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Abstract. To examine the involvement of N&K™*,2CI”

change and Nadependent K.CI™ cotransport, respec-

cotransport in monovalent ion fluxes in vascular smoothtively.

muscle cells (VSMC), we compared the effect of bu-
metanide orf®Rb, *°Cl and ?°Na uptake by quiescent
cultures of VSMC from rat aorta. Under basal condi-
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influx — Bumetanide — N§K™*,2CI" Cotransport —

tions, the values of bumetanide-sensitive (BS) inwardK*/K* exchange — K,CI™ cotransport

and outward®Rb fluxes were not different. Bumetanide
decreased bas8PRb uptake by 70-75% with a ;Kof
[0.2—-0.3 puM. At concentrations ranging up to fm,
bumetanide did not affecfCl influx and reduced it by
20-30% in the range from 3 to 1QOv. In contrast to
8Rb and*®Cl influx, bumetanide did not inhibit*Na
uptake by VSMC. BS°Rb uptake was completely abol-
ished in N&- or CI'-free media. In contrast t6°Rb,
basal BS**Cl influx was not affected by Naand K.
Hyperosmotic and isosmotic shrinkage of VSMC in-
creased®Rb and*®Cl influx to the same extent. Shrink-
age-induced increments 8fRb and3°Cl uptake were
completely abolished by bumetanide with a &t 0.3
uM. Shrinkage did not induce B8Rb and®**Cl influx in
(Na" or CIN)- and (Nd or K*)-depleted media, respec-
tively. In the presence of an inhibitor of N&™ ex-

change (EIPA), neither hyperosmotic nor isosmotic

shrinkage activate@Na influx. Bumetanide (1um) did
not modify basal VSMC volume and intracellular con-

Introduction

In the early 1970s, Burg et al. (1973) reported that a
p-sulfamoylbenzoic acid (SBAXerivative, furosemide,
inhibited NaCl absorption in the thick ascending limb of
Henle's loop of the mammalian kidney (Burg et al.,
1973). During the last two decades, it was shown that
SBA-sensitive transporters are involved in transcellular
salt transport in different types of absorptive and secre-
tory epithelia (for reviewsee(Greger, 1985; Molony et
al., 1989; Haas, 1989). Based on the relative values of
net furosemide-sensitive ion fluxes in Ehrlich ascites tu-
mor cells with an inverse electrochemical gradient of
monovalent cations ([N = 200 mv; [K*]; = 10 mwm)
(Geck et al., 1980), it was proposed that SBA-sensitive
transporters are operated as N ,2CI" cotransport
(Greger, 1985). Indeed, it was shown that in*Na

tent of sodium, potassium and chloride but abolished th&lepleted epithelial cells derived from the collecting duct

regulatory volume increase in isosmotically-shrunken
VSMC. These data demonstrate the absence of the funé?

tional Na ,K*,2CI” cotransporter in VSMC and suggest

that in these cells basal and shrinkage-induced BS K

influx is mediated by (N§ + ClI;)-dependent K/IK* ex-

and thick ascending limb of Henle’s loop of the mam-
nalian kidney, the stoichiometry of bumetanide-
sensitive (BS) unidirectional K (8®Rb), N& and CI
fluxes is close to 1NalkK*:2CI~ (McRoberts et al.,
1982; Vuillemin et al., 1992).

It should be underlined that despite 20 years of suc-
cessfully using SBA derivatives in the therapy of edema
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of different origins and impressive recent progress in theCharles University, Prague, Czech Republic). They were seeded and
molecular biology of SBA-sensitive transporters (Haas,grown in Dulbeco’s modified Eagle medium (DMEM) with 10% calf
1994; Payne et al 1995) the mechanism of the highl)ferum (Gibco Laboratories, Burlington, Ontario, Canada), 100 U/ml

. . . . . .“penicillin and 100u.g/ml streptomycin, as described previously in de-
selective action of these compounds In eplthellal cells Ié)ail (Franks et al., 1984). When the cells reached confluency in 7-10

still unexplained. Indeed, it was shown that apart froMgays, they exhibited a hill-and-valley pattern which is typical of smooth
epithelia, furosemide, bumetanide and other SBA derivamuscle cells in culture. Under these conditions, the VSMC reacted
tives inhibit ion fluxes in all types of nonepithelial cells positively to specific smooth muscle myosin antibodies, as examined
studied so far (Haas, 1989; Haas, 1994) with the exceppy fluorescence microscopy (Hadrava et al., 1989). They were then
tion of erythrocytes from several species (Orlov et al.,Passaged by treatment with 0.05% trypsin (Gibco) ii"€and Mg'"-

. : : :«_ free Dulbeco’s phosphate-buffered saline (PBS) and incubated in 80
1992; Orlov et al., 1994). In electrically excitable s ._cn tissue culture flasks at a density of>1€ells/ml. This study was

sueg and in vascular SmF’Oth muscle Ce”S_ (VSMC) Inperformed on VSMC between 10-16 passages. Before experimenta-
particular, both bumetanide and furosemide decreasgon, the cells were plated in 12-well (cell volume measurement) or
ouabain-resistant K (2°Rb) influx up to 70% (Owen, 24-well dishes{Rb, ??Na and®*Cl flux measurement) and allowed to
1984; Smith et al., 1987)_ Based on these results, it mayrow in DMEM containing 10% calf serum for 20-24 hr. To establish
be assumed that inhibition of N,a(+,2c|— cotransport in quie§cence, this mediur_’n_was replaced for 48—72 hr by synf:hronization
nonepithelial cells during long term treatment with SBA Medium (DMEM containing 0.2% calf serum). Cell protein content
derivatives should lead to widespread alteration of intra 3S determined by modified Lowry methods (Hartee, 1972).
cellular ion concentration and related cellular functions.
However, clinical studies did not reveal any side-effectségpy, 22\ anp 36CI INFLUX

of loop diuretics on nonepithelial tissues (Unwin et al.,

1995). To clarify this discrepancy, it should be pointedysmc were washed wit 2 x 2 ml ofmedium A containing (in m):

out that in contrast to monolayers of epithelial cells 150 NaCl and 10 HEPES-tris buffer (pH 7.4), then preincubated for
(O'Grady et al., 1986) and the cell cultures mentioned30-60 min at 37°C in 0.5 ml of isosmotic (293 mosm) medium B
above, another mode of operation of SBA-sensitivecontaining 140 NaCl, 5 KCI, 1 MgGl 1 CaCl, 5 p-glucose and 20
transporter (2N’.‘:11K+:3CI_) was found in ferret eryth- HEPES-tris buffer (pH 7.4, 37 °C). To induce isosmotic shrinkage, the

. cells were preincubated in isosmotic monovalent ion-depleted medium
rocytes (Hall et al., 1985) and squid axons (Russe”’contained (in mn) 300 sucrose, 1 MgSQ1 CaCl, 5 glucose and 20

1983)' In bovine tracheal eplthella, this carrier 0p(:"rates-lEPES—tris (pH 7.4). Then, the preincubation medium was replaced
as K'-dependent NgCI~ cotransport (Musch et al., py 0.25 ml of medium B containing 1 mouabain with or without
1989). Moreover, it should be underlined that for the bumetanide and LCi/ml 8RbCl, 2.Ci/ml H3Cl or 4 wCi/ml 22NaCl.
majority of nonepithelial cells the stoichiometry of SBA- Toinduce hyperosmotic shrinkage, this medium was also supplied with
sensitive ion fluxes has not been studied, and the hypot}ﬁucrose up tc_) a final osmola[lty of 392 mosm. Medlum osmolality was
esis of N&.K* 2CI cotransport involvement in the regu- measured with a Knauer m|II|osm9meter (Berlin, _Germany). I;otope
lati f ’ t : fl . inlv b d the tvpical uptake was terminated by the addition of 2 ml of ice-cold medium C
ation o net 1on fluxes IS main y a_se On_ e ypica containing 100 MgCl and 10 HEPES-tris buffer (pH 7.4). The cells
rank order of potency of SBA derivatives to inhiBfRb  ,ere washed wit 4 x 2 ml ofice-cold medium C and lysed with 1 ml
influx (benzmetamide>bumetanide>piretanide>furose-of a 1% SDS/4 m EDTA mixture. The radioactivity of the cell lysate
mide) and on obligatory dependence on SBA-inhibited(R - cpm) and incubation medium was measured with a liquid scin-
K* (86Rb) influx on extracellular Naand CI. Keeping tillation analyzer (TR-1600, Canberra-Packard Canada Ltd., Missis-
this in mind, we investigated the stoichiometry of basalS2uga, Ont, Canada). Monovalent ion influgiwas determined as
and shrinkage-induced BS Nak* and CT fluxes as |'n 3 R/@mtwheres, is the specific radioactivity of*Na, *Rb (K*)

. . and>¢Cl in the incubation medium (cpm/nmol), andis protein con-
well as the effect of bumetamde on the intracellular COM-tent in the cell lysate (mg) artds the time of incubation with isotopes
tent of monovalent cations and VSMC volume. Our re-(min). In the absence of ion transport inhibitors, the kineticZ?dfa,
sults demonstrate the absence of a functionaPsrb and®*cCl uptake were linear up to 5, 15 and 10 min, respectively
Na‘,K*,2CI cotransporter in VSMC and suggest that in (data not showp To determine the initial rate of isotope influx, incu-
these cells, basal and shrinkage-induced BSirivard bation time was llir_n_ited by 5 min. In all type of cglls studied so far,
fluxes are mediated by (,%a_,_ CI‘)-dependent RIK* half-maximal inhibition of®®Rb uptake by bumetanide was observed
exchange and l\[adependent K,Clocotransport respec- with concentrations less thandm (Haas et al., 1988; Haas, 1994).

. . . In VSMC, an increase of bumetanide concentration from 3 to /@0
tively. The results of this study were reported in part atyg not cause further inhibition oF°Rb fluxes (Smith et al., 1987).

the XlII International Congress of Nephrology (Orlov et Based on these results, we used i@ bumetanide for most of our
al., 1995). study. In the experiments on dose-dependencié$Rif and3°Cl up-
take, bumetanide concentration was varied in the range from 0.1 to 100
wM. To determine the apparent affinity constants of monovalent influx

Materials and Methods pathways for extracellular ¥ Na" and CI, VSMC were washed with
2 ml of media containing 150 mcholine chloride (medium D) or 150
CELL CULTURE mM NaNGQ; (medium E) and 10 m HEPES-tris buffer (pH 7.4). The

concentrations of potassium, sodium and chloride in the incubation
VSMC were obtained by the explant method from aortas of 10- tomedium were varied as mentioned in the legends to Figs. 2, 3 and 4,
13-week-old male Brown Norway (BN.1x) rats (Institute of Biology, respectively.
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86Rb EFFLUX ion content (nmol/mg prot) was determinedAlamwhereA is radio-
activity of the cell lysatemis mg protein ané is specific radioactivity
of the incubation medium. The intracellular concentration of iong)m
was calculated based on the values of intracellular water conight (

mg protein) measured in parallel experiments, as mentioned above.

To load with 8Rb, VSMC were preincubated for 3 hr at 37°C in
synchronization medium containing dCi/ml 8RbCI. A further in-
crease of preincubation time wiflfRb did not significantly modify
intracellular isotope contentléta not showy) indicating the establish-
ment of isotope equilibrium under steady-state conditions. This en-

abled us to determine intracellular potassium content and the specifiCHEMICALS

radioactivity of intracellulaf®Rb for the calculation of absolute values

of the®Rb efflux rate éee beloyw After preincubation witt#®Rb, the #RDbCI, #NaCl, [“C]-urea—Amersham International (Buckingham-
dishes were transferred onto ice, the radioactive medium was aspirateghire, UK); H°CI—NEN Research Products (Mississauga, Ont.,
and the cells were washed Wwib x 2 mlaliquots of ice-cold medium ~ Canada); bumetanide—Sigma (St. Louis, MO); ouabain—Aldrich
A. To initiate 8Rb efflux, 0.5 ml of medium B, prewarmed at 37°C Chemical (Milwaukee, WI); EIPA (amiloride, 5-(N-ethyl-N-
and containing 1 m ouabain, was added. In part of the samples, this iSOpropyl))—Research Biochemical International (Natick, MAy),
medium also contained 10 bumetanide. Isotope efflux was termi- glucose, salts and buffers—Sigma, Gibco (Gaithersburg, MO) and
nated by transfer of the incubation medium onto scintillation vials andAnachemia (Montreal, Que., Canada).

the cells were lysed with SDS/EDTA mixture. Radioactivity of the
incubation mediumR, — cpm per well) and radioactivity remaining in
cells R, — cpm per well) were determined as mentioned ab&/Bb
efflux was calculated ak = R,/am, whereg, is the specific radio-
activity of intracellular potassium (cpm/nmol) andlis protein content
in the cell lysate (mg). To calculate the specific radioactivity of intra- EFFECT OF BUMETANIDE ON ®°Rb, “Na AND
cellular potassiumg), intracellular potassium concentration (nmol per 36C| INFLUX

well) was determined based on the initial valuesRyfand specific
radioactivity of the preincubation medium. Previously, it was shown

that the kinetics of°Rb efflux are linear for up to 5-8 min, and initial 86 L. :
isotope content in VSMC decreased by 50% after 15—-20 min of incu-rate of "Rb influx from 28.5 £ 3.3 to 7.8 £ 0.9 nmeimg

bation (Orlov et al., 1999. In the present experiments, incubation prot™-5 min™ (Fig. 1a), which is in accordance with
time was limited to 5 min. previously reported data (Owen, 1984; Smith et al.,
1987; Orlov et al., 1999). In the absence of bu-
metanide, the rate 6fCl influx was 2- to 3-fold higher
compared with ouabain-resistafRb influx, and bu-
metanide decreased it by 20-25% (Fip).1The value

Results

In the presence of ouabain, bumetanide decreased the

VOLUME OF INTRACELLULAR WATER

The equilibrium distribution of [°C]-urea was used to measure intra-

cellular water space. VSMC were washed twice with 2-ml aliquots of
medium A and preincubated in 1 ml of medium B or in monovalent
ion-depleted medium containing (inM)t 300 sucrose, 1 MgSQ 1

CaCl, 5 glucose and 20 HEPES-tris buffer (pH 7.4). After 30 min, the

of the BS component 6*Rb influx was 30-35% higher
than the same component Bl influx (20.7 + 2.3 and
16.4 = 1.6 nmot mg prot* - 5 min™%, respectively).

It is known that N&/H* exchange is the major path-

preincubation medium was aspirated and replaced by 0.5 ml of mediunyay of Na influx in vascular smooth muscles (Little et

B containing 1 rm ouabain and 2.Ci/ml [*“C]-urea with or without 10
umM bumetanide. The kinetics of{C]-urea uptake plateau at 8—10 min
(data not showh In experiments presented in this papéfCJ-urea

uptake was terminated at 10 and 45 min by the addition of 3 ml of

ice-cold medium C. The cells were washedhmt x 3 ml ofice-cold
medium C and lysed with 1 ml of a 1% SDS/4wnEDTA mixture.
The volume of intracellular wateM( — nl/mg protein) was calculated
asV, = V,R/RmwhereR andR, are the radioactivity of'f'C]-urea
in the cell lysate and incubation medium, respectively (cpm)is
protein content in the cell lysate (mg), ak{ is the volume of incu-
bation medium (ml) used foR, determination.

INTRACELLULAR MONOVALENT |ON CONTENT

al., 1986; Orlov et al., 1999. Indeed, EIPA, an inhibi-
tor of Na'/H* exchange, decreasétNa influx from 24.8
+ 2.4 t0 8.3 = 1.2 nmol mg prot 5 min* (Fig. 1c and

d). However, neither basal nor EIPA-resistafa up-

take by VSMC was affected by bumetanide.

DEPENDENCE OFBUMETANIDE-SENSITIVE 8Rb anp 3¢Cl
INFLUX ON EXTRACELLULAR CONCENTRATION OF
MONOVALENT IONS

BS ®%Rb influx exhibited a hyperbolic dependence on
external potassium and sodium concentrations (choline

The intracellular content of Na, K and Cl was determined based on theSUbS'[iFUtion') (FigS. a a.nd 3, curves 3). These curves
distribution values of isotopes between cells and extracellular mediunwere linearized in Eadie-Hofstee plotiafa not show)

under steady-state conditions. To adjust isotope equilibrium unde

giving apparent affinity values for [{, and [N4], of

steady-state conditions, VSMC were preincubated for 3 hrin synchro2 6 + 0.4 and 29 + 6 m, respectively. In contrast to

nization medium containing 0.5.Ci/ml ®Rb, 1 pn.Ci/ml %6CI or 2
wCi/ml 22Na and for 2 hr in medium B containing a radioactive com-
pound with the same specific activity with or without bumetanide.
Aliguots of incubation medium were then transferred into scintillation
vials and the VSMC were washed Wik x 2 ml ofice-cold medium C

88Rb, neither total nor BS®CI influx was dependent on
external potassium or sodium concentration (Figesar2d
3b).

The dependence of BERD influx on extracellular

and lysed with SDS/EDTA mixture, as mentioned above. Intracellularchloride concentration (NDsubstitution) was linear in
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Fig. 1. ®°Rb (a), 3¢Cl (b) and?*Na (c,d) uptake by vascular smooth muscle cells. After 30 min of preincubation, mediusedViaterials and
Methods) was replaced by the same medium containipgEiml 8Rb (@), 2 wCi/ml *Cl (b) or 4 n.Ci/ml #Na (c,d) and 1 nv ouabain with or
without 10 M bumetanide. In part of these experimerdy this medium contained 1@m EIPA. The means e of 3 (a andb) and 4 ¢ andd)
experiments performed in quadruplicate are given.

1- control 2- with bumetanide
3- bumetanide-sensitive component

86Rb, nmol . (mg prot)™!. 5 min’! 36¢1, nmol . (mg prot)™!. 5min"!
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Fig. 2. Dependence of ouabain-resistant (1), (ouabain + bumetanide)-resistant (2) and ouabain-resistant bumetanide-sensitive (3) component
85Rb (a) and°Cl (b) uptake by cultured vascular smooth muscle cells (VSMC) on extracellular potassium concentration. VSMC were preincubate:
for 30 min in medium B and washed with 2 ml of medium D. Isotope uptake was initiated by the addition of 0.25 ml medium B contaitmgl 1

85Rb or 2.Ci/ml *¢Cl and 1 nm ouabain with or without bumetanide (30v). Extracellular potassium concentration was varied in the range of
0.6 to 20 nm by equimolar substitution of KCI with choline chloride in the presence of 1820NBCl. The means e of 2 experiments performed

in quadruplicate are given.

the range from 20 to 140 m(Fig. 4a, curve 3). Extra- (Fig. 4o, curve 1). In contrast t§°Rb, bumetanide did
cellular chloride did not affect basal bumetanide-not significantly affect basaf®Cl influx at [CI], <80
resistanf®Rb influx (Fig. 4a, curve 2). The rate of°CI  mm. In the range of extracellular chloride concentration
influx was exponentially increased with a rise in T{g]  between 100 and 140nm the values of BS compounds
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1- control 2- with bumetanide
3- bumetanide-sentive component Fig. 3. Dependence of ouabain-resistant (1), (oua-
bain + bumetanide)-resistant (2) and ouabain-
86 " - 36 » - resistant bumetanide-sensitive (3) components of
Rb, nmol . (mg prot)™" . 5 min Cl, nmol . (mg prot)™'. 5min 8Rb () and *°Cl (b) uptake by cultured vascular
30 1 807 smooth muscle cells (VSMC) on extracellular so-
3 dium concentration. VSMC were preincubated for
\1. 30 min in medium B and washed with 2 ml of me-
60 dium D. #°Rb and3°Cl uptake was initiated by the
u addition of 0.25 ml medium B containing dCi/ml
\2. 8Rb or 2 nCi/ml 3¢Cl and 1 nu ouabain with or
40 ° without bumetanide (1@Qum). Extracellular sodium

concentrations were varied in the range of 0 to 60

20

104 A 3 mm (8RDb influx) or 6 to 60 nu (*°Cl influx) by
20 & ——————— 2 equimolar substitution of NaCl with choline chloride
A (140-80 nw) in the presence of 5 m KCI. The
means *sk of two experiments performed in qua-
04 | ‘ | 0 : : , druplicate are given.
0 20 40 60 0 20 40 60
[Na*];, mM

of 3Cl influx were less than B&°Rb uptake by 30-50% medium and then transferred to control isosmotic me-
(Fig. 4a, andb, curves 3). dium (medium B) (Orlov et al., 1996). Hyperosmotic
shrinkage of VSMC was triggered by the addition of
sucrose (Orlov et al., 1992 Neither hyper- nor isos-
BUMETANIDE-SENSITIVE INWARD AND OUTWARD motic shrinkage affected bumetanide-resistfRb and
8%Rb FLUXES 36Cl uptake (Table 2). In accordance with previously
reported data (Orlov et al., 19820Orlov et al., 1996)
Previously, it was shown that in the absence of ion transPypertonic shrinkage of VSMC increased %ﬁg_b influx
port inhibitors, the absolute values #Rb (K*) influx Py 70-80% (Fig. &, column 2), whereas isosmotic

and efflux are about the same (70—80 nnfoig proty -5  Shrinkage resulted in increased of BRb uptake by

min™Y) and ouabain inhibits the rate 8fRb influx by ~ 200-250% (Fig. & column 3). Both hyperosmotic and

40-60% (Orlov et al. 1999. In the present study, we isosmotic shnnkage augmented BGTGZI influx (Fig. 5b).

compared the absolute values of BS inward and outward he;ga't!es of shrinkage-induced increment of B8b

fluxes. Table 1 shows that in the presence of ouabain@nd~"Cl influx were not significantly different (Table 2).

the rate of totaP°Rb efflux was 3-fold higher compared Neither hyperosmotic nor isosmotic shrinkage increased

to ouabain-resistarféRb influx. EIPA-resistant?Na influx in VSMC (Fig. ).
Bumetanide decreased the rate®#Rb influx and Table 3 shows that shrinkage-inducE®b influx

efflux by 70 and 25%, respectively. However, despiteWas abolished in sod!um— or .chlorlde—depleted.medla.

different contribution of the BS components in inward !N contrast to bas(saﬁe(?l influx (Figs. 2 and 3), shrink-

and outward potassium movement, the absolute values &9€-induced B§_ Cl influx was absent in media with

the BS components &fRb influx and efflux were about €guimolar substitution of K by Na or Na by choline.

the same 18 nmol- mg prot - 5 minY). The bu-

metanide-insensitive components #Rb fluxes are

probably mediated by Kchannels and membrane leak- DOSEDEPENDENCY OFBUMETANIDE

age that is in accordance with higher values of this com-

86 i i
ponent of ™Rb efflux as compared with those of influx af-maximal and full inhibition off®Rb influx by bu-

(53 and 8 nmolmg prof*-5 min™, respectively, Ta- netanide in control (unshrunken) VSMC was observed
ble 1). at 0.2-0.3wm and 1pMm, respectively. A further increase
of bumetanide concentration up to 1@ did not cause
any significant inhibition of°Rb uptake (Fig. &, curve

1). These results are in accordance with data on VSMC
(Smith et al., 1987) and other cells studied so far (Haas,
1989). Unlike®®Rb, basaP®Cl influx was unaffected by
To induce isosmotic shrinkage, VSMC were preincu-bumetanide in the range up tquM and was inhibited by
bated for 30 min in isosmotic monovalent ion-depleted20-30% with bumetanide concentrations from 3 to 100

EFFECT OFHYPEROSMOTIC AND |SOSMOTIC SHRINKAGE
ON BUMETANIDE-SENSITIVE |ON FLUXES
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Table 1. Effect of bumetanide on the rate 8Rb influx and efflux
1- control 2- with b ide 3-t de sensitive-component
Additions to the 88Rb influx, 86Rb efflux,
= 20 a) 1 incubation medium nmol - mg nmol- mg
E prott- 5 min?t prot?- 5 min?
g 15 1. Ouabain 26.5+2.0 70.7+48
> 2 2. Ouabain + bumetanide 8.0+0.9 53.1+4.0
~E_— 10 : 3. Bumetanide-sensitive
e > 5 component 185+1.7 17.6+4.6
€ 5 P12 <0.001 <0.05
£
° o : ‘ : ‘ . . _ VSMC were _preincubateq for 3 hrin synchroniz_ation medium \_Nith or
0 20 40 60 80 100 120 140 without 1 wCi/ml 8Rb for influx and efflux experiments, respectively.

They were then washed with>62 ml aliquots of ice-cold medium A
and mixed with 0.5 ml of medium B containing IMrouabain with or
without 10m bumetanide. For influx measurement, this medium also
contained 1.Ci/ml 8RbCl. The means %k obtained for experiments
performed in quadruplicate are given.

cubation with 1um bumetanide did not alter VSMC
volume. The data presented in Table 4 show that 2-hr
incubation of VSMC with 1um bumetanide also did not
modify the intracellular content of monovalent cations.
At 10 pm, bumetanide decreased intracellular chloride
concentration by 20%. However, this effect was not sta-
tistically significant and was not accompanied by a sig-
Fig. 4. Dependence of ouabain-resistant (1), (ouabain + bumetanide)nificant decrease of cell volumeldta not shown Un-
resistant (2) and ouabain-resistant bumetanide-sensitive (3) compader protocol of isosmotic shrinkage intracellular @hd

nents of®Rb (a) and 35Cl (b) uptake by cultured vascular smooth Na+ ConcentrauO” was decreased by 4_5_f0|d Whereas
muscle cells (VSMC) on extracellular chloride concentration. VSMC [K+]i was decreased by 25-30% onIy.

were preincubated for 30 min in medium B and washed with 2 ml of
medium E. Isotope uptake was initiated by the addition of 0.25 ml
medium B containing 5 m KNO3 and 1 nu MgSQ, instead of KCI
and MgCl, respectively, 3uCi/ml 8Rb or 2 wCi/ml **Cl and 1 nu
ouabain with or without bumetanide (30v). Extracellular chloride
concentration was varied in the range of 2 to 14Q by equimolar
substitution of NaCl with NaNQ@ The means e of three experiments  Transfer from monovalent ion-depleted medium to con-

performed in quadruplicate are given. trol medium B led to isosmotic shrinkage of VSMC.

After 10 min of incubation in medium B, cell volume

was decreased by 20-22% compared with the controls
pum (Fig. 6b, curve 1). In contrast to control (un- (Fig. 7b). This isosmotic shrinkage followed a regula-
shrunken) cells, the dose-dependency of bumetanide fabry volume increase and in 45 min, the volume of con-
shrinkage-induced increments 8Rb and>°Cl influx  trol and shrunken VSMC was not significantly different.
was not significantly different (Kof 0.3 um) (Fig. 6,  As can be seen from Fig.b7 1 pm bumetanide com-
curves 2). pletely abolished the regulatory volume increase in isos-
motically shrunken VSMC. In contrast to bumetanide,
an inhibitor of N&/H* exchange EIPA did not affect
regulatory volume increase in these celtdata not
shown).

36¢1, nmol . (mg prot)™!. Smin"'

-10 T T T T T T T 1
0 20 40 60 80 100 120 140
[C1], (mM)

EFFECT OF BUMETANIDE ON REGULATORY
VOLUME INCREASE

INTRACELLULAR CONTENT OF MONOVALENT IONS
AND WATER

As shown above, um bumetanide caused maximal in-

hibition of ®Rb influx whereas significant inhibition of Discussion

3€Cl influx in control (unshrunken) VSMC was observed

in the range from 3 to 10Qm (Fig. 6). To examine the The hypothesized involvement of NK*,2CI™ cotrans-
involvement of the transport pathway with high affinity port in monovalent ion fluxes in VSMC is based on: (i)
for bumetanide in net fluxes of ions and osmotically the relative potency of SBA derivatives as inhibitors of
obliged water, we compared the effect of bumetanide orouabain-resistarffRb influx; (i) the complete inhibition
volume and intracellular content of monovalent ions inof BS®®Rb influx in Na" and Cr-free media; and (jii) the
VSMC. As can be seen from Figa745 min of prein-  values of Hill's coefficients of®Rb influx for extracel-
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Fig. 5. Bumetanide-sensitive components ¥Rb
(@), 3¢Cl (b) and?2Na (¢) influx in cultured vascular
smooth muscle cells (VSMC) under basal conditions
(1) or under hyperosmotic (2) and isosmotic (3)
3- isosmotic shrinkage shrinkage. VSMC were preincubated in isosmotic
control medium B (1 and 2) or in isosmotic mono-
valent ion-depleted medium (3—-300vsucrose, 1
mM MgSQ,, 1 mv CaCl,, 5 mv glucose and 20 m

b) c) HEPES-tris buffer, pH 7.4). After 30 min, these me-
dia were replaced by isosmotic medium B (1 and 3)
or hyperosmotic medium B containing an additional
120 mv sucrose (2). These media were also supplied
with 1 p.Ci/ml 8RbCl (), 2 p.Ci/ml 3Cl (b) or 4
wCi/ml 22Na (c), 1 mv ouabain §—¢), 10 um EIPA

(c) with or without 10pm bumetanide. The means +
seof 3 (aandb) and 5 €) experiments performed in
guadruplicate are given.

Il - control

[ 2- hyperosmotic shrinkage

nmol . (mg prot)'1 .5 min™

86Rb influx 361 influx 22Na influx

Table 2. Shrinkage-induced increments of bumetanide-senstfiRé and*¢Cl influx in VSMC

8Rb influx 36CI influx

nmol.- mg prot* - 5 min™ nmol.- mg prot* - 5 min™*

Without bumetanide With bumetanide Without bumetanide With bumetanide
1. Hyperosmotically shrunken VSMC 13.7+2.0 0.2+04 11.2+5.0 1.3+0.9
2. Isosmotically shrunken VSMC 40.3+6.1 0.7+0.4 33.3+£8.0 05%£1.6

VSMC were shrunken isosmotically or hyperosmotically by 30 min of preincubation in monovalent ion-depleted medium or by the addition of 12(
mm sucrose in isotonic medium, respectively. For more deseiéig. 5. The means s of three experiments performed in quadruplicate are given.

lular K*, Na", and CI (Owen, 1984). To further exam- Table 3. Effect of extracellular ions on shrinkage-induced increment
ine this hypothesis, we compared the effect of bu-of bumetanide-sensitivRb and®**Cl influx in VSMC

metanide on inwar8°Rb, ?Na and*®Cl fluxes in VSMC c - | Shrinkege-mduced
and their regulation by extracellular monovalent ions, Z°ncentration of monovalent rinkage-induced increment

86 . — . ions in incubation medium, m of bumetanide-sensitive influx,
BS ®*°Rb uptake was absent in Naor CI"-free media. nmol - mg prot* - 5 min-*

The Ky 5 values of BS*®Rb influx for external K and K- oF

Na* obtained in our study (2.5 and 30vmrespectively) 8%Rb influx 36Cl influx

are in the range reported by Smith & Smith, 1987 and

O’Donnell & Owen, 1988. In these investigations, it was 140 5 149 157+19 16.5+3.7

also shown that dependence of BRb influx in VSMC 0 5 149 01£0.4 09423

on external [CI], is linearized in Eadie-Hofstee plots 40 0 149 NP 1.5£20
140 5 0 02+0.6 ND

when CI' concentration (Smith & Smith, 1987) or the

square of Cl concentration (O’Donnell & Owen, 1988)  gpyrinkage-induce@®Rb and®Cl influx was determined as the differ-

was used, given [s values for Cf, in the range between ence between the rate of BS isotope uptake in hyperosmotic media

40 and 80 mm (O’Donnell & Owen, 1988; O’'Donnell &  containing an additional 120 msucrose and in isosmotic (sucrose-

Owen, 1994). The dependence of B®RDb influx on  free) media. N& K* and CI were substituted with choline, Na and

[CI7], in our study was well fitted by a straight line and Nr?; “?S?E“li"]?t'y- ICO”C‘*F””""“O”SdOft ”_;;”‘;A"at'er_‘tlionsdir'\‘ﬂ ":Edija are
. . . . snown In the left column. FOor more detaisgeiviaterials an etnodas.

not .“neanzed in Eadie-Hofstee pI_OtS. IE Sh.OUId b? un_The means ise of two experiments performed in quadruplicate are

derlined, however, that we substituted”@bith NO3,  giyen,

whereas gluconate substitution was used in the abovepn_ion fluxes in these media were not determined.

cited studies. These data suggest that in contrast to glu-

conate, inorganic anions such as Nénd SG~ compete

with CI, and partly inhibit (Ng + CI)-dependent®Rb  data on the effect of anion substitution on™Gluxes

influx, thus affecting the apparent affinity of BS trans- obtained in ascites tumor cells (Aull, 1972), human

porter for [CI'],. This suggestion is in accordance with erythrocytes (Gunn et al., 1973) and on BRb influx in
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86 Rb influx 381 influx

Fig. 6. Dose-dependence of the effect of bu-
metanide on basal (curves 1) and shrinkage-induced
(curves 2)®°Rb (a) and**Cl (b) influx in vascular
smooth muscle cells preincubated in mediBrAf-

ter 30 min, these media were replaced by isosmotic
medium B (curves 1) or hyperosmotic medium
(curves 2—medium B containing 120Mrsucrose).
These media were also supplied withpICi/ml
88RbCI (a) or 2 w.Ci/ml 3¢Cl (b), 1 mv ouabain and
bumetanide. The means of experiments performed
in quadruplicate are given.

nmol . (mg prot)™! . 5 min™

T T
10 100
bumetanide, uM

Table 4. Intracellular concentration of potassium, sodium and chloride
in control and isosmotically shrunken vascular smooth muscle cells

(VSMC)
- Type of Bumetanide, [K*];, mm  [Na'];, mm [CI7];, mm
S VSMC M
°
; Control 0 137 +12 13.2+0.8 48.8+5.9
E Control 1 130+11 14.0+16 52.4+89
3 Control 10 126 £12 13.8+1.4 39.6+7.0
g Isosmotic
% shrinkage 0 101+14 2.7+0.8 12.3+34
>
‘g VSMC were preincubated for 3 hr in synchronization medium contain-
= ing 0.5 u.Ci/ml 8Rb, 1 wCi/ml *¢Cl or 2 wCi/ml #*Na and then for 2
o hr in medium B (control cells) or 1.5 hr in medium B and then 0.5 hr
in monovalent ion-depleted medium contained (im)rB800 sucrose, 1

MgSQ,, 1 CaCl), 5 glucose and 20 HEPES-tris buffer (pH 7.4) (isos-

A | N motically shrunken VSMC) with the same specific activities and with
10 min 45 min 10 min 45 min 1 or 10 pm bumetanide where indicated. The meansetof two
control VSMC shrunken VSMC

experiments performed in quadruplicate are given.

Fig. 7. Effect of bumetanide on cell volume adjustment in conte)l (

and isotonically shrunkenb) cultured vascular smooth muscle cells . _
preincubated in isosmotic control medium & 6r in isosmotic mono- model of N&,K",2CI” cotransport and the value of basal

valent ion-depleted medium containing (invin 300 sucrose, 1 BS ®®Rb influx ((20 nmol- mg prot* - 5 min™), *Na
MgSO,, 1 CaCl, 5 glucose and 20 HEPES-tris buffer (pH 7.4).(  uptake should be completely blocked by bumetanide.
After 30 min, these media were replaced by medium B containing 2However, we failed to detect any effect of this Compound
p.Ci/ml [**C]-urea, 1 nm ouabain with or without Jum bumetanide.  on 22Ng influx. In accordance with the same model, BS
e e o et eutaten, T2 infu showld be 2-fold higher than BSRb uptake.
P P P 9Ven- Actually, BS36CI influx was (0% lower than BS®Rb
uptake. These results demonstrate the lack of functional
the PC12 pheochromocytoma cell line (Leung et al.,Na",K*,2CI” cotransport in VSMC and suggest that BS
1994). 8Rb influx is mediated by (Na+ Cl,)-dependent K/
Data presented in Figsaz4a demonstrate that BS K™ exchange, Ngdependent K.CI™ cotransport or (Ng
88Rb influx in VSMC is mediated by ([Ng, + [CI],)- + Clg)-dependent K uniporter. The data listed below
activated transporter. To verify whether Nand CI;,  show thatunder basal conditionthe BS ion transporter
activate ®Rb influx via interaction with regulatory or is operated as (Na+ Cl_)-dependent K/K* exchanger.
cotransporting sites in the carrier molecule, we compared
the effect of bumetanide d¥fRb, ??Na and®Cl uptake. (i) The apparent affinity of°Rb influx for bumetanide
As seen in Fig. 1, the rate of totédNa influx was about in control UnshrunkepVSMC is one order of mag-
18-22 nmotl mg prof*- 5 min™. In accordance with the nitude higher tharf®Cl uptake (Fig. 6). Moreover,
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unlike BS®Rb influx, neither N nor K, affected  the values of BS*®*Rb and3°Cl influx were about the
BS 3Cl uptake (Figs. 2 and 3). These results indi- same whereas bas&fNa uptake was not identified
cate that the partial suppression of ba®all influx (Mayer et al., 1994).
by bumetanide was not caused by inhibition of the It has been reported that in the absence of arginine-
(Na" + K")-coupled transport system and contradictvasopressin, furosemide-sensitivé €htry in medullary
the hypothesis of Nadependent equimolar’kCI~  thick ascending limbs of the mouse kidney require$ Na
cotransport. but not K, while in its presence this apical cotransporter
(i) Inhibition of electrogenic N&K* pump with oua- operates with both Naand K" (Sun et al., 1991). These
bain leads to depolarization of smooth muscle cellsfindings suggest that the mode of operation of BS trans-
by 10-15mV (Fleming, 1980). Values of the BS porter in epithelial cells is under the control of intracel-
component of®Rb influx in control and ouabain- lular signaling pathways. Data obtained in the present
treated VSMC were not differentlgta not showp  study show that the mode of operation of BS transporter
These results indicate that unidirectional fluxes me-in VSMC is controlled by cell volume. Indeed, both hy-
diated by channels or other hypothetical {N&  perosmotic and isosmotic shrinkage of VSMC activated
Cl,)-dependent electrogenic'Kransport pathways BS®°Rb and®®Cl uptake and did not alter EIPA-resistant
can not be involved in BE®Rb influx. 22Na influx (Fig. 5). In contrast to basal conditions, the
(iii) Neither cell volume (Fig. 7) nor intracellular con- increments of BS*®Rb and3°Cl influx in shrunken
centration of monovalent ions (Table 4) was af- VSMC were not statistically different (Table 2). Shrink-
fected by 1um bumetanide. Recently, it was shown age-induced BE®Rb uptake was dependent on the pres-
that 10pm bumetanide causes a rapid and reversibleence of N or Cl, whereas shrinkage-induced BZI
25% decrease of intracellular Ctontent in saphe- uptake was dependent on the presence df Alad K
nous artery smooth muscle (Davis et al., 1993). In(Table 3). These results indicate that shrinkage-induced
our study, 10um bumetanide decreased [§lin- BS ion fluxes are mediated by activation of Na
flux by 15-25% (Table 4). However, as mentioned dependent K.CI™ cotransport. This suggestion is sup-
above, bumetanide inhibif€Cl influx at high con-  ported by data on cell volume measurement. In contrast
centrations through a mechanism which is unrelatedo equimolar K/K* exchange, BS KCI~ cotransport
to BS K" transporter. The absolute values of BS should be involved in net movement of salt and osmoti-
components of°Rb influx and efflux were the same cally obliged water. Indeed, as seen from Fig. 7,
(Table 1). These results support the hypothesis oghrunken VSMC display a BS regulatory volume in-
(Nag + Cl.)-dependent K/K* exchange. crease. Table 4 shows that intracellulai €bncentra-
tion in isosmotically shrunken cells was 4-fold less as
Equimolar K/K* exchange as a mode of operation compared with control VSMC. Based on these results,
of BS ion transporter in VSMC can not be involved in the increment of electrochemical gradient of €an be
the regulation by SBA derivatives of intracellular con- viewed as the driving force for inwardCI~ cotrans-
centrations of monovalent ions, membrane potential angbort in isosmotically shrunken cells.
related cellular functions. Thus, the prevalence of this  The affinity of bumetanide for an isoform of ion
mode of operation of the SBA-sensitive carrier in non-transporter localized in basolateral membranes of secre-
epithelial tissue can be viewed as a reason for the lack dbry epithelia (NKCC1) varied between 0.1-Qu&, and
side-effect of long-term treatment with furosemide andthese values were one order of magnitude higher than
related compounds (Unwin et al., 1995). This hypothesighose reported for the carrier localized in apical mem-
is supported by data obtained for other nonepithelial tisbranes of absorptive epithelia (NKCC2) (Haas, 1994).
sues. Thus, it was shown that in preimplantation mous®©n the basis of data on the half-maximal inhibition of
conceptuses, BS®Rb influx is mediated by N  basal®*Rb influx and shrinkage-induce®Cl influx in
insensitive, Cl-dependent RK/K* exchange (Van VSMC by bumetanide (0.2-0,3m), it may be assumed
Winkle et al., 1992). In human erythrocytes, investiga-that the NKCC1 isoform is involved in BS #K* ex-
tion of the mode of operation of BS transporter is com-change and KCI™ cotransport in VSMC. This hypoth-
plicated by extremely high permeability for Cthrough  esis is also confirmed by Northern blot analysis of
band 3 protein. It has been established, however, thatoly(A)* RNA. These studies revealed that mRNA en-
Nal-insensitive K/K* exchange is at least partly in- coding rat NKCC?2 is selectively expressed in the kidney
volved in furosemide-sensitiERb fluxes (Canessa et (Payne et al., 1995; Gamba et al., 1994), whereas mRNA
al.,, 1986; Lauf et al., 1987). In rat erythrocytes (I.A. encoding human and mouse NKCC1 is present in epi-
Kolosova,personal communicatigrand in L6 myoblasts thelial cells as well as in heart, brain and skeletal muscle
derived from embryonic rat skeletal muscle (Sen et al.cells (Delpire et al., 1994; Payne et al., 1995). It has
1995), bumetanide inhibite8°Rb influx but did not been shown that NKCC1 mediates (Na CI7)-
modify inward °Na transport. In NIH/3T3 fibroblasts, dependent BS°Rb influx in CI-depleted, HEK-293-
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transfected cells (xu et al., 1994; Payne et al., 1995)_ and characterization of two members of the mammalian electro-

However, the modes of operation of expressed isoforms heutral §odi‘um—(potgssium)—chloride cotransporter family ex-

of BS transporters have not yet been studied. It is alsg Pressed in kidney. Biol. Chem269:17113-17122

unknown whether the differences in regulation by intra- ek P~ Pietrzyk, €., Burckhardt, B.-C., Pfeiffer, B., Heinz, E. 1980.
. . . Electrically silent cotransport of Ne&K™ and Cr in Ehrlich cells.

ceIIu.Iar S|gne_1llng pathways ment|on_e_d above are related g;ochem. Biophys. ActB00432-437

to different isoforms of SBA-sensitive transporter or Greger, R. 1985. lon transport in thick ascending limb of Henle’s loop

whether they are caused by the tissue specific expression of mammalian nephrorPhysiol. Rev65:760-797

of other proteins involved in controlling of the activity of Gunn, R.B., Dalmark, M., Tosteson, D.C., Wieth, J.D. 1973. Charac-

the carrier. teristics of chloride transport in human red blood cells.Gen.

In conclusion, our results do not fit the hypothesis of ~ Physiol.61:185-206

the involvement of NE,K+,2C|_ cotransportylion SBA- Haas, M. 1989. Properties and diversity of (Na-K-2Cl) cotransporters.

sensitive ion transport in VSMC and suggest that this Annu- Rev. Physiob1:443-457 _

transport pathway operates as/K* exchanger and Haegésl\g.éggg. The Na-K-Cl cotransportesm. J. Physiol.267:

+ - : : —

K*.Cl (_:otranspo_rt. Investigation of the. molecular Haas, M., Forbush, B. 111 1988. Photoaffinity labelling of 150 kDa {Na

mech‘rfm'sms of d'ffer?m mOde,S of oDerat'o_n Of_ SBA- K* CI") cotransport protein from duck red cells with a bumetanide

sensitive transporters in epithelial and nonepithelial cells  analogueBiochem. Biophys. Acta39:131-144

should bring new insights into the therapeutic usage ofyadrava, V., Tremblay, J., Hamet, P. 1989. Abnormalities in growth

high-ceiling diuretics and should help us to analyze con- characteristics of aortic smooth muscle cells in spontaneously hy-

tradictory data on abnormalities of SBA-sensitive ion  pertensive ratsHypertensionl3:589-597

transport pathways revealed in erythrocytes, kidney tuHall, A.C., Ellory, J.C. 1985. Measurement and stoichiometry of bu-

bule epithelial cells and VSMC of rats with spontaneous metanide-sensitive (2Na:1K:3Cl) cotransport in ferret red célls.

genetic hypertenSion (for recent reVime(Hamet' Or- Hanhjlteetmgrangrlil\(/)lBssﬁos;f;r:blay J. 1995. Intracellular signalling
lov & Tremblay, 1995)). . NN Lo y
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