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Abstract. To examine the involvement of Na+,K+,2Cl−

cotransport in monovalent ion fluxes in vascular smooth
muscle cells (VSMC), we compared the effect of bu-
metanide on86Rb, 36Cl and 22Na uptake by quiescent
cultures of VSMC from rat aorta. Under basal condi-
tions, the values of bumetanide-sensitive (BS) inward
and outward86Rb fluxes were not different. Bumetanide
decreased basal86Rb uptake by 70–75% with a Ki of
∼0.2–0.3mM. At concentrations ranging up to 1mM,
bumetanide did not affect36Cl influx and reduced it by
20–30% in the range from 3 to 100mM. In contrast to
86Rb and36Cl influx, bumetanide did not inhibit22Na
uptake by VSMC. BS86Rb uptake was completely abol-
ished in Na+- or Cl−-free media. In contrast to86Rb,
basal BS36Cl influx was not affected by Na+o and K+o.
Hyperosmotic and isosmotic shrinkage of VSMC in-
creased86Rb and36Cl influx to the same extent. Shrink-
age-induced increments of86Rb and36Cl uptake were
completely abolished by bumetanide with a Ki or ∼0.3
mM. Shrinkage did not induce BS86Rb and36Cl influx in
(Na+ or Cl−)- and (Na+ or K+)-depleted media, respec-
tively. In the presence of an inhibitor of Na+/H+ ex-
change (EIPA), neither hyperosmotic nor isosmotic
shrinkage activated22Na influx. Bumetanide (1mM) did
not modify basal VSMC volume and intracellular con-
tent of sodium, potassium and chloride but abolished the
regulatory volume increase in isosmotically-shrunken
VSMC. These data demonstrate the absence of the func-
tional Na+,K+,2Cl− cotransporter in VSMC and suggest
that in these cells basal and shrinkage-induced BS K+

influx is mediated by (Na+o + Cl−o)-dependent K
+/K+ ex-

change and Na+o-dependent K
+,Cl− cotransport, respec-

tively.
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Introduction

In the early 1970s, Burg et al. (1973) reported that a
p-sulfamoylbenzoic acid (SBA)1 derivative, 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 ([Na+] i 4 200 mM; [K+] i 4 10 mM)
(Geck et al., 1980), it was proposed that SBA-sensitive
transporters are operated as Na+,K+,2Cl− cotransport
(Greger, 1985). Indeed, it was shown that in Na+-
depleted epithelial cells derived from the collecting duct
and thick ascending limb of Henle’s loop of the mam-
malian kidney, the stoichiometry of bumetanide-
sensitive (BS) unidirectional K+ (86Rb), Na+ and Cl−

fluxes is close to 1Na+:1K+:2Cl− (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 the
molecular biology of SBA-sensitive transporters (Haas,
1994; Payne et al., 1995), the mechanism of the highly
selective action of these compounds in epithelial cells is
still unexplained. Indeed, it was shown that apart from
epithelia, furosemide, bumetanide and other SBA deriva-
tives inhibit ion fluxes in all types of nonepithelial cells
studied so far (Haas, 1989; Haas, 1994) with the excep-
tion of erythrocytes from several species (Orlov et al.,
1992a; Orlov et al., 1994). In electrically excitable tis-
sues and in vascular smooth muscle cells (VSMC) in
particular, both bumetanide and furosemide decrease
ouabain-resistant K+ (86Rb) influx up to 70% (Owen,
1984; Smith et al., 1987). Based on these results, it may
be assumed that inhibition of Na+,K+,2Cl− cotransport in
nonepithelial cells during long term treatment with SBA
derivatives should lead to widespread alteration of intra-
cellular ion concentration and related cellular functions.
However, clinical studies did not reveal any side-effect
of loop diuretics on nonepithelial tissues (Unwin et al.,
1995). To clarify this discrepancy, it should be pointed
out that in contrast to monolayers of epithelial cells
(O’Grady et al., 1986) and the cell cultures mentioned
above, another mode of operation of SBA-sensitive
transporter (2Na+:1K+:3Cl−) was found in ferret eryth-
rocytes (Hall et al., 1985) and squid axons (Russell,
1983). In bovine tracheal epithelia, this carrier operates
as K+-dependent Na+,Cl− cotransport (Musch et al.,
1989). Moreover, it should be underlined that for the
majority of nonepithelial cells the stoichiometry of SBA-
sensitive ion fluxes has not been studied, and the hypoth-
esis of Na+,K+,2Cl− cotransport involvement in the regu-
lation of net ion fluxes is mainly based on the typical
rank order of potency of SBA derivatives to inhibit86Rb
influx (benzmetamide>bumetanide>piretanide>furose-
mide) and on obligatory dependence on SBA-inhibited
K+ (86Rb) influx on extracellular Na+ and Cl−. Keeping
this in mind, we investigated the stoichiometry of basal
and shrinkage-induced BS Na+, K+ and Cl− fluxes as
well as the effect of bumetanide on the intracellular con-
tent of monovalent cations and VSMC volume. Our re-
sults demonstrate the absence of a functional
Na+,K+,2Cl− cotransporter in VSMC and suggest that in
these cells, basal and shrinkage-induced BS K+ inward
fluxes are mediated by (Na+o + Cl−o)-dependent K

+/K+

exchange and Na+o-dependent K
+,Cl cotransport, respec-

tively. The results of this study were reported in part at
the XIII International Congress of Nephrology (Orlov et
al., 1995).

Materials and Methods

CELL CULTURE

VSMC were obtained by the explant method from aortas of 10- to
13-week-old male Brown Norway (BN.1x) rats (Institute of Biology,

Charles University, Prague, Czech Republic). They were seeded and
grown in Dulbeco’s modified Eagle medium (DMEM) with 10% calf
serum (Gibco Laboratories, Burlington, Ontario, Canada), 100 U/ml
penicillin and 100mg/ml streptomycin, as described previously in de-
tail (Franks et al., 1984). When the cells reached confluency in 7–10
days, they exhibited a hill-and-valley pattern which is typical of smooth
muscle cells in culture. Under these conditions, the VSMC reacted
positively to specific smooth muscle myosin antibodies, as examined
by fluorescence microscopy (Hadrava et al., 1989). They were then
passaged by treatment with 0.05% trypsin (Gibco) in Ca2+- and Mg2+-
free Dulbeco’s phosphate-buffered saline (PBS) and incubated in 80
cm2 tissue culture flasks at a density of 105 cells/ml. This study was
performed on VSMC between 10–16 passages. Before experimenta-
tion, the cells were plated in 12-well (cell volume measurement) or
24-well dishes (86Rb, 22Na and36Cl flux measurement) and allowed to
grow in DMEM containing 10% calf serum for 20–24 hr. To establish
quiescence, this medium was replaced for 48–72 hr by synchronization
medium (DMEM containing 0.2% calf serum). Cell protein content
was determined by modified Lowry methods (Hartee, 1972).

86Rb, 22Na AND
36Cl INFLUX

VSMC were washed with 2 × 2 ml ofmedium A containing (in mM):
150 NaCl and 10 HEPES-tris buffer (pH 7.4), then preincubated for
30–60 min at 37°C in 0.5 ml of isosmotic (293 mosm) medium B
containing 140 NaCl, 5 KCl, 1 MgCl2, 1 CaCl2, 5 D-glucose and 20
HEPES-tris buffer (pH 7.4, 37 °C). To induce isosmotic shrinkage, the
cells were preincubated in isosmotic monovalent ion-depleted medium
contained (in mM) 300 sucrose, 1 MgSO4, 1 CaCl2, 5 glucose and 20
HEPES-tris (pH 7.4). Then, the preincubation medium was replaced
by 0.25 ml of medium B containing 1 mM ouabain with or without
bumetanide and 1mCi/ml 86RbCl, 2mCi/ml H36Cl or 4mCi/ml 22NaCl.
To induce hyperosmotic shrinkage, this medium was also supplied with
sucrose up to a final osmolality of 392 mosm. Medium osmolality was
measured with a Knauer milliosmometer (Berlin, Germany). Isotope
uptake was terminated by the addition of 2 ml of ice-cold medium C
containing 100 MgCl2 and 10 HEPES-tris buffer (pH 7.4). The cells
were washed with 4 × 2 ml of ice-cold medium C and lysed with 1 ml
of a 1% SDS/4 mM EDTA mixture. The radioactivity of the cell lysate
(R − cpm) and incubation medium was measured with a liquid scin-
tillation analyzer (TR-1600, Canberra-Packard Canada Ltd., Missis-
sauga, Ont., Canada). Monovalent ion influx (Iinf) was determined as
Iinf 4 R/aomt,whereao is the specific radioactivity of

22Na, 86Rb (K+)
and36Cl in the incubation medium (cpm/nmol), andm is protein con-
tent in the cell lysate (mg) andt is the time of incubation with isotopes
(min). In the absence of ion transport inhibitors, the kinetics of22Na,
86Rb and36Cl uptake were linear up to 5, 15 and 10 min, respectively
(data not shown). To determine the initial rate of isotope influx, incu-
bation time was limited by 5 min. In all type of cells studied so far,
half-maximal inhibition of86Rb uptake by bumetanide was observed
with concentrations less than 1mM (Haas et al., 1988; Haas, 1994).
In VSMC, an increase of bumetanide concentration from 3 to 100mM

did not cause further inhibition of86Rb fluxes (Smith et al., 1987).
Based on these results, we used 10mM bumetanide for most of our
study. In the experiments on dose-dependencies of86Rb and36Cl up-
take, bumetanide concentration was varied in the range from 0.1 to 100
mM. To determine the apparent affinity constants of monovalent influx
pathways for extracellular K+, Na+ and Cl−, VSMC were washed with
2 ml of media containing 150 mM choline chloride (medium D) or 150
mM NaNO3 (medium E) and 10 mM HEPES-tris buffer (pH 7.4). The
concentrations of potassium, sodium and chloride in the incubation
medium were varied as mentioned in the legends to Figs. 2, 3 and 4,
respectively.
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86Rb EFFLUX

To load with 86Rb, VSMC were preincubated for 3 hr at 37°C in
synchronization medium containing 1mCi/ml 86RbCl. A further in-
crease of preincubation time with86Rb did not significantly modify
intracellular isotope content (data not shown), indicating the establish-
ment of isotope equilibrium under steady-state conditions. This en-
abled us to determine intracellular potassium content and the specific
radioactivity of intracellular86Rb for the calculation of absolute values
of the86Rb efflux rate (see below). After preincubation with86Rb, the
dishes were transferred onto ice, the radioactive medium was aspirated
and the cells were washed with 5 × 2 mlaliquots of ice-cold medium
A. To initiate 86Rb efflux, 0.5 ml of medium B, prewarmed at 37°C
and containing 1 mM ouabain, was added. In part of the samples, this
medium also contained 10mM bumetanide. Isotope efflux was termi-
nated by transfer of the incubation medium onto scintillation vials and
the cells were lysed with SDS/EDTA mixture. Radioactivity of the
incubation medium (R1 − cpm per well) and radioactivity remaining in
cells (R2 − cpm per well) were determined as mentioned above.86Rb
efflux was calculated asIeff 4 R1/aim,whereai is the specific radio-
activity of intracellular potassium (cpm/nmol) andm is protein content
in the cell lysate (mg). To calculate the specific radioactivity of intra-
cellular potassium (ai), intracellular potassium concentration (nmol per
well) was determined based on the initial values ofR2 and specific
radioactivity of the preincubation medium. Previously, it was shown
that the kinetics of86Rb efflux are linear for up to 5–8 min, and initial
isotope content in VSMC decreased by 50% after 15–20 min of incu-
bation (Orlov et al., 1992b). In the present experiments, incubation
time was limited to 5 min.

VOLUME OF INTRACELLULAR WATER

The equilibrium distribution of [14C]-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 (in mM): 300 sucrose, 1 MgSO4, 1
CaCl2, 5 glucose and 20 HEPES-tris buffer (pH 7.4). After 30 min, the
preincubation medium was aspirated and replaced by 0.5 ml of medium
B containing 1 mM ouabain and 2mCi/ml [14C]-urea with or without 10
mM bumetanide. The kinetics of [14C]-urea uptake plateau at 8–10 min
(data not shown). In experiments presented in this paper, [14C]-urea
uptake was terminated at 10 and 45 min by the addition of 3 ml of
ice-cold medium C. The cells were washed with 4 × 3 ml of ice-cold
medium C and lysed with 1 ml of a 1% SDS/4 mM EDTA mixture.
The volume of intracellular water (Vi − ml/mg protein) was calculated
asVi 4 VoRi/RomwhereRi andRo are the radioactivity of [14C]-urea
in the cell lysate and incubation medium, respectively (cpm),m is
protein content in the cell lysate (mg), andVo is the volume of incu-
bation medium (ml) used forRo determination.

INTRACELLULAR MONOVALENT ION CONTENT

The intracellular content of Na, K and Cl was determined based on the
distribution values of isotopes between cells and extracellular medium
under steady-state conditions. To adjust isotope equilibrium under
steady-state conditions, VSMC were preincubated for 3 hr in synchro-
nization medium containing 0.5mCi/ml 86Rb, 1 mCi/ml 36Cl or 2
mCi/ml 22Na and for 2 hr in medium B containing a radioactive com-
pound with the same specific activity with or without bumetanide.
Aliquots of incubation medium were then transferred into scintillation
vials and the VSMC were washed with 5 × 2 ml ofice-cold medium C
and lysed with SDS/EDTA mixture, as mentioned above. Intracellular

ion content (nmol/mg prot) was determined asA/amwhereA is radio-
activity of the cell lysate,m is mg protein anda is specific radioactivity
of the incubation medium. The intracellular concentration of ions (mM)
was calculated based on the values of intracellular water content (ml/
mg protein) measured in parallel experiments, as mentioned above.

CHEMICALS

86RbCl, 22NaCl, [14C]-urea—Amersham International (Buckingham-
shire, UK); H36Cl—NEN Research Products (Mississauga, Ont.,
Canada); bumetanide—Sigma (St. Louis, MO); ouabain—Aldrich
Chemical (Milwaukee, WI); EIPA (amiloride, 5-(N-ethyl-N-
isopropyl))—Research Biochemical International (Natick, MA);D-
glucose, salts and buffers—Sigma, Gibco (Gaithersburg, MO) and
Anachemia (Montreal, Que., Canada).

Results

EFFECT OFBUMETANIDE ON
86Rb, 22Na AND

36Cl INFLUX

In the presence of ouabain, bumetanide decreased the
rate of86Rb influx from 28.5 ± 3.3 to 7.8 ± 0.9 nmolz mg
prot−1 z 5 min−1 (Fig. 1a), which is in accordance with
previously reported data (Owen, 1984; Smith et al.,
1987; Orlov et al., 1992b). In the absence of bu-
metanide, the rate of36Cl influx was 2- to 3-fold higher
compared with ouabain-resistant86Rb influx, and bu-
metanide decreased it by 20–25% (Fig. 1b). The value
of the BS component of86Rb influx was 30–35% higher
than the same component of36Cl influx (20.7 ± 2.3 and
16.4 ± 1.6 nmolz mg prot−1 z 5 min−1, respectively).

It is known that Na+/H+ exchange is the major path-
way of Na+ influx in vascular smooth muscles (Little et
al., 1986; Orlov et al., 1992b). Indeed, EIPA, an inhibi-
tor of Na+/H+ exchange, decreased22Na influx from 24.8
± 2.4 to 8.3 ± 1.2 nmol mg prot−1 5 min−1 (Fig. 1c and
d). However, neither basal nor EIPA-resistant22Na up-
take by VSMC was affected by bumetanide.

DEPENDENCE OFBUMETANIDE-SENSITIVE 86Rb AND
36Cl

INFLUX ON EXTRACELLULAR CONCENTRATION OF

MONOVALENT IONS

BS 86Rb influx exhibited a hyperbolic dependence on
external potassium and sodium concentrations (choline
substitution) (Figs. 2a and 3a, curves 3). These curves
were linearized in Eadie-Hofstee plots (data not shown),
giving apparent affinity values for [K+]o and [Na+]o of
2.6 ± 0.4 and 29 ± 6 mM, respectively. In contrast to
86Rb, neither total nor BS36Cl influx was dependent on
external potassium or sodium concentration (Figs. 2band
3b).

The dependence of BS86Rb influx on extracellular
chloride concentration (NO3

− substitution) was linear in

127S.N. Orlov et al.: Monovalent Ion Transport in Smooth Muscle



the range from 20 to 140 mM (Fig. 4a, curve 3). Extra-
cellular chloride did not affect basal bumetanide-
resistant86Rb influx (Fig. 4a, curve 2). The rate of36Cl
influx was exponentially increased with a rise in [Cl−]o

(Fig. 4b, curve 1). In contrast to86Rb, bumetanide did
not significantly affect basal36Cl influx at [Cl−]o <80
mM. In the range of extracellular chloride concentration
between 100 and 140 mM, the values of BS compounds

Fig. 1. 86Rb (a), 36Cl (b) and22Na (c,d) uptake by vascular smooth muscle cells. After 30 min of preincubation, medium B (seeMaterials and
Methods) was replaced by the same medium containing 1mCi/ml 86Rb (a), 2 mCi/ml 36Cl (b) or 4 mCi/ml 22Na (c,d) and 1 mM ouabain with or
without 10mM bumetanide. In part of these experiments (d), this medium contained 10mM EIPA. The means ±SE of 3 (a andb) and 4 (c andd)
experiments performed in quadruplicate are given.

Fig. 2. Dependence of ouabain-resistant (1), (ouabain + bumetanide)-resistant (2) and ouabain-resistant bumetanide-sensitive (3) components of
86Rb (a) and36Cl (b) uptake by cultured vascular smooth muscle cells (VSMC) on extracellular potassium concentration. VSMC were preincubated
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 containing 1mCi/ml
86Rb or 2mCi/ml 36Cl and 1 mM ouabain with or without bumetanide (10mM). Extracellular potassium concentration was varied in the range of
0.6 to 20 mM by equimolar substitution of KCl with choline chloride in the presence of 120 mM NaCl. The means ±SEof 2 experiments performed
in quadruplicate are given.
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of 36Cl influx were less than BS86Rb uptake by 30–50%
(Fig. 4a, andb, curves 3).

BUMETANIDE-SENSITIVE INWARD AND OUTWARD
86Rb FLUXES

Previously, it was shown that in the absence of ion trans-
port inhibitors, the absolute values of86Rb (K+) influx
and efflux are about the same (70–80 nmolz (mg prot)−1 z 5
min−1) and ouabain inhibits the rate of86Rb influx by
40–60% (Orlov et al. 1992b). In the present study, we
compared the absolute values of BS inward and outward
fluxes. Table 1 shows that in the presence of ouabain,
the rate of total86Rb efflux was 3-fold higher compared
to ouabain-resistant86Rb influx.

Bumetanide decreased the rate of86Rb influx and
efflux by 70 and 25%, respectively. However, despite
different contribution of the BS components in inward
and outward potassium movement, the absolute values of
the BS components of86Rb influx and efflux were about
the same (∼18 nmol z mg prot−1 z 5 min−1). The bu-
metanide-insensitive components of86Rb fluxes are
probably mediated by K+ channels and membrane leak-
age that is in accordance with higher values of this com-
ponent of86Rb efflux as compared with those of influx
(53 and 8 nmolz mg prot−1 z 5 min−1, respectively, Ta-
ble 1).

EFFECT OFHYPEROSMOTIC AND ISOSMOTICSHRINKAGE
ON BUMETANIDE-SENSITIVE ION FLUXES

To induce isosmotic shrinkage, VSMC were preincu-
bated for 30 min in isosmotic monovalent ion-depleted

medium and then transferred to control isosmotic me-
dium (medium B) (Orlov et al., 1996). Hyperosmotic
shrinkage of VSMC was triggered by the addition of
sucrose (Orlov et al., 1992b). Neither hyper- nor isos-
motic shrinkage affected bumetanide-resistant86Rb and
36Cl uptake (Table 2). In accordance with previously
reported data (Orlov et al., 1992b; Orlov et al., 1996)
hypertonic shrinkage of VSMC increased BS86Rb influx
by 70–80% (Fig. 5a, column 2), whereas isosmotic
shrinkage resulted in increased of BS86Rb uptake by
200–250% (Fig. 5a, column 3). Both hyperosmotic and
isosmotic shrinkage augmented BS36Cl influx (Fig. 5b).
The values of shrinkage-induced increment of BS86Rb
and36Cl influx were not significantly different (Table 2).
Neither hyperosmotic nor isosmotic shrinkage increased
EIPA-resistant22Na influx in VSMC (Fig. 5c).

Table 3 shows that shrinkage-induced86Rb influx
was abolished in sodium- or chloride-depleted media.
In contrast to basal36Cl influx (Figs. 2b and 3b), shrink-
age-induced BS36Cl influx was absent in media with
equimolar substitution of K by Na or Na by choline.

DOSE-DEPENDENCY OFBUMETANIDE

Half-maximal and full inhibition of86Rb influx by bu-
metanide in control (unshrunken) VSMC was observed
at 0.2–0.3mM and 1mM, respectively. A further increase
of bumetanide concentration up to 100mM did not cause
any significant inhibition of86Rb uptake (Fig. 6a, curve
1). These results are in accordance with data on VSMC
(Smith et al., 1987) and other cells studied so far (Haas,
1989). Unlike86Rb, basal36Cl influx was unaffected by
bumetanide in the range up to 1mM and was inhibited by
20–30% with bumetanide concentrations from 3 to 100

Fig. 3. Dependence of ouabain-resistant (1), (oua-
bain + bumetanide)-resistant (2) and ouabain-
resistant bumetanide-sensitive (3) components of
86Rb (a) and 36Cl (b) uptake by cultured vascular
smooth muscle cells (VSMC) on extracellular so-
dium concentration. VSMC were preincubated for
30 min in medium B and washed with 2 ml of me-
dium D. 86Rb and36Cl uptake was initiated by the
addition of 0.25 ml medium B containing 1mCi/ml
86Rb or 2mCi/ml 36Cl and 1 mM ouabain with or
without bumetanide (10mM). Extracellular sodium
concentrations were varied in the range of 0 to 60
mM (86Rb influx) or 6 to 60 mM (36Cl influx) by
equimolar substitution of NaCl with choline chloride
(140–80 mM) in the presence of 5 mM KCl. The
means ±SE of two experiments performed in qua-
druplicate are given.
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mM (Fig. 6b, curve 1). In contrast to control (un-
shrunken) cells, the dose-dependency of bumetanide for
shrinkage-induced increments of86Rb and36Cl influx
was not significantly different (Ki of ∼0.3 mM) (Fig. 6,
curves 2).

INTRACELLULAR CONTENT OFMONOVALENT IONS
AND WATER

As shown above, 1mM bumetanide caused maximal in-
hibition of 86Rb influx whereas significant inhibition of
36Cl influx in control (unshrunken) VSMC was observed
in the range from 3 to 100mM (Fig. 6). To examine the
involvement of the transport pathway with high affinity
for bumetanide in net fluxes of ions and osmotically
obliged water, we compared the effect of bumetanide on
volume and intracellular content of monovalent ions in
VSMC. As can be seen from Fig. 7a, 45 min of prein-

cubation with 1mM bumetanide did not alter VSMC
volume. The data presented in Table 4 show that 2-hr
incubation of VSMC with 1mM bumetanide also did not
modify the intracellular content of monovalent cations.
At 10 mM, bumetanide decreased intracellular chloride
concentration by 20%. However, this effect was not sta-
tistically significant and was not accompanied by a sig-
nificant decrease of cell volume (data not shown). Un-
der protocol of isosmotic shrinkage intracellular Cl− and
Na+ concentration was decreased by 4–5-fold whereas
[K+] i was decreased by 25–30% only.

EFFECT OFBUMETANIDE ON REGULATORY
VOLUME INCREASE

Transfer from monovalent ion-depleted medium to con-
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
(Fig. 7b). This isosmotic shrinkage followed a regula-
tory volume increase and in 45 min, the volume of con-
trol and shrunken VSMC was not significantly different.
As can be seen from Fig. 7b, 1 mM bumetanide com-
pletely abolished the regulatory volume increase in isos-
motically shrunken VSMC. In contrast to bumetanide,
an inhibitor of Na+/H+ exchange EIPA did not affect
regulatory volume increase in these cells (data not
shown).

Discussion

The hypothesized involvement of Na+,K+,2Cl− cotrans-
port in monovalent ion fluxes in VSMC is based on: (i)
the relative potency of SBA derivatives as inhibitors of
ouabain-resistant86Rb influx; (ii) the complete inhibition
of BS86Rb influx in Na+ and Cl−-free media; and (iii) the
values of Hill’s coefficients of86Rb influx for extracel-

Fig. 4. Dependence of ouabain-resistant (1), (ouabain + bumetanide)-
resistant (2) and ouabain-resistant bumetanide-sensitive (3) compo-
nents of86Rb (a) and 36Cl (b) uptake by cultured vascular smooth
muscle cells (VSMC) on extracellular chloride concentration. VSMC
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 mM KNO3 and 1 mM MgSO4 instead of KCl
and MgCl2, respectively, 1mCi/ml

86Rb or 2mCi/ml 36Cl and 1 mM
ouabain with or without bumetanide (10mM). Extracellular chloride
concentration was varied in the range of 2 to 140 mM by equimolar
substitution of NaCl with NaNO3. The means ±SEof three experiments
performed in quadruplicate are given.

Table 1. Effect of bumetanide on the rate of86Rb influx and efflux

Additions to the
incubation medium

86Rb influx,
nmol z mg
prot−1 z 5 min−1

86Rb efflux,
nmol z mg
prot−1 z 5 min−1

1. Ouabain 26.5 ± 2.0 70.7 ± 4.8
2. Ouabain + bumetanide 8.0 ± 0.9 53.1 ± 4.0
3. Bumetanide-sensitive

component 18.5 ± 1.7 17.6 ± 4.6
P1,2 <0.001 <0.05

VSMC were preincubated for 3 hr in synchronization medium with or
without 1mCi/ml 86Rb for influx and efflux experiments, respectively.
They were then washed with 5× 2 ml aliquots of ice-cold medium A
and mixed with 0.5 ml of medium B containing 1 mM ouabain with or
without 10mM bumetanide. For influx measurement, this medium also
contained 1mCi/ml 86RbCl. The means ±SE obtained for experiments
performed in quadruplicate are given.
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lular K+, Na+, and Cl− (Owen, 1984). To further exam-
ine this hypothesis, we compared the effect of bu-
metanide on inward86Rb,22Na and36Cl fluxes in VSMC
and their regulation by extracellular monovalent ions.
BS 86Rb uptake was absent in Na+- or Cl−-free media.
The K0.5 values of BS

86Rb influx for external K+ and
Na+ obtained in our study (2.5 and 30 mM, respectively)
are in the range reported by Smith & Smith, 1987 and
O’Donnell & Owen, 1988. In these investigations, it was
also shown that dependence of BS86Rb influx in VSMC
on external [Cl−]o is linearized in Eadie-Hofstee plots
when Cl− concentration (Smith & Smith, 1987) or the
square of Cl− concentration (O’Donnell & Owen, 1988)
was used, given K0.5 values for Cl

−
o in the range between

40 and 80 mM (O’Donnell & Owen, 1988; O’Donnell &
Owen, 1994). The dependence of BS86Rb influx on
[Cl−]o in our study was well fitted by a straight line and
not linearized in Eadie-Hofstee plots. It should be un-
derlined, however, that we substituted Cl− with NO3

−,
whereas gluconate substitution was used in the above-
cited studies. These data suggest that in contrast to glu-
conate, inorganic anions such as NO3

− and SO4
2− compete

with Cl−o and partly inhibit (Na
+
o + Cl−o)-dependent

86Rb
influx, thus affecting the apparent affinity of BS trans-
porter for [Cl−]o. This suggestion is in accordance with

data on the effect of anion substitution on Cl− fluxes
obtained in ascites tumor cells (Aull, 1972), human
erythrocytes (Gunn et al., 1973) and on BS86Rb influx in

Fig. 5. Bumetanide-sensitive components of86Rb
(a), 36Cl (b) and22Na (c) influx in cultured vascular
smooth muscle cells (VSMC) under basal conditions
(1) or under hyperosmotic (2) and isosmotic (3)
shrinkage. VSMC were preincubated in isosmotic
control medium B (1 and 2) or in isosmotic mono-
valent ion-depleted medium (3–300 mM sucrose, 1
mM MgSO4, 1 mM CaCl2, 5 mM glucose and 20 mM
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 mM sucrose (2). These media were also supplied
with 1 mCi/ml 86RbCl (a), 2 mCi/ml 36Cl (b) or 4
mCi/ml 22Na (c), 1 mM ouabain (a–c), 10mM EIPA
(c) with or without 10mM bumetanide. The means ±
SEof 3 (a andb) and 5 (c) experiments performed in
quadruplicate are given.

Table 2. Shrinkage-induced increments of bumetanide-sensitive86Rb and36Cl influx in VSMC

86Rb influx
nmol. z mg prot−1 z 5 min−1

36Cl influx
nmol. z mg prot−1 z 5 min−1

Without bumetanide With bumetanide Without bumetanide With bumetanide

1. Hyperosmotically shrunken VSMC 13.7 ± 2.0 0.2 ± 0.4 11.2 ± 5.0 1.3 ± 0.9
2. Isosmotically shrunken VSMC 40.3 ± 6.1 0.7 ± 0.4 33.3 ± 8.0 0.5 ± 1.6

VSMC were shrunken isosmotically or hyperosmotically by 30 min of preincubation in monovalent ion-depleted medium or by the addition of 120
mM sucrose in isotonic medium, respectively. For more detailsseeFig. 5. The means ±SEof three experiments performed in quadruplicate are given.

Table 3. Effect of extracellular ions on shrinkage-induced increment
of bumetanide-sensitive86Rb and36Cl influx in VSMC

Concentration of monovalent
ions in incubation medium, mM

Shrinkage-induced increment
of bumetanide-sensitive influx,
nmol z mg prot−1 z 5 min−1

Na+ K+ Cl−
86Rb influx 36Cl influx

140 5 149 15.7 ± 1.9 16.5 ± 3.7
0 5 149 0.1 ± 0.4 0.9 ± 2.3

140 0 149 ND 1.5 ± 2.0
140 5 0 0.2 ± 0.6 ND

Shrinkage-induced86Rb and36Cl influx was determined as the differ-
ence between the rate of BS isotope uptake in hyperosmotic media
containing an additional 120 mM sucrose and in isosmotic (sucrose-
free) media. Na+, K+ and Cl− were substituted with choline, Na and
NO3

−, respectively. Concentrations of monovalent ions in media are
shown in the left column. For more details,seeMaterials and Methods.
The means ±SE of two experiments performed in quadruplicate are
given.
ND—ion fluxes in these media were not determined.
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the PC12 pheochromocytoma cell line (Leung et al.,
1994).

Data presented in Figs. 2a–4a demonstrate that BS
86Rb influx in VSMC is mediated by ([Na+]o + [Cl−]o)-
activated transporter. To verify whether Na+

o and Cl−o
activate86Rb influx via interaction with regulatory or
cotransporting sites in the carrier molecule, we compared
the effect of bumetanide on86Rb, 22Na and36Cl uptake.
As seen in Fig. 1, the rate of total22Na influx was about
18–22 nmolz mg prot−1 z 5 min−1. In accordance with the

model of Na+,K+,2Cl− cotransport and the value of basal
BS 86Rb influx (∼20 nmol z mg prot−1 z 5 min−1), 22Na
uptake should be completely blocked by bumetanide.
However, we failed to detect any effect of this compound
on 22Na influx. In accordance with the same model, BS
36Cl influx should be 2-fold higher than BS86Rb uptake.
Actually, BS36Cl influx was∼30% lower than BS86Rb
uptake. These results demonstrate the lack of functional
Na+,K+,2Cl− cotransport in VSMC and suggest that BS
86Rb influx is mediated by (Na+o + Cl−o)-dependent K

+/
K+ exchange, Na+o-dependent K

+,Cl− cotransport or (Na+o
+ Cl−o)-dependent K

+ uniporter. The data listed below
show thatunder basal conditionsthe BS ion transporter
is operated as (Na+o + Cl−o)-dependent K

+/K+ exchanger.

(i) The apparent affinity of86Rb influx for bumetanide
in control (unshrunken) VSMC is one order of mag-
nitude higher than36Cl uptake (Fig. 6). Moreover,

Fig. 6. Dose-dependence of the effect of bu-
metanide on basal (curves 1) and shrinkage-induced
(curves 2)86Rb (a) and 36Cl (b) influx in vascular
smooth muscle cells preincubated in mediumB.Af-
ter 30 min, these media were replaced by isosmotic
medium B (curves 1) or hyperosmotic medium
(curves 2—medium B containing 120 mM sucrose).
These media were also supplied with 1mCi/ml
86RbCl (a) or 2mCi/ml 36Cl (b), 1 mM ouabain and
bumetanide. The means of experiments performed
in quadruplicate are given.

Fig. 7. Effect of bumetanide on cell volume adjustment in control (a)
and isotonically shrunken (b) cultured vascular smooth muscle cells
preincubated in isosmotic control medium B (a) or in isosmotic mono-
valent ion-depleted medium containing (in mM): 300 sucrose, 1
MgSO4, 1 CaCl2, 5 glucose and 20 HEPES-tris buffer (pH 7.4) (b).
After 30 min, these media were replaced by medium B containing 2
mCi/ml [14C]-urea, 1 mM ouabain with or without 1mM bumetanide.
[14C]-urea uptake was terminated 10 or 45 min after incubation. The
means ±SE of four experiments performed in triplicate are given.

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

Type of
VSMC

Bumetanide,
mM

[K+] i, mM [Na+] i, mM [Cl−] i, mM

Control 0 137 ± 12 13.2 ± 0.8 48.8 ± 5.9
Control 1 130 ± 11 14.0 ± 1.6 52.4 ± 8.9
Control 10 126 ± 12 13.8 ± 1.4 39.6 ± 7.0
Isosmotic
shrinkage 0 101 ± 14 2.7 ± 0.8 12.3 ± 3.4

VSMC were preincubated for 3 hr in synchronization medium contain-
ing 0.5mCi/ml 86Rb, 1mCi/ml 36Cl or 2 mCi/ml 22Na and then for 2
hr in medium B (control cells) or 1.5 hr in medium B and then 0.5 hr
in monovalent ion-depleted medium contained (in mM): 300 sucrose, 1
MgSO4, 1 CaCl2, 5 glucose and 20 HEPES-tris buffer (pH 7.4) (isos-
motically shrunken VSMC) with the same specific activities and with
1 or 10 mM bumetanide where indicated. The means ±SE of two
experiments performed in quadruplicate are given.
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unlike BS86Rb influx, neither Na+o nor K
+
o affected

BS 36Cl uptake (Figs. 2 and 3). These results indi-
cate that the partial suppression of basal36Cl influx
by bumetanide was not caused by inhibition of the
(Na+ + K+)-coupled transport system and contradict
the hypothesis of Na+o-dependent equimolar K

+,Cl−

cotransport.
(ii) Inhibition of electrogenic Na+,K+ pump with oua-

bain leads to depolarization of smooth muscle cells
by 10–15mV (Fleming, 1980). Values of the BS
component of86Rb influx in control and ouabain-
treated VSMC were not different (data not shown).
These results indicate that unidirectional fluxes me-
diated by channels or other hypothetical (Na+

o +
Cl−o)-dependent electrogenic K

+ transport pathways
can not be involved in BS86Rb influx.

(iii) Neither cell volume (Fig. 7) nor intracellular con-
centration of monovalent ions (Table 4) was af-
fected by 1mM bumetanide. Recently, it was shown
that 10mM bumetanide causes a rapid and reversible
25% decrease of intracellular Cl− content in saphe-
nous artery smooth muscle (Davis et al., 1993). In
our study, 10mM bumetanide decreased [Cl−] i in-
flux by 15–25% (Table 4). However, as mentioned
above, bumetanide inhibits36Cl influx at high con-
centrations through a mechanism which is unrelated
to BS K+ transporter. The absolute values of BS
components of86Rb influx and efflux were the same
(Table 1). These results support the hypothesis of
(Na+o + Cl−o)-dependent K

+/K+ exchange.

Equimolar K+/K+ exchange as a mode of operation
of BS ion transporter in VSMC can not be involved in
the regulation by SBA derivatives of intracellular con-
centrations of monovalent ions, membrane potential and
related cellular functions. Thus, the prevalence of this
mode of operation of the SBA-sensitive carrier in non-
epithelial tissue can be viewed as a reason for the lack of
side-effect of long-term treatment with furosemide and
related compounds (Unwin et al., 1995). This hypothesis
is supported by data obtained for other nonepithelial tis-
sues. Thus, it was shown that in preimplantation mouse
conceptuses, BS86Rb influx is mediated by Na+o-
insensitive, Cl−o-dependent K

+/K+ exchange (Van
Winkle et al., 1992). In human erythrocytes, investiga-
tion of the mode of operation of BS transporter is com-
plicated by extremely high permeability for Cl− through
band 3 protein. It has been established, however, that
Na+o-insensitive K+/K+ exchange is at least partly in-
volved in furosemide-sensitive86Rb fluxes (Canessa et
al., 1986; Lauf et al., 1987). In rat erythrocytes (I.A.
Kolosova,personal communication) and in L6 myoblasts
derived from embryonic rat skeletal muscle (Sen et al.,
1995), bumetanide inhibited86Rb influx but did not
modify inward 22Na transport. In NIH/3T3 fibroblasts,

the values of BS86Rb and36Cl influx were about the
same whereas basal22Na uptake was not identified
(Mayer et al., 1994).

It has been reported that in the absence of arginine-
vasopressin, furosemide-sensitive Cl− entry in medullary
thick ascending limbs of the mouse kidney requires Na+

but not K+, while in its presence this apical cotransporter
operates with both Na+ and K+ (Sun et al., 1991). These
findings suggest that the mode of operation of BS trans-
porter in epithelial cells is under the control of intracel-
lular signaling pathways. Data obtained in the present
study show that the mode of operation of BS transporter
in VSMC is controlled by cell volume. Indeed, both hy-
perosmotic and isosmotic shrinkage of VSMC activated
BS86Rb and36Cl uptake and did not alter EIPA-resistant
22Na influx (Fig. 5). In contrast to basal conditions, the
increments of BS86Rb and 36Cl influx in shrunken
VSMC were not statistically different (Table 2). Shrink-
age-induced BS86Rb uptake was dependent on the pres-
ence of Na+o or Cl

−
o, whereas shrinkage-induced BS

36Cl
uptake was dependent on the presence of Na+

o and K+o
(Table 3). These results indicate that shrinkage-induced
BS ion fluxes are mediated by activation of Na+

o-
dependent K+,Cl− cotransport. This suggestion is sup-
ported by data on cell volume measurement. In contrast
to equimolar K+/K+ exchange, BS K+,Cl− cotransport
should be involved in net movement of salt and osmoti-
cally obliged water. Indeed, as seen from Fig. 7,
shrunken VSMC display a BS regulatory volume in-
crease. Table 4 shows that intracellular Cl− concentra-
tion in isosmotically shrunken cells was 4-fold less as
compared with control VSMC. Based on these results,
the increment of electrochemical gradient of Cl− can be
viewed as the driving force for inward K+,Cl− cotrans-
port in isosmotically shrunken cells.

The affinity of bumetanide for an isoform of ion
transporter localized in basolateral membranes of secre-
tory epithelia (NKCC1) varied between 0.1–0.5mM, and
these values were one order of magnitude higher than
those reported for the carrier localized in apical mem-
branes of absorptive epithelia (NKCC2) (Haas, 1994).
On the basis of data on the half-maximal inhibition of
basal86Rb influx and shrinkage-induced36Cl influx in
VSMC by bumetanide (0.2–0.3mM), it may be assumed
that the NKCC1 isoform is involved in BS K+/K+ ex-
change and K+,Cl− cotransport in VSMC. This hypoth-
esis is also confirmed by Northern blot analysis of
poly(A)+ RNA. These studies revealed that mRNA en-
coding rat NKCC2 is selectively expressed in the kidney
(Payne et al., 1995; Gamba et al., 1994), whereas mRNA
encoding human and mouse NKCC1 is present in epi-
thelial cells as well as in heart, brain and skeletal muscle
cells (Delpire et al., 1994; Payne et al., 1995). It has
been shown that NKCC1 mediates (Na+ + Cl−)-
dependent BS86Rb influx in Cl−-depleted, HEK-293-
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transfected cells (Xu et al., 1994; Payne et al., 1995).
However, the modes of operation of expressed isoforms
of BS transporters have not yet been studied. It is also
unknown whether the differences in regulation by intra-
cellular signaling pathways mentioned above are related
to different isoforms of SBA-sensitive transporter or
whether they are caused by the tissue specific expression
of other proteins involved in controlling of the activity of
the carrier.

In conclusion, our results do not fit the hypothesis of
the involvement of Na+,K+,2Cl− cotransport in SBA-
sensitive ion transport in VSMC and suggest that this
transport pathway operates as K+/K+ exchanger and
K+,Cl− cotransport. Investigation of the molecular
mechanisms of different modes of operation of SBA-
sensitive transporters in epithelial and nonepithelial cells
should bring new insights into the therapeutic usage of
high-ceiling diuretics and should help us to analyze con-
tradictory data on abnormalities of SBA-sensitive ion
transport pathways revealed in erythrocytes, kidney tu-
bule epithelial cells and VSMC of rats with spontaneous
genetic hypertension (for recent reviewsee(Hamet, Or-
lov & Tremblay, 1995)).
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