellular transport of ions and fluid, cell volume regula-
disulphonic acid (DIDS, 10uM), and niflumic acid tion and stabilization of the membrane potential [31, 38].
(10 uM). DIDS suppressed outward current more effeRecently, a Cl channel current activated by hyposmotic
tively than inward current. Also, thg, was dose-depen-cell swelling () was reported to be present in various
dently inhibited by arachidonic acid, an unsaturated fakinds of cells including human epididymal cells [8], hu-
acid and also inhibited by other unsaturated fatty acigi&én epithelial cells [27], renal cortical collecting duct
(linoleic acid and oleic acid) but not by stearic acid, a saell lines [45], rabbit cardiac myocytes [15], rat osteo-
urated fatty acid. The inhibitory effect of arachidonic aclslast-like cells [12] and rabbit osteoclasts [25]. Activa-
onlg was not prevented by indomethacin, a cyclo-oxyggen of K* and/or Ct currents upon hypotonically in-
nase inhibitor and chelerythrine, a protein kinase C inhidiced cell swelling has been reported to occur in a vari-
itor. Under whole-cell patch-clamp conditions, the cell dity of cell species and their role in the regulatory volume
ameter was continuously measured using video imaggrrease (RVD) that takes place after initial cell swelling
has been proposed (for reviews see [14, 18, 38]).
Although a hyposmotic-solution-induced-Qlurrent
in cultured vascular myocytes has been described [20],
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membrane: ion channels, exchangers and cotransporidesmean junction potential changes were —0.4 + 0.2, 0.2 £ 0.2,

[29]. Roles for the N&K+*/2CF cotransporter and the0.8 £ 0.4 and 1.2 + 0.4 mV, respectively, and the observed reversal

Na‘/H* exchanger in the regulatory volume changes RRtentals ol were corrected by these values.

vascular smooth muscle cells have been reported [40].

However, the role of ion channels in regulatory volumgeasurement of single-cell diameter

decreases (RVD) or in regulatory volume increases (RVI) _

in smooth muscle cels has not been studied, especidl daritro 8 Snge Myseye ves meseusd ey erorsed

in relation to gastromtestlnal myocytes. experiment Wasga Diaprrl)ot TMD (Nikon, Japan). Trgnsmitted light
In our previous study, we reported that the voltag®as reflected by a full mirror and an image of the cell was project-

operated calcium currentf) was increased by an osed onto a charge-coupled device (CCD) camera (C 3077, Hama-

motically induced membrane stretch [49], and duridggtsu, Japan), and was then stored using a video tape recorder.

; : ;4 40r each image, the video camera provided two interleaved frames
these experiments we found that a relatively rapid | dd and even) at a rate of 25/s. During the experiment, each

crease of calcium current was followed by a slowly acifame was successively digitized and transiently stored on a com-
vating inward current (unpublished observation). In thister (486-grade IBM-compatible PC) using an 8-bit video digi-
study, we have studied the characteristics of the hypter and frame memory system (Cyclope-Digital Vision, France).

motic-stimulation-activated inward current and the e¥/ith the aid of “Digital Vision 4.0" software (Cyclope-Digital Vi-
on), a captured image was used for cell diameter measurement.

perimental evidence suggests that this inward current 18
carried by Ct. Also, we simultaneously measured the
cell diameter to examine the physiological role of thmata analysis

chloride current in the regulation of the cell volume of N _ _
smooth muscle cells. Volume-sensitive current and its current/voltagéV)( relation
were obtained by digital subtraction of control currents from cur-
rents obtained under hyposmotic conditions. The 50% inhibitory
concentration (IG) values for arachidonic acid were calculated

Materials and methods by fitting the concentration/inhibition curves to the following lo-
gistic function using MicroCal Origin (MicroCal, Northampton,
Preparation of cells USA).

Percentage of inhibition (%) = 100{1-1/[ Csy)"}.
Guinea-pigs of either sex weighing 300-350 g were exsanguinatedData are expressed as the mean + SEMgmber of observa-
after being stunned. The antral part of the stomach was cut andti¢rs). Statistical significance was tested by Studerttst and
mucosal layer was separated from the muscle layers 3hfee Vvalues ofP<0.05 were considered to be significant.
physiological salt solution (G&free PSS). The circular muscle
layer was dissected from the longitudinal layer using fine scissors
and cut into small segments (2 mm x 3 mm). These segments wenegs and solutions
incubated in a medium modified from the Kraft-Briihe (K-B) me-
dium [24] for 30 min at 4°C. Then they were incubated fokll drugs used in this experiment were purchased from Sigma
15-25 min at 35°C in digestion medium @Géree PSS) contain- (USA). Indomethacin was dissolved in 5% NaHC®iflumic ac-
ing 0.1% collagenase (Wako), 0.05% dithioerythreitol, 0.1% tryf# and arachidonic acid were dissolved in dimethyl sulphoxide
sin inhibitor and 0.2% bovine serum albumin. After digestion, tf®MSO) at a concentration of 10 mM. The stock solutions of un-
supernatant was discarded and the softened muscle segments se¢ueated fatty acids were tightly sealed in ampoules and stored at
transferred again into the modified K-B medium and single ce#20°C until use. The vehicle alone had no effect on whole-cell Cl
were dispersed by gentle agitation with a wide-bore glass pipettgrrents at the concentrations used (0.19%, 6; 0.25%,n = 8)
Isolated gastric myocytes were kept in the modified K-B mediuamd was always added to control solutions. 4,4’-Diisothiocyanato-
at 4°C until use. stilbene-2,2’-disulphonic acid (DIDS) was dissolved in distilled
water at 10 mM and added into the test solution.
Ca&*-free PSS containing (mM) NaCl 131, KCI 4.5, glucose 5,
Electrophysiological recording N-[2-hydroxyethyl]piperazin&¥-[2-ethanesulphonic acid] (HEPES)
10 was adjusted to pH 7.4 with tris(hydroxymethyl)aminomethane
Isolated cells were transferred to a small chamber (0.1 ml) on (A&IZMA). Modified K-B solution containing (mM) L-glutamate
stage of an inverted microscope (IMT-2, Olympus, Japan) ab@, KCI 50, taurine 20, KHPO, 20, MgC}, 3, glucose 10, HEPES
continuously superfused with isosmotic PSS by graviy0, ethyleneglycol bisBtaminoethyl etherN,N,N,N'-tetraacetic
(2-3 ml/min). acid (EGTA) 10 was adjusted to pH 7.4 with KOH. External sodi-
Experiments were performed at room temperature (20-251) chloride solutions containing (mM) NaCl 80, HEPES 10,
using the whole-cell configuration of the patch-clamp techniqgbdgCl, 1, CaC} 2, glucose 10 were adjusted to 290 and
[16]. Patch-clamp pipettes were manufactured from borosilicdté6—212 mosmol/l with sucrose and pH was adjusted to 7.4 with
glass (GC 150T-7.5, Clark Electromedical, UK) using a two-stag®IZMA. NaCl was replaced by the same concentratiorNof
puller (PP-83, Narishige, Japan), and fire-polished to give final raethyl-D-glucamine chloride (NMDG-chloride) in external
sistances of 2—-4 K when filled with pipette solution. Whole-cell NMDG chloride solution. For external solutions containing differ-
currents were recorded with an Axopatch-1C patch-clamp ampléirt concentration of chloride, the concentration of NaCl was re-
er (Axon Instruments, USA) and command pulses were applieddyced from 86 mM to 46, 26 and 16 mM, by replacement with so-
using an IBM-compatible 486-grade computer and pClamp safium gluconate. In all experimental solutions for external perfu-
ware v.5.5.1. The data were displayed on a digital oscilloscagien, nicardipine (fuM) was added to exclude interference from
(PM 3350, Philips, The Netherlands), and a computer monitoalcium current. The osmolarity of control and hyposmotic solu-
The Ag/AgCI reference electrode was connected to the bath stions was measured using a freezing-point depression osmometer
tion by a 3 M KCI agar bridge. Junction potentials were measur@tvanced Digimatic Osmometer, Model 3D2, USA). Pipette so-
by changing the external solution from the same pipette solutiorution containing (mM) CsCI 110, tetraethylammonium (TEA) 20,
normal sodium chloride solution ([} = 86 mM, see Drugs and EGTA 10, HEPES 10, NATP 3, MgC}, 3.5 was adjusted to
solutions) and to solutions of lower [ (46, 26 and 16 mM). pH 7.3 with TRIZMA.
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Results

200 mOsm
Outwardly rectifying chloride current activated

by hyposmotic stimulation " \&\/ |2oo oA
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 s

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“__H |_
obvious through the microscope, as shown in Fig. 6, and 2 min

was followed by activation of an inward current. The dis-

cernible activation of inward current occurred about 200 moam N ™

3 min (3.4 £ 0.24 minn = 6) after the exchange of bat

solution. The inward current and increased cell diameter (256 mOam)
were reversed slowly upon returning to the isosmotic so- Omvj__%jo mv - [200 pA L L_ ‘
lution (290 mosmol/l), indicating that the current was ™ 100ms

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 NaCl 80 mM NMDGCI 80 mM
’ N . (200 mOsm) (200 mOsm)

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. ¢ Current (o)

Applying hyposmotic NMDG chloride (200 mos- 300 T
mol/l) solution activated an inward current similar to that T e e
induced by hyposmotic NaCl solution (Fig. 1A). Step o NMDGCI 80 mM
voltage command pulses in the range of —140 to +80 mV (200 mOsm)
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- -150 -100
firm the complete block of-, by nicardipine in the ex- =
perimental solution (see Drugs and solutions) because
lc, is increased by hyposmotic stretch, as shown in our o o o _
previous report [49]. At potentials more positive thafd: 1A-C Activation of anionic current in single gastric myo-
+40 mV, the current exhibited time-dependent dec& s of guinea-pig by hyposmotic swelligAt ~60 mV, inward

' ' 4 . p rrent was activated by applying hyposmotic bath solution
(Fig. 1B). The l/V relation of instantaneous current200 mosmol/l) when the bath solution contained either NaCl or
showed an outwardly rectifying shape which was nigtmethyl-D-glucamine chloride NMDGCI). B Basal currents
changed when the external sodium chloride was rep|a§fated by step pulses with the cell bathed in isosmotic solution

: . -3 min after breakthrough into the whole-cell configuration and an-
by NMDG chloride (Fig. 1C). The reversal potentighnic currents elicited by osmotic swelling that was induced by a

with external NaCl solution was 10.5 + 0.5 mK' £ 5) ttw@/posmotic challenge in the same cé@lThe I/V relation of dif-
and it was not significantly different from that obtaineférence currents obtained by digital subtraction of basal currents

with NMDG chloride solution (10.0 + 0.9 m¥#>0.05). from hyposmotic-swelling-induced currentSymbolsrepresent
When [CH, was reduced from 86 mM to 46, 26 an§'¢a" * SEt=5)

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. 2Adf [CI], E,, did not exactly correspond to tkg, calcu-

The reversal potentiaEf,) was shifted in the positivelated from the Nernst equatioreq = RT/F In [CI],

direction by decreasing [€], i.e. 10.7 £ 1.2, 23.3 £ 2.5,/[Cl],, i.e. 11.5, 27.3, 41.6 and 53.9 mV for respective

32.4 £ 2.8 and 38.7 + 2.6 mV at 86, 46, 26 and 16 mbbncentrations, line in the inset of Fig. 2).

[CI],, respectively (filled circles in the inset of Fig. 2B, There is the possibility that replacement of extracellu-

n = 6). This result suggests that the hyposmotic-swdly CI-results in a decrease in the intracellularaCtivity,

ing-activated current was induced by the activation of aspecially after activation ¢§, that is inward at the hold-

anion channel permeable to-CHowever, at each valueing potential. This might also shift the actual Nernst po-

-140 mV ‘

200

100

V\

50 1'00
Voltage (mV)

-100+
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Fig. 2A, B Effects of [Ct], on A
thel/V relation of hyposmotic-
swelling-activated currenf

Basal currents and hyposmotic- Control (290 mOsm)
swelling-activated currents omv r_% 80 mvV |.2_0_0 pA "
elicited by step pulses at vari- 60 mV -60 m‘\’/ ~ rm -t
ous [CH,. B Thel/V relations -140m 100 ms

of hyposmotic-swelling-activat-
ed current at various [},

(n = 6). Insetshows the relation
between measured reversal po-
tentials and reversal potentials
calculated according to the
Nernst equatior:.

[CI], = 16 mM (210mOsm) [CI], = 26 mM (210 mOsm)

[CI], = 46 mM (210 mOsm)

B
A
E.(mV)  —Calculated E,for CI Current (pA)
OCalculated E,for CI & gluconate” 400
50 ® Measured E,,, of /,
O e ) 300 ~ [CI1,=86 mM
30} ©
20} ° 200 1 [Cl],=46 mM
10t .
10 700[C1T. 100 A Cl],=26 mM
1 /ﬂ/‘qcr]‘;m mM
f T T T T T 6 f f T 1
-150 -100 -50 50 100
Voltage (m
-100 - ge (mV)
-200 -

tentials to values that are more hyperpolarized than wolddic selectivity

be calculated from the known values of-JCHowever,

the difference is also likely to be due to a significant pde anion selectivity of the channel was examined with
meability to gluconate, which is used as the substitute tioe cells in hyposmotic bathing solutions in which CI
Cl-in this experiment. As can be seen in Fig. 3, glucon&as were replaced with other anionic species. Instanta-
can pass through the anion channel and the relative pemmeeusl|/V relations were obtained with a voltage-ramp
ability was calculated to be 0.18 compared with that mfotocol between +80 and —140 mV (-0.44 V/s). Figure
Cl-. Considering the permeability of gluconate, the eX-shows a representatil®/ relation of volume-sensitive
pectedE,, could be recalculated using Goldman-Hodgnion currents when extracellular-@¥as subsequently
kin-Katz equation {GHK equatiofs; = RT/FIn (P5[Cl]; replaced with the same concentration of Br-, F or

+ Pyiyconadgluconate)/(Pg[Cl], + Pyyconadgluconatel)}  gluconate. From thel/V curves obtained at maximal
andg the results are 11.5, 23.7 33.0 and 39.5 mV, respecrent activation, thds,,, values were evaluated. lon
tively (open circles in the inset of Fig. 2). These valupermeabilities relative to those of-Gbns were calculat-
correspond well with the measured valueggf for the ed fromE,, values using the GHK equation under biion-
osmotic-swelling-induced current in this experiment. The conditions Es = RT/F In P[CI],/Py[X],), assuming
above results suggest that this outwardly rectifying currémat the currents were carried solely by anions and that
in gastric myocytes is mostly due to the chloride currehe [CH; would not change during the superfusion of
activated by hyposmotic cell swelling (ilgy). hyposmotic solution (Table 1). The sequence of relative
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Current (pA) affected both outward and inward currents (Fig. 4B).

400 [ Outward current at +80 mV was suppressed by

- 60.8 £ 8.2% and inward current at —-80 mV was sup-

o pressed by 65.3 £ 8.0% in the presence of niflumic acid
(Fig. 4C).

300
200

F Direct inhibition ofl, by arachidonic acid

Gluconate™

o A direct inhibitory effect of arachidonic acid on out-
wardly rectifying volume-sensitive; in human epithe-

Voltage (mV) 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

Fig. 3 Effects of anion substitution olV relations of volume- _have also found that 2 arachidonic acid (superfus-

sensitive currents measured by a voltage ramp stimulus. A volt 9 With the_ hyp_OSm_OtiC SO!UtiQU containing BM ara-
ramp from +80 to —140 mV was applied after steady current agRidonic acid) significantly inhibiteti, at a holding po-
vation was observed in osmotically swollen single gastric mytential of —60 mV in gastric myocytes (Fig. 5A). In the
cytes, Cells were dSUPﬁrfﬁsed g.v'th hyposmotic med'un&_'h ngglame cell, arachidonic acid inhibitég, elicited by a
aCl was replaced with the sodium salt of the anions indic:ate ‘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-
Table 1 Effects of Ct ion replacement upon reversal potentialgyard holding current (-60 mV) by 43.8 +5.1, 74.8 + 3.0

(E.,) of volume-sensitive anion currents in gastric myocytes 0 ; —
gurier\l/ea-pig.E,e\, was obtained fronWV plots. Relative ion perme- atnd 94.0 £6.9% at 5, 10 and @B/, respectively i = 4,

abiliies (P /Poy) were calculated from the Goldman-Hodgkin-Katz 19- SE). The result was fitted according to the logistic
equation as follows, whereis the replacement iofE,,=RT/FIn function (see Data analysis) and angjdGralue of

{[Cl] i+(PPc)) XIAICH o+(PYPc)[Mo} and whereR, T andF 5.2 + 0.3uM was obtained. Other unsaturated fatty ac-
have their usual thermodynamic mean':igs ids, linoleic acid (LA) and oleic acid (OA), also inhibited

Anion E,., (MV) P/Pg, n lc but stearic acid (SA), a saturated fatty acid, did not
inhibit 1. Figure 5F shows that the inhibitory potencies

I- -3.3:0.9 1.80+0.06 6 of unsaturated fatty acids at B were arachidonic ac-
Br- 4.84+0.8 1.31£0.04 6 id (952 + 2.6%) > LA (58.8 * 2.2%) > OA
Gluconate 55.0+1.3 0.18+0.01 6 o ’ o

cl- 8.4+0.9 1 6 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 (1QuM), for 20 min and subsequent hyposmot-

permeability obtained was-1(1.80 + 0.06) > Br ic cell swelling was induced, was similarly induced in

(1.31 £0.04) > CI(1.0) > F (0.85 + 0.05) > gluconate the presence of indomethacin and was inhibited by

(0.18 + 0.01). However, there still remains the uncertai25 pM arachidonic acid with a potency similar to that of

ty of [CI]; and neither could we rule out the possibilitthe control (93.2 + 11.2% in control, 92.6 + 10.3% in the

that the substituting anions accumulate in the cytoplapnesence of indomethacin at a holding potential of

during the superfusion. —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

Sensitivity to Ct channel blockers cells were dialysed with uM chelerythrine, a protein
kinase C inhibitor [17], for 15 min. In this conditioky,

The effects of DIDS and niflumic acid, known to be Clwas similarly induced by hyposmotic swelling and the

channel blockers [6, 7, 25, 33, 48], tn were tested. bath application of arachidonic acid (28) still inhibited

DIDS (100 pM) markedly suppressed the -currenl,, as shown in Fig 5D.

(Fig. 4A) in a voltage-dependent manner; the outward

current was significantly more susceptible to DIDS com-

pared with the inward curren?€0.01, Fig. 4B, C). Out- Relationship between cell volume alg

ward current at +80 mV was suppressed by 92.3 + 1.8%

but inward current at .80 mV was suppressed only By investigate the role df, in the volume regulation of

41.6 + 13.0% in the presence of DIDS (Fig. 4C). In tr@nooth muscle cells, a change in cell diameter was si-

presence of DIDS, the decaylgf under highly depolar- multaneously measured using the video image analysis

ized conditions was not observable. Niflumic acigystem (see Materials and methods). Figure 6A shows

(10 uM) also inhibited the current (Fig. 4A) and equallyideo images of gastric myocyte under isosmotic (Aa),
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Fig. 4A-C Effects of 4,4'-di- A
isothiocyanatostilbene-2,2'-di-
sulphonic acidRIDS) and ni- I2—00pA
flumic acid onl,. A During

steady activation df,, step
pulses were applied in the ab-
sence and presence of DIDS or
niflumic acid.B Thel/V rela-
tions measured from six cells
by command step pulses in the
absence and presence of DIDS

212 mOsm + DIDS 100 uM
100 ms

212 mOsm

80 mV

N . ! 0omV

or niflumic acid.C Averaged -60 mV ‘_‘_%]40 v

effects of DIDS and niflumic 212 mOsm +
niflumic acid 10 pM

acid onl¢, at +80 and —-80 mV
are compared. Thasteriskin-
dicates a significant difference
(P<0.05,n=6)

212 mOsm

B
Current (pA) Current (pA)
200 300
, 150+ .
® 212 mOsm ] ® 212 mOsm 200
O DIDS +212mOsm 100 O niflumic acid 10 puM
100 uM +212 mOsm
W 50 1001 o 5 )
o
r T T n — T T o § T 1
-150 -100 54,0 50 100 -150 -100 6508?97? 50 100
—O & "-501 Voltage (mV) 08 g Voltage (mV)
D/D/o = L o] /‘/! -1004
‘/./t/ ~100- - ®
150, -200/
C
100 7
§ 80
@
T
2 607
[=%
E
©
35 40 o
o
2
3 20
o ]
0
Control DIDS DIDS Niflumic acid Niflumic acid
+80 mV -80 mvV +80 mV -80 mv

hyposmotic (Ab) and washout (Ac) conditions. Und@mn returning to the isosmotic condition, the decaypf
hyposmotic conditions, the largest diameter of the gastaind recovery of cell diameter occurred together. In this
myocyte increased significantly and was slowly recoeell, the amplitude of; was suppressed by the pretreat-
ered by returning to the isosmotic solution. Simultaent with niflumic acid for 3 min (from 355 pA to
neously recorded, activation is shown in Fig. 6B, 143 pA) while the change of cell diameter was enhanced
where repetitive voltage ramp pulses (from +80 f{from 30% to 36%) by the same treatment.

—140 mV, —-0.44 V/s) were applied from a holding poten- Figure 7 shows the collected results obtained from the
tial of =60 mV every 20 s. In Fig. 6C, changes of cell dexperiment similar to that in Fig. 6. The change in cell di-
ameter and outward peak valued gfvere measured ev-ameter was observed 2.4 + 0.12 min after superfusing the
ery 20 s and plotted against time. Changes in cell diaraels with hyposmotic solution, and was followed Iy

ter preceded the activation le§ by about 1 min and, up- activation;l started to increase 3.4 + 0.13 min after hyp-
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pA
a
400 a
b

| I 200t
W “[ L O’ NN Y b )
450 -100 -50 O 50 100
—— ., 212mOsm mv

25 M AA 200t

+

2 min

IND1OWM gt aa 21 mOST T v

100,
100

80
60
40
20

80 1

60 1

40

20

Percentage of inhibition (%)

Percentage of inhibition (%)

0
! 10 100 AA LA OA  SA
Arachidonic acid (uM) Concentrations of fatty acids (30 uM)

Fig. 5A-F Effect of arachidonic acid ok. A I, was activated at severe hyposmotic solution (176 mosmol/l) could elicit
—60 mV and it was completely inhibited by application offd  the sjgnificant increase in cell diameter. After returning to

arachidonic acid under hyposmotic conditioBs./V curve ob- : " ;
tained from the same cell i is shown. Outward and inward cur-'sosmmIC conditions, we repeated the same protocol in the

rents elicited by ramp pulses (from +80 to —140 mV, —0.44 v/Bfesence of niflumic acid (3M) or DIDS (100uM).
under hyposmotic conditions were inhibited by arachidonic acid. The cell diameter was measured every 20 s and repre-
C Effect of arachidonic acid ok, following pretreatment with in- sentative results are plotted against time in Fig. 8 Ba and

domethacin IND) for more than 10 min. Indomethacin did no i i ; ; N
block the inhibitory effect of arachidonic acid &g. D Effect of 8 Ca. Both niflumic acid and DIDS potentiated the in

arachidonic acid of, following pretreatment with chelerythrineCr€ase of cell diameter induced by hyposmotic stimula-
(CLE) for 15 min. The inhibitory effect of arachidonic acid p tion (Fig. 8B, C). The maximal relative cell diameter un-
was not blocked by chelerythring. Dose dependence of the inder hyposmotic conditions was increased from

hibitory effect of arachidonic acid is shown and fitted using a 19-28 + 0.03 to 1.38 + 0.04 by niflumic acid (Fig. 8 Bb
gistic function (see Data analysis). The half-maximally inhibitory — ~" " S . s
concentration (IG) and coefficient (n) of the logistic functionM = 6, P<0.05). Pretreatment with DIDS also potentiated

was 5.2 + 0.31M and 1.7 + 0.2, respectivelfy. Effects of unsatur- the increase of cell diameter from 1.25 + 0.03 to
ated fatty acids and saturated fatty acid gnl., was inhibited by 1.38 *+ 0.03 (Fig. 8 Chn = 6, P<0.05). Niflumic acid or

unsaturated fatty acids [arachidonic agiéh linoleic acid LA) and  DIDS by itself had no significant effect on the cell diam-
oleic acid QA)] but not by saturated fatty acid, stearic aSig){ eter under isosmotic conditions

osmotic superfusion. Peak outward current at +80 mV Discussion

creased from 48.1 + 8.7 pA to 227.3 £ 47.3 pA and cell

volume increased by 61.7 £+ 9.3% £ 6). The recovery Properties of volume-sensitive-@onductance

of ionic current and cell diameter showed similar time

courses and about 4 min (4.2 + 0.32 min) was needed Téve present study suggests that gastric myocytes of the

the complete recovery. guinea-pig possess a-@onductance that is activated by
For further elucidation of the physiological rolelgf hyposmotic cell swelling. According to the review by

we measured the diameter of intact gastric myocytes 8trange et al. [46], volume-sensitive anion channels

der isosmotic (Aa), hyposmotic (Ab) and washout (A&und in animal cells can be categorized into three class-

conditions (Fig. 8A). In intact gastric myocytes, relativelys: (1) CIC-2, which is a member of the CIC family of
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Fig. 7 1 and changes of cell diameter by hyposmotic stimula-
tion. In six different cells, the cell diameters and the outward peak
values ofl; 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

C and this increase was followed hy activation while the decay of
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573 14 fgfggs"('{“% (VSOAC) because the outwardly rectifyitky relation,
E% 1.2 o vioq the rank of relative permeability of various anions and the
o 10 000000000°° ©0000000000000000 prominent inhibitory effects of unsaturated fatty acids co-
g 77T incide with the general characteristics of VSOAC in other
0 200 400 600 800 1000

cells [46]. The anion permeability sequence determined
Time (sec) from the values of,, was > Br- > CI > gluconate
) ) (Table 1, Fig. 3) and this sequence is in good agreement
Fig. 6A-C Simultaneous measurement of cell diameter and meith the permeability sequence of volume-sensitive anion

brane current during hyposmotic stimulatigh.Changes of cell : . :
diameter under control conditiong)( during hyposmotic swelling channels reported in connection with a number of other

(b) and washoutd). B Membrane potential was held at —60 m\kinds of cells such as rat osteoblast-like cells, human epi-
and ramp pulses (from +80 to —140 mV, —0.44 V/s) were applithielial cells, human promyelocytic leukemic cells (HL-

s el e T g St of ward ) 1 abbit cardiac myocytes 12, 15, 27)
holding currentlf). C Plot of ionic curreynt and relative cell diame-, I.C| observed in guinea-pig gastrlg: myocytes Seems to
ter versus timefilled circles). Time zero implies the start of repet0€ independent of intracellular calcium and the calcium-
itive ramp pulses, about 3 min after attaining the whole-cell codependent chloride current reported to occur in other
figuration. In the same cell, after complete recovery, hyposmogmooth muscle cells [1, 10, 19, 26, 28, 32, 37] was not
stimulation was applied again in the presence of niflumic adignsidered here since the pipette solution contained
(10 mM, open circlg 10 mM EGTA, and 5uM nicardipine was added to the
bath solution.
I, observed in gastric myocytes was sensitive to two

voltage-gated anion channels with very small condwstructurally unrelated €Ilchannel blockers (Fig. 4).
tance (3-5 pS); (2) an outwardly rectifying anion chaBlockade produced by the stilbene derivative DIDS was
nel with intermediate conductance (40-50 pS); and (3hatably voltage dependent, the outward current being
large-conductance €Il channel or “maxi” channel more prominently suppressed than inward currents. Un-
(200—400 pS) with a linea#V relation. In addition to be- like DIDS, both inward and outward currents were equal-
ing activated by cell swelling, the “maxi” channel is alsly susceptible to blockade by niflumic acid and the time-
activated by patch excision, protein kinase C activatiatependent decay was still observed at high levels of de-
and cytochalasin derivatives [45]. polarization (Fig. 4A). The effects of DIDS and niflumic

In smooth muscle, volume-sensitive anion channelsid observed in this study of gastric myocytes were very
have only been reported to occur in cultured vascutamilar to the pharmacological properties of volume-sen-



17

Fig. BA—C Effects of Ct
channel blockers, DIDS and ni-
flumic acid, on the hyposmotic-
solution-induced increase of
the volume of intact, single
gastric myocytesA Images of
single gastric myocyte under
control conditions (290 mos-
mol/l, @), in the presence of
hyposmotic solution (176 mos-
mol/l, b) and washoutd). Cell
diameter was measured every
20 s using video image analysis
and is plotted as the change of
relative diameter as a function B

of perfusion timeB Effect of a
niflumic acid on the hyposmot-
ic-solution-induced increase of
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sitive chloride currents reported to occur in cultured efdn channels have been reported [13, 21, 34, 39]. In our
thelial cells or rat osteoblast-like cells [12, 27]. In thestudy, prominent inhibitory effects of arachidonic acid
reports, outward currents were more prominently blocked |, were also observed (Fig. 5) and the half-maximal-
compared to the inward current by the stilbene derivativgseffective concentration (I, 5.2 + 0.3uM) measured
(i.e. DIDS, SITS), while the diphenylcarboxylate (DPQ$ slightly lower than those reported in studies of other
derivatives (i.e. DPC, NPPB) inhibited both inward arzkll preparations, i.e. 10.4M for rat osteoblast-like
outward currents. Gosling et al. [12] explained that tleells [13] and &M for human epithelial cells [27].
negatively charged blocker (stilbene derivatives) would There is the possibility that some indirect signalling
be more easily driven into the blocking site when thpathways mediate the effect of arachidonic acidiprin
membrane potential is more depolarized. However, sathis study, the effects of indomethacin and chelerythrin
explanation cannot be applied to the effect of niflumic atave been examined to exclude the cyclo-oxygenase path-
id, which is also negatively charged. Niflumic acid mayay and protein kinase C pathway [36]. Effects of other
act as a modulator of the channel gating process ratl@zymatic inhibitors of lipoxygenase or the cytochrome P-
than as a direct blocker, similar to NPPB [2]. 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-
Effects of arachidonic acid dg, cantly inhibitory (Fig. 5F). Previous studies also support

our results: Kubo and Okada [27] and Gosling et al. [13]
Unsaturated fatty acids, including arachidonic acid, ar@lao concluded that osmotic-swelling-activated, outwardly
major component of cell membrane phospholipid [23Ectifying CF current was directly inhibited by arachidonic
Various modulatory effects of unsaturated fatty acids anid.
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This result suggests that arachidonic acid and othegll as by osmotic swelling [40]. The gastrointestinal or-
unsaturated fatty acids may affect ion channel activity ggn will also undergo frequent stimulations by mechani-
changing the biophysical properties of the lipid menaal stretch. Although it has not been tested whether the
brane of gastric myocytes. It is known that the activitiég can be activated during membrane stretch without os-
of various membrane proteins including ion channels amnetically induced swelling of smooth muscle cells, such
affected by the properties of the membrane lipid, i.e. the investigation might provide another physiological role
electrical charge of the hydrophilic group, the length of |-, a sensing mechanism for mechanical stretch.
the acyl chain, the degree of saturation and membrane
fluidity [5, 43]. The length of the acyl chain can affecacknowledgement This study was supported by grant no. 961-

ion channel activity by chanaing the thickness of tf§£01-010-1 from the Korean Science and Engineering Foundation
membrane [9, 22] y 0y ging and grant no. SBRI C-95-002-2 from the Samsung Foundation.
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