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Summary. Net CI uptake as well as unidirectional 36CI influx 
during regulatory volume increase (RVI) require external K +. 
Half-maximal rate of bumetanide-sensitive 36C1 uptake is attained 
at about 3.3 mM external K +. The bumetanide-sensitive K + influx 
found during RVI is strongly dependent on both Na + and C1-. 
The bumetanide-sensitive unidirectional Na + influx during RVI 
is dependent on K + as well as on C1-. The cotransporter activated 
during RVI in Ehrtich cells, therefore, seems to transport Na +, 
K + and CI-. In the presence of ouabain and Ba + the stoichiometry 
of the bametanide-sensitive net fluxes can be measured at 1.0 
Na +, 0.8 K +, 2.0 C1- or approximately 1 : Na, 1 : K, 2 : CI. Under 
these circumstances the K + and CI: flux ratios (influx/efflux) for 
the bumetanide-sensitive component were estimated at 1.34 -+ 
0.08 and 1.82 -+ 0.15 which should be compared to the gradient 
for the Na +, K +, 2C1- cotransport system at 1.75 + 0.24. 

Addition of sucrose to hypertonicity causes the Ehrlich cells 
to shrink with no signs of RVI, whereas shrinkage with hypertonic 
standard medium (all extracellular ion concentrations increased) 
results in a RVI response towards the original cell volume. Under 
both conditions a bumetanide-sensitive unidirectional K + influx 
is activated. During hypotonic conditions a small bumetanide- 
sensitive K + influx is observed, indicating that the cotransport 
system is already activated. 

The cotransport is activated 10-15 fold by bradykinin, an 
agonist which stimulates phospholipase C resulting in release of 
internal Ca 2+ and activation of protein kinase C. 

The anti-calmodulin drug pimozide inhibits most of the bu- 
metanide-sensitive K + influx during RVI. The cotransporter can 
be activated by the phorbol ester TPA. These results indicate that 
the stimulation of the Na +, K +, C1- cotransport involves both 
Ca2+/calmodulin and protein kinase C. 

Key Words Na +, K +, C1- cotransport • cell volume regulation 
• bradykinin • Ca2+/calmodulin • protein kinase C- Ehrlich ascites 
tumor cells 

Introduction 

Following shrinkage in hypertonic (high NaCt) me- 
dium, a regulatory volume increase (RVI) can be 
observed in some tissues and cell types [e.g., Amphi-  
uma red blood cells (Cala, 1980)]. Other cells, such 

as Ehrlich ascites tumor cells, simply shrink as os- 
mometers with no sign of volume recovery after 
addition of sucrose (see Hoffmann & Simonsen, 
I989) or NaCl (Hempling, 1960; Levinson, 1991b). 
The same kind of behavior is shown by lymphocytes 
(Grinstein et al., 1984; see Rotin, Mason & 
Grinstein, 1991) and frog skin epithelial cells (Uss- 
ing, 1986) after addition of double-strength Ringer's 
solution. Nearly all cells, however, show a volume 
recovery when hypotonic pretreatment resulting in 
a net loss of KCI (the RVD response) is followed 
by restoration of tonicity. After the initial osmotic 
shrinkage the cells recover their volume with an 
associated KCI uptake. It is not clear why some cells 
show an RVI response only when the "RVD after 
RVI" protocol is applied. This conditioned RVI re- 
sponse has been called by Lewis and Donaldson 
(1990) "Pseudo-Regulatory Volume Increase." The 
main features of the RVD and the RVI response 
in Ehrlich ascites tumor cells have recently been 
reviewed (Hoffmann, Lambert & Simonsen, 1988; 
Hoffmann & Simonsen, 1989; Hoffmann, Simonsen 
& Lambert, 1%2). 

It was previously demonstrated that the primary 
process during the RVI response in Ehrlich cells is 
an activation of an otherwise quiescent bumetanide- 
sensitive Na +, C1- and/or Na ÷, K +, CI- cotransport 
system, with subsequent replacement o f N a  + by K + 
via the Na+/K + pump, stimulated by the Na + influx 
(Hoffmann, SjCholm & Simonsen, 1983). The avail- 
able evidence suggested involvement of Na +, C1- 
cotransport rather than Na +, K +, C1- cotransport. 

In this investigation we present evidence that 
the Na +, K +, C1- cotransporter is involved in the 
RVI process in Ehrlich cells rather than Na +, CI- 
cotransport. 

The actual mechanism of activation of  the RVI 
response in osmotically shrunken cells is unknown, 
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In frog skin epithelial cells Ussing (1982) has pro- 
posed that reduced internal C1- may play a permis- 
sive role and modulate the response to cell shrink- 
age. A similar role has been suggested to be played 
by low internal CI- in the activation of the RVI 
response in lymphocytes (Grinstein, Clarke & 
Rothstein, 1983). In squid giant axons cell shrinkage 
at high external osmolarity has recently been re- 
ported to stimulate influx via the Na +, K +, C1 co- 
transporter by shifting the relationship between in- 
ternal C1- concentration and influx via the 
cotransport system, and hence reduce inhibition of 
the cotransporter by internal C1- (Breitweiser, A1- 
tamirano & Russell, 1990). 

In avian red cells cell shrinkage may influence 
the operation of the Na t , K +, C1- cotransport sys- 
tem by inducing a conformational change similar to 
that induced by cAMP (see Palfrey & Rao, 1983; 
Siebens, 1985), although pharmacologic evidence 
suggests that phosphorylation stimulated by shrink- 
age and by cAMP involve different protein kinases 
(Pewitt et al., 1990). 

The cAMP level does not seem to play any role 
in the volume-sensitive cotransport in Ehrlich cells 
(Geck & Pfeiffer, 1985). Theophylline and other al- 
kylxanthines have been reported to inhibit the furo- 
semide-sensitive cotransport in Ehrtich cells, pre- 
sumably by reducing the critical cell volume above 
which the cotransport system becomes quiescent. 
The cotransport inhibition by these drugs is not me- 
diated by cAMP or cGMP (Geck & Pfeiffer, 1985). 

The role of cAMP in the regulation of the Na +, 
K +, C1- cotransport system is ambiguous. Apart 
from avian red cells (see above) cAMP stimulates 
the cotransport system in cultured myocardiac cells 
from chicken (Liu et al., 1989) and in epithelia such 
as shark rectal gland (Silva et al., 1984), canine air- 
way epithelia (Haas, Johnson & Boucher, 1990), and 
intestinal epithelial cell lines (Mandel, Dharmsatha- 
phorn & McRoberts, 1986; Kim et al., 1988), 
whereas cAMP inhibits the cotransport system in 
vascular smooth muscle cells (Smith & Smith, 1987), 
vascular endothelial cells (Brock et al., 1986), fibro- 
blasts (Owen & Prastein, 1985), human erythrocytes 
(Garay, 1982), and ferret red cells (Mercer & Hoff- 
man, 1985). As discussed previously, there is evi- 
dence that cAMP may  convert K+-independent 
Na +, C1- cotransport into K+-dependent Na +, K +, 
C1- cotransport in mouse medullary thick ascending 
limb cells (Sun et al., 1991). 

cGMP has also been implicated in the regulation 
of the Na +, K +, C1- cotransporter. The cotrans- 
porter is stimulated by cGMP in vascular smooth 
muscle cells (O'Donnell & Owen, 1986), but inhib- 
ited in endothelial cells (O'Donnell, 1989) and in 
HeLa cells (Kort & Koch, 1990). 

Ca2+/calmodulin and protein kinase C have also 
been assigned a role in the activation of the Na +, 
K +, CI- cotransporter (for review, see e.g., Haas, 
1989). In the present investigation the involvement 
of these two regulatory systems in the activation of 
the Na +, K +, C1- cotransport will be elucidated. 
Whether the signal transduction pathway by which 
hypertonicity stimulates the Na +, K +, C1- cotrans- 
porter may occur via a CaZ+/calmodulin-dependent 
mechanism and/or via protein kinase C is also inves- 
tigated. Some of the present data have been pre- 
sented in abstract form (Jensen & Hoffmann, 1990; 
Jensen, Jessen & Hoffmann, 1992). 

Materials and Methods 

CELL SUSPENSION 

Ehrlich ascites tumor cells (hyperdiploid strain) were maintained 
in white NMRI mice by weekly intraperitoneal transplantation. 
Each third week the cells to be transplanted were washed in 
standard incubation medium prior to implantation. This wash 
prevented transfer of an eventual infection together with the 
tumor cells. Cells were harvested from sacrificed mice and 
washed with standard medium by centrifugation as described 
previously (see Hoffmann, Lambert & Simonsen, 1986). The 
washed cells were suspended at 8% cytocrit in standard medium, 
which contained (raM): 150 Na +, 5 K +, 1 Mg 2+, 1 Ca -'+, 150 CI-, 
1 SOl , 1 HPO~-, 3.3 MOPS (3-(N-morpholino) propane sulfonic 
acid), 3.3 TES (N-tris-(hydroxymethyl)methyl-2-aminoethane 
sulfonic acid), 5 HEPES (N-2-hydroxyethylpiperazine-N'-2-eth- 
anesnlfonic acid). 

INCUBATION MEDIA 

The following media were used: (A) Standard medium 300 mOsm 
(see above); (B) Hypotonic 225 mOsm and 150 mOsm saline 
solutions prepared by diluting the standard medium with distilled 
water containing MOPS, TES and HEPES in concentrations as 
in solution A, in order to lower both ion concentrations and total 
osmolarity; (C) Double-strength saline solution with double ion 
concentrations compared to solution A, but with the same buffer 
concentration; (D) ttypotonic or double-strength nitrate media 
were prepared by substituting the Na +, K + and Ca 2+ salts of NO3 
for NaC1, KCI and CaCI2, respectively; (E) Hypotonic or double- 
strength N-methyl-D-glucamineCl media (NMDGC1) where N- 
methyl-o-glucammonium was substituted for Na +. NMDGCI was 
prepared from a N-methyl-D-glucamine stock solution titrated 
with the equimotar amount of HCI; (F) Double-strength media, 
where NMDG + was substituted for some or all of the K +, con- 
tained (raM): 219 Na + 0-90 K +, 2 Mg z+, 2 Ca -,+ , 3t5 CI-, 
2SO~-, 2HPO~-, 11-t01 NMDG +, 3.3 MOPS, 3.3 TES, 5 
HEPES; (G) Double-strength and hypotonic media, where NaCt 
was substituted for KC1; (H) 600 mOsm sucrose. 

REAGENTS 

All reagents were analytical grade. Staurosporine, bradykinin, 
Fura-2-AM and 12-O-tetradecanoylphorbol 13-acetate (TPA) 
were obtained from Sigma, St. Louis, MO. Pimozide was a gift 
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from Lundbeck & Co., Copenhagen. Bumetanide was a gift from 
Dr. P. W~ Felt. Bradykinin was added to the celt suspension from 
a 500 /xM stock solution in ethanol, TPA from a 25 p.M stock 
solution in ethanol, staurosporine from a 500 ~M stock solution 
in dimethylsulfoxide (DMSO), pimozide from a 5 mM stock solu- 
tion in ethanol and bumetanide from a 5 mM stock solution in 
ethanol. Fura-2-AM was added from a 1 mM stock solution in 
DMSO. 

MEASUREMENTS OF ION CONTENT 

Cells (I ml cell suspension) were separated from the medium by 
centrifugation (20,000 x g, 60 sec.) in preweighed vials. An ali- 
quot of the supernatant was removed for determination of medium 
concentrations of Na +, K +, and CI-. The pellet was lysed with 
distilled water, deproteinized with perchloric acid (PCA, final 
concentration 7%) and subsequently centrifuged (20,000 x g, 10 
min). The supernatant was used for determination of cellular Na + , 
K +, and C1- after correction for trapped extracellular medium, 
defined as 3H-inulin space as described previously (Hoffmann et 
al., 1983). The pellet was used for determination of cell dry weight 
after correction for the PCA content in the pellet. It was deter- 
mined in separate experiments that the actual cell dry weight is 
77% of the measured dry weight of the PCA precipitate (Lambert, 
Hoffmann & JCrgensen, 1989). Potassium and sodium were as- 
sessed by atomic absorption spectrophotometry (Perkin Elmer 
atomic absorption spectrophotometer, model 2380). C1- was de- 
termined by coulometric titration (CMT 10~Chloride titrator, Ra- 
diometer, Denmark). 

The cellular ion concentrations are given as the concentra- 
tion in cell water after correction for trapped volume ([3HI inulin 
space) in the cell pellets. 

MEASUREMENTS OF CELL VOLUME 

Cells were incubated in the standard incubation medium (cytocrit 
8%). Samples (200 p~l) of this suspension were diluted into 50 mI 
of standard medium, whereupon 50 ml experimental medium was 
added for determination of cell volume using a Coulter counter 
(model ZB equipped with a Coulter channelyzer, model C-1000). 
The tube orifice was 100 p.m. Calibration was carried out with 
latex beads (13.5 ixm, Coulter Electronics, England). 

POTASSIUM INFLUX MEASUREMENTS 

1. Protocol 

The unidirectional K + influx was measured using 86Rb (Rise, 
Denmark) as a tracer. Cells were preincubated 15-40 rain in the 
actual incubation medium, except for cells that were pretreated 
with staurosporine (100 nM) which were preincubated for 40 min. 
The flux was initiated by mixing the cell suspension (cytocrit 8%) 
with 1/3 volume of experimental medium containing either 86Rb 
(50,000 Bq/ml) or 86Rb plus bumetanide (final concentration, 30 
~M). Some aliquots received pimozide (120 k~M) just prior to 
addition of experimental medium, whereas others received brady- 
kinin (1 ~N) or 12-O-tetradecanoylphorbol 13-acetate (TPA, 100 
n~,0 with the experimental medium. The effect of staurosporine 
(100 nM) was examined after 40 rain of preincubation before 
addition of the experimental medium. The cell suspensions were 

incubated at 37°C, and samples were removed at intervals for 
separation of cells from the medium by ion exchange chromatog- 
raphy (Gasko et al., 1976, Garty, Rudy & Karlish, 1983, Jessen 
et al., 1989). Briefly: cation exchange columns (Dowex 50, mesh 
50-100, Fluka) were prepared in Pasteur pipettes (void volume, 
700 txl). The resin was converted in bulk to the Tris form by 
washing the resin in distilled water followed by incubation over- 
night in a Tris solution near saturation. In the columns, the resin 
was washed with a solution containing sucrose (250 mM), MOPS 
(10 raM) and bovine serum albumin (BSA, fraction V; 1%, Sigma) 
brought to pH 7.4 with Tris. K + and Rb + readily exchanges 
with Tris, thereby enabling rapid removal of S6Rb from the cell 
suspensions. BSA reduces binding of the cells to the column. 
Binding of cells was also prevented by preloading the columns 
with cells by flushing the column with a sample of the celt suspen- 
sion just  prior to the experiment. Samples (160 txt) of the cell 
suspension with tracer were applied to ice-cold columns at se- 
lected times and subsequently flushed with 1.5 ml of the sucrose/ 
BSA solution. The cells emerged in the void volume in seconds, 
separated from bulk-phase 86Rb. (When a sample containing 86Rb 
without Cells was applied to a column as described above, all 
radioactivity was retained in the column.) Unidirectional K + in- 
fluxes are presented as p.mol/g cell dry weight, calculated from 
the radioactivities of the cell lysates, the specific activities of the 
medium, and dry weight of the cell suspensions. 

2. Protocol 

The unidirectional 42K (Rise, Denmark) during regulatory volume 
increase presented in Fig. 6 and Table 4 was measured by adding 
42K to the external medium and monitoring the cell 42K activity 
with time in parallel with measurement of the ion content (see 
above). 

CHLORIDE INFLUX MEASUREMENTS 

1. Protocol 

The unidirectional influx of Cl- was assessed by ion exchange 
chromatography using 36C1 (Amersham, England) as a tracer. 
The procedure was essentially as described for unidirectional K + 
influx measurements except that the activity of 36C1 was 40,000 
Bq/ml and the resin was Dowex 2 (mesh 50-100, Sigma). The 
resin was first converted to the OH- form with 1 N NaOH and then 
to the MOPS form by incubation overnight in a nearly saturated 
MOPS solution. Unidirectional C1- influxes are presented as 
txmol/g protein, calculated from the radioactivities of the cell 
lysates, the specific activities of the medium, and cell protein 
content of the suspensions (Peterson, 1977). 

2. Protocol 

The unidirectional 36C1 influx during regulatory volume increase 
presented in Fig. 6 and Table 4 was measured by adding 36C1 to 
the external medium and monitoring the cell 36C1 activity with 
time in parallel with measurement of the ion content (see above). 

SODIUM INFLUX MEASUREMENTS 

The unidirectional influx of 22Na was assessed by ion exchange 
chromatography using 22Na (Amersham, England) as a tracer. 
The procedure was essentially as described for unidirectional K + 
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influx measurements except that the activity of 22Na was 40,000 
Bq/ml. 

FLUOROMETRIC MEASUREMENT OF 

INTRACELLULAR C a  2+ 

For intracellular Ca 2+ concentrations 40 ml cell suspension (cyto- 
crit 4%) in standard medium with 0.2% BSA was loaded with 40 
/zl 1 mM Fura-2-AM for 20 rain at 37°C. The cells were washed 
once with standard medium and finally resuspended at a cytocrit 
of 5% in standard medium. The Fura-2 fluorescence measure- 
ments were performed on 3 ml suspension with a 0.5% cytocrit. 
Fluorometric measurements were performed in polystyrene cu- 
vettes on a Perkin Elmer R 100A recorder and a Perkin Elmer CP 
100 graphic printer. The temperature of the cuvette was thermo- 
statically controlled and the cell suspension was continuously 
stirred by use of a Teflon-coated magnet, driven by a motor 
attached to the cuvette house. 

The measurements were obtained by rapidly shifting the 
excitation monochrometer between 340 nm and 380 nm, and 
measuring the emission constantly at 510 nm ( s e e  Grynkiewicz, 
Poenie & Tsien, 1985). At the end of each experiment the cell 
suspension is centrifuged and fluorescence of the extracellular 
medium is measured. This value is subtracted from all measure- 
ments. The free Ca 2+ concentration was calculated from the mea- 
surements of the ratio of fluorescence intensities according to the 
equation: 

[Ca 2+] = K d . ( ( R  - R , , , i , , ) / ( R  ...... - R )  • S j 3 8 0 / S b 3 8 0  

where K a is the dissociation constant (0.135/~M, s e e  Grynkiewicz 
et al., 1985) and R is the fluorescence ratio of 340 nm and 380 nm 
excitation. Rma x and Rmin are the equivalent fluorescence ratios of 
Fura-2 after addition of digitonin at saturating Ca 2. concentra- 
tions, and in nominally Ca2+-free medium (with 1 mM EGTA), 
respectively. S~s0 and Sb3s0 are proportionality coefficients, mea- 
sured from the fluorescence intensity at 380 nm excitation using 
calibration solutions containing low concentrations of free Ca 2+ 
and Ca 2+ concentrations where the dye is saturated. 

MEASUREMENTS OF RADIOACTIVITY 

Radioactivity of cell lysates was determined by liquid scintillation 
counting (Packard TriCarb 460 C Liquid Scintillation System) 
using Ultima Gold TM (Packard) as scintillation fluid. 

Results 

REGULATORY VOLUME INCREASE 

When Ehrlich ascites tumor cells are preincubated 
in a hypotonic medium for 15-40 rain to reduce their 
intracellular ion content and then resuspended in an 
isotonic medium, the initial osmotic cell shrinkage 
is followed by a rapid volume increase back towards 
the original cell volume. This involves a net uptake 
of KC1 followed by a concomitant water uptake 
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Table L Dependence on Na +, K +, and C1- of the "Regulatory 
Volume Increase" after hypertonic challenge 

Cell volume increase 
after hypertonic shock 
fl/min 

Control 39 -+ 2 (8) 
Sodium free - 13 (2) 
Potassium free -49 (2) 
Chloride free -28 (2) 

The cells were preincubated for 15-30 minutes in a hypotonic 
medium (150 mOsm). At time zero a sample of the cell suspension 
was diluted 500- to 1,500-fold in standard incubation medium and 
the celt volume was followed with time using a Coulter counter. 
Choline was substituted for Na + in the Na+-free medium, 
NMDG + was substituted for K + in the K+-free medium and nitrate 
was substituted for C1- in the C1--free medium. The changes in 
cell volume are calculated from the values 0.5 and 4.5 min after 
the hypertonic challenge. The values are given as mean -+ SEM 
with the number of experiments given in parentheses, 

(Regulatory Volume Increase, RVI) (Hoffmann et 
al., 1983). Table 1 shows that the Ehrlich ascites 
tumor cells are unable to perform such RVI response 
in the absence of either Na +, K + or C1-. Table 1 
shows further that Ehrlich cells, even after the initial 
osmotic shrinkage (time 0 to 0.5 min), continue to 
shrink in a Na+-free, K+-free, or C1--free medium. 

The net uptake of C1- during RVI has previously 
been demonstrated to be strongly dependent on ex- 
tracellular Na +, since no cellular C1- uptake could 
be demonstrated during RVI after substitution of 
extracellular Na + with choline (Hoffmann et al., 
1983). 

The K + dependence of the CI- uptake during 
RVI is investigated by two independent methods: (i) 
the K + dependence of the net uptake of CI-, and (ii) 
the K + dependence of bumetanide-sensitive unidi- 
rectional CI- influx. 

Figure 1 shows the net CI- uptake during RVI 
at different extracellular K + concentrations as a 
function of time. It is seen that at low concentrations 
of extracellular K + (less than 2 raM) no net CI- up- 
take occurs during the first 4-6 min after hypertonic 
shock. On the contrary, Fig. 1 also demonstrates 
that the cellular C1- uptake is stimulated at high 
extracellular K ~ concentrations (12 mM) as com- 
pared to the cellular C1- uptake at normal extracellu- 
lar K + concentrations (5 mM). 

Figure 2 shows the unidirectional C1- uptake 
during RVI at 10 mM K + in the presence and absence 
of bumetanide as a function of time. Bumetanide 
is known to inhibit cotransport systems in Ehrlich 
ascites tumor cells (Geck et al., 1978; Geck et al., 
1980; Aull, 1981 ; Hoffmann et al., 1983) and is used 
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Fig. 1. Dependence on extracellular K + of the net C1- influx 
during Regulatory Volume Increase. The cells were pretreated 
by exposure to low external osmolarity (225 mOsm) for 20 to 40 
rain (see Materials and Methods). At zero time a tonicity of 300 
mOsm was restored by addition of I/4 volume of a double-strength 
saline solution and cell CI- content was followed with time. The 
presumable impermeable cation N-methyl-D-glucamine was used 
as a substitute for K + in the low external K + experiments. The 
figure is representative of three separate experiments. The lines 
were fitted by eye. The large solid squares show C1 content just 
prior to hypertonic challenge. 

at a concentrat ion six times the K~ for inhibition of 
the C1--dependent cotransport  system (Hoffmann, 
SchiCdt & Dunham, 1986). 

Figure 3 shows the bumetanide-sensitive unidi- 
rectional CI- influx during RVI as a function of extra- 
cellular K +. The unidirectional C1- influx (initial 
rates of C1- uptake were calculated by linear regres- 
sion from the values of 0.5, 0.75, 1.00 and 1.25 min) 
was determined with or without bumetanide (30 tZM). 
The maximal C1- influx under these conditions was 
calculated to be 51.7/~mol • g protein -1 • rain -l with 
an apparent Km of 3.3 mM K + (see Figure 3). 

Thus, the activated bumetanide-sensitive unidi- 
rectional C1- influx as well as the net C1- uptake 
during RVI are K + dependent. The K + dependence 
in Fig. 3 (tracer fluxes) reflects the kinetics of K + 
binding to the external site on the cotransporter,  
whereas the K + dependence in Fig. 1 (net fluxes) 
reflects in addition an increase in the driving force 
with increasing external K +. 

To investigate whether the K + ion is transported 
together with CI- or just acts as a cofactor for the 
C1- uptake during RVI, the bumetanide sensitivity 
of the K + influx during RVI was investigated. Figure 
4 shows the K + uptake (using 86Rb as tracer) as a 
function of time after hypertonic shock, alone or in 
the presence of Ba 2+ (5 mM), ouabain (1 mM) or 
bumetanide (30 tZM). Ba 2+ inhibited less than 5% 
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Fig. 2. Bumetanide-sensitivity of the unidirectional CI- uptake 
during RVI. The unidirectional C1- uptake was measured using 
36C1 (50,000 Bq/ml). The cells were preincubated for 20 to 40 rain 
in a K + free hypotonic medium (150 mOsm). At time zero a 
hypertonic challenge was administered by restoring tonicity to 
300 mOsm by addition of an appropriate volume of double- 
strength saline solution containing K + as well as the 36C1. The 
final [K+]0 was 10 raM. Some aliquots received bumetanide at the 
same time (final concentration, 30 ~M). 

of the total unidirectional K influx during RVI,  
whereas ouabain inhibited the K + influx 19%. Bu- 
metanide inhibited approximately 75% of the total 
K + influx. The K + uptake during RVI is mainly via 
a bumetanide-sensitive transport  system. AS seen in 
Table 2, the bumetanide-sensitive unidirectional K + 
influx during physiological steady state is negligible 
(1.2/~mol • g protein -1 • rain-l), compared to the flux 
(50.7 t~mol • g protein -1 • min -l) found during RVI. 
This demonstrates a large activation of  the bumetan- 
ide-sensitive unidirectional K + influx during RVI. 

Table 2 demonstrates that the bumetanide-sensi- 
tive K + influx is dependent on Na + as well as on 
CI-, being reduced by 85% and 99% respectively in 
the absence of extracellular Na  + or C1-. The 15% 
bumetanide-sensitive K + influx remaining in Na  +- 
free medium might represent a bumetanide-sensitive 
KC1 cotransporter  or K+/K + exchange via the Na  +, 
K +, C1- cotransporter.  This would also explain why 
ouabain does not inhibit 40% of the bumetanide- 
sensitive K + influx as expected (see legend to 
Table 2). 

Two proteins were purified earlier from solubi- 
lized membranes from Ehrlich ascites tumor cells by 
using a bumetanide-Sepharose affinity column (Felt 
et al., 1988). Antiserum raised against the bumeta- 
nide-binding proteins strongly inhibited the Na +, 
K +, C1 cotransporter  measured by two independent 
methods (Dunham, Jessen & Hoffmann,  1990). Co- 
transport was induced by hypertonic challenge and 
was measured as the bumetanide-sensitive portion 
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Fig. 3. Dependence on extracellular K + of the activated unidirec- 
tional C1- influx after a hypertonic challenge. The unidirectional 
C1- influx was measured using 36C1 (50,000 Bq/ml). The cells were 
preincubated for 20 to 40 min in a K + free hypotonic medium (150 
mOsm). At time zero a hypertonic challenge was administered by 
restoring tonicity to 300 mOsm by addition of an appropriate 
volume of  double-strength saline solution containing the 36C1. 
Some aliquots received bumetanide at the same time (final con- 
centration, 30 ~M). The presumable impermeable cation N-meth- 
yl-D-glucamine was used as a substitute for K +. The suspensions 
were incubated at 37°C, and at desired intervals samples were 
removed for separation of cells from the medium as described in 
Materials and Methods.  The initial rates of influx were calculated 
by linear regression from the values at 0.5, 0.75, 1.0 and 1.25 rain. 
All correlation coefficients were -> 0.99. Finally, the fluxes from 
the aliquots containing bumetanide were subtracted from their 
controls to give the bumetanide-sensitive C1- fluxes. The values 
are given as mean -+ SEM. (n = 3-6) experiments.  The curve was 
fitted to the Michaelis-Menten equation by a fitting program using 
the Marquardt-Levenberg algorithm. 
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Table 2. Dependence on extracellular Na + and C1- of  the acti- 
vated unidirectional K + influx during Regulatory Volume In- 
crease 

Bumetanide-sensit ive,  unidirectional K + influx 

Physiological steady state RVI 
/xmol • g protein -I • min -~ 

Control 1.2 -+ 0.4 (5) 50.7 -+ 3.1 (5) a'b 
Sodium free - -  7.8 + 2.8 (3) 
Chloride free - -  - 0 . 3  -+ 1.7 (3) 

Experimental protocol as in Fig. 2. S6Rb was used as tracer for 
K +. It should be noted that the final [K+]o = 10 mM. The initial 
rates of  influx were calculated from the values at 0.5, 0.75, 1.00 
and 1.25 min. All correlation coefficients were -> 0.99. The values 
are given as mean (-+ SEM) with the number of  experiments  given 
in parentheses.  
a The total bumetanide-sensit ive K + influx during RVI is a com- 
posite comprising K + influx via the Na  +, K +, C1- cotransport  
system plus some K + influx via the Na +, K+-pump, in exchange 
for Na + taken up via the cotransport  system. If  the Na+/K + 
ATPase is a 3Na+/2K + exchange pump and all Na  + is immediately 
exchanged for K +, ouabain will inhibit 40% of  the bumetanide- 
sensitive K + influx. In three experiments in the presence of  oua- 
bain the bumetanide-sensitive K + influx was reduced by about 
15% (see Fig. 4). 
b This value can be converted to txmol - g dry wt -~ • min -I by 
multiplication by 0.56 giving 28.4 -+ 1.7 b~mol • g dry wt -~ • rain -~. 
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Fig. 5. Effect of  antiserum to bumetanide-binding proteins on 
bumetanide-sensitive unidirectional K ÷ influx in Ehrlich ascites 
tumor cells during RVI. The antiserum and nonimmune serum 
(control) were at 1 : 6 dilutions during a 20-min preincubation in 
the hypotonic medium. 86Rb was added simultaneously with the 
hypertonic challenge as was bumetanide (30/xM) in some samples. 
The values are given as mean -+ SEM (n = 3) where n is the number 
of independent experiments.  

Fig. 4. Dependence on barium, ouabain and bumetanide of  the 
K + influx during Regulatory Volume Increase.  Experimental pro- 
tocol as in Fig. 2, except  that S6Rb was used as a tracer for 
K +. Ouabain was used at a final concentration of 1 mM, the 
concentration of barium was 5 mM and the bumetanide concentra- 
tion was 30/xM. Two additional experiments gave similar results. 

o f  t h e  u n i d i r e c t i o n a l  C1-  i n f l u x  a n d  a s  r e g u l a t o r y  c e l l  

v o l u m e  i n c r e a s e .  I n  b o t h  a s s a y s ,  c o t r a n s p o r t  w a s  

s t r o n g l y  i n h i b i t e d  b y  t h e  a n t i s e r u m .  T h e s e  a n t i b o d -  

i e s  i n h i b i t  t h e  b u m e t a n i d e - s e n s i t i v e  u n i d i r e c t i o n a l  

K + i n f l u x  a s  w e l l .  T h i s  i s  s e e n  in  F i g .  5 w h i c h  s h o w s  
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Table 3. Dependence on extracellular C1- and K ÷ of the activated 
unidirectional Na + influx during Regulatory Volume Increase 

Bumetanide-sensitive, 
unidirectional Na + influx 

Physiological RVI 
steady state 

Relative scale 

Control 0.10 -+ 0.25 (3) 1.00 -+ 0.03 (3) 
Potassium free - -  -0.10 (2) 
Chloride free - -  0.48 (2) 

Experimental protocol as in Fig. 2, except that 22Na was used as 
a tracer for Na +. The initial rates of influx were calculated from 
the values at 0.5, 1.0, 1.5, 2.0 and 2.5 min. All correlation coeffi- 
cients were >- 0.97. All influx-rates are given relative to the 
bumetanide-sensitive Na + influx during RVI in standard incuba- 
tion medium (Control), which is 10.5 -+ 0.3/xmol/g dry wt/min. 
The values are given as mean (-+ SEM) with the number of experi- 
ments given in parentheses. 

the  b u m e t a n i d e - s e n s i t i v e  un id i r ec t i ona l  K + influx in 
the  p r e s e n c e  o f  n o n i m m u n e  s e r u m  or  an t i s e rum.  

T a b l e  3 s h o w s  tha t  the  N a  + influx dur ing  R V I  
is b u m e t a n i d e - s e n s i t i v e  and  tha t  this  b u m e t a n i d e -  
sens i t i ve  N a  + influx is d e p e n d e n t  on  ex t r ac e l l u l a r  
C1 and  K +. T h e  b u m e t a n i d e - s e n s i t i v e  N a  + influx is 
on ly  p a r t l y  inh ib i t ed  in the  a b s e n c e  o f  C1-. F u r t h e r -  
m o r e ,  T a b l e  3 s h o w s  tha t  the  b u m e t a n i d e - s e n s i t i v e  
N a  + influx du r ing  p h y s i o l o g i c a l  s t e a d y - s t a t e  cond i -  
t ions  is negl ig ib le ,  bu t  is a c t i v a t e d  dur ing  RVI .  N o  
b u m e t a n i d e - s e n s i t i v e  u p t a k e  o f  N a  +, K +, o r  C1 can  
b e  d e m o n s t r a t e d  dur ing  R V I  un les s  all t h r ee  ions  are  
p r e sen t .  

C o n c l u s i v e l y ,  the  C 1 - d e p e n d e n t  c o t r a n s p o r t  
s y s t e m  a c t i v a t e d  dur ing  R V I  t r a n s p o r t s  N a  +, K +, 
and  C1-. 

STOICHIOMETRY OF THE N a  +, K ~ , C1- 
COTRANSPORT SYSTEM 
AND FLUX RATIO ANALYSIS 

To  a s s e s s  the  s t o i c h i o m e t r y  o f  t r a n s p o r t  dur ing  R V I  
v ia  the  c o t r a n s p o r t  s y s t e m ,  the  ne t  ion  u p t a k e  dur ing  
r e g u l a t o r y  v o l u m e  i n c r e a s e  is m e a s u r e d  u n d e r  con-  
d i t ions  w h e r e  the  N a + / K  + p u m p  is inh ib i ted  wi th  
1 mM o u a b a i n .  F r o m  H o f f m a n n  et  al. (1983), it is 
k n o w n  tha t  no ne t  K + u p t a k e  is s een  u n d e r  t hese  
c i r c u m s t a n c e s .  Th is  migh t  be  c a u s e d  b y  a fas t  re-  
cyc l i ng  o f  K + t h r o u g h  K + channe l s .  To  a v o i d  t h i s ,  
the  p r e s e n t  e x p e r i m e n t s  a re  p e r f o r m e d  in the  p re s -  
ence  o f  2 mM B a  2+ in o r d e r  to  b l o c k  the  K + channe l s .  
T h e  b u m e t a n i d e - s e n s i t i v e  pa r t  o f  the  f luxes are  t a k e n  
to  r e p r e s e n t  the  c o t r a n s p o r t e r .  
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Fig. 6. Bumetanide-sensitive components of the net ion uptake 
in the presence of ouabain and barium during Regulatory Volume 
Increase in Ehrlich cells. The cells were pretreated by exposure 
to low external osmolarity (150 mOsm) for 20 to 40 rain (see 
Materials and Methods). At zero time a tonicity of 300 mOsm was 
restored by addition of I/3 volume of a double-strength saline 
solution containing 1 mM ouabain and 2 mMBa 2+ or 1 mM ouabain, 
2 mMBa 2+ and 30/~M bumetanide, whereupon cell Na + content, 
cell K + content and cell CI- content were followed with time. The 
figure shows the bumetanide-sensitive component of the net ion 
uptake measured as the difference between the net uptakes in 
parallel groups with and without 30 p.M bumetanide. Shown are 
the mean values from three independent experiments, except the 
Na + uptake 2 min after hypertonic treatment, which is the mean 
of two independent experiments. 

F igu re  6 shows  tha t  a b u m e t a n i d e - s e n s i t i v e  ne t  
u p t a k e  o f  N a  ÷, K ÷, and  C1- du r ing  r e g u l a t o r y  vol-  
u m e  i n c r e a s e  cou ld  be  d e m o n s t r a t e d  in o u a b a i n - p o i -  
s o n e d  cel ls  in the  p r e s e n c e  o f  b a r i u m .  I t  s h o u l d  be  • 
no t ed  tha t  the  m e a s u r e d  ne t  u p t a k e  o f  K ÷ in t he  
a b s e n c e  o f  b u m e t a n i d e  is s m a l l e r  t han  the  b u m e t a -  
n ide - sens i t i ve  ne t  u p t a k e  s h o w n  in figure.  Th i s  is 
c a u s e d  b y  the  fac t  tha t  the  cel ls  los t  s o m e  K ÷ in 
the  p r e s e n c e  o f  b u m e t a n i d e  e v e n  t h o u g h  Ba  2÷ was  
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Table 4. Flux ratio analysis of unidirectional chloride and potassium fluxes during Regulatory Volume 
Increase in Ehrlich cells 

Bumetanide-sensitive C1- K + Na + 
component  

/zmol - g dry wt ~ • min -I 

Net  flux 29.0 ± 3.8 11.5 ± 2.6 
Unidirectional influx 65.7 -+ 6.1 45.9 -+ 2.7 
Unidirectional efflux 36.7 ± 4.1 34.4 ± 1.4 
Flux ratio, 1.82 + 0.15 1.34 +- 0.08 
Influx/efflux a 

14.9 ± 1.9 

Ion concentration ratio: 

[Nalo[K]o[Cl]2o 

[Na]i[Kli[C1]~ 

StoiChiometry of  net  fluxes: 
[C1-] : [K ~:] : [Na +] 

1.75 ± 0.24 

2.0 0.8 1.0 

The values are given as mean -+ SEM for five sets o f  individual experiments,  with concurrent  measure- 
ments of  unidirectional 42K and 36C1 influx and net ion uptake. Experimental protocol as in Fig. 6. The 
mean value of the measured internal ion concentrations were (mmol/liter cell water): K +, 182 ± 13 (5), 
Na  +, 20 ± 1 (5), Ct- ,  67 ± 6 (5). The mean value of  the measured external ion concentrat ions were 
(raM): K +, 5.9 ± 0.2 (5), Na +, 184 ± 8 (5), CI-,  156 ± 6 (5). 
The bumetanide-sensit ive components  were determined as the difference between the fluxes in parallel 
groups with and without 30 tzM bumetanide. 
a The values are given as the mean -+ SEM of  the flux ratios calculated in each individual experiment.  

present. Very recent results from Levinson (1991 a) 
confirm this as he demonstrated a K ÷ loss during 
RVI in the presence of ouabain and bumetanide. The 
bumetanide-sensitive Na +, K +, and C1- net fluxes 
are found to have the stoichiometry 14.9 - 1.9 
/xmol • g dry wV 1 - min -~ Na +, 11.5 +- 2.6 tzmol • g 
dry wt -1 ' min -~ K + and 29.0 - 3.8/xmol • g dry 
wt -~ • rain -~ CI-, or approximately 1 : Na ÷, 1 : K +, 
2:C1- (see Table 4). These findings provide evi- 
dence for the involvement of a Na +, K +, 2C1- co- 
transport system during regulatory volume increase. 
It is only the high K ÷ leak which prevents a net 
uptake of K ÷ during RVI in the presence of ouabain. 

In the experiments presented in Table 4 the uni- 
directional 42K and 36C1 influxes are measured con- 
currently with the net K ÷ and CI- uptake during RVI 
in the presence or absence of 30 //.M bumetanide. 
The bumetanide-sensitive components are deter- 
mined from the differences in paired controls. The 
unidirectional K + and C1- effluxes are calculated as 
the differences between the simultaneously mea- 
sured unidirectional 42K and 36C1 influxes and the net 
K + and C1 fluxes, and the flux ratio was calculated 
as the ratio between unidirectional influx and efflux. 
The fluxes are measured as initial rate of uptake 
after restoration of tonicity, and consequently the 
calculated flux ratio is extrapolated to zero time. 
The flux ratio can be analyzed also under non- 
steady-state conditions, and the extrapolated value 

should represent the true flux ratio at that time (Sten- 
Knudsen & Ussing, 1981). As seen in Table 4, the 
bumetanide-sensitive component, which essentially 
accounts for the net uptake induced during regula- 
tory volume increase has a flux ratio of 1.34 - 0.08 
for K + and 1.82 - 0.15 for CI-. This means that for 
the transport system involved in regulatory volume 
increase, the minimum ratio between the driving 
forces for influx and efflux must be 1.82. This can 
be compared to the value 1.85 obtained by Hoffmann 
et al., 1983. The ratio between the driving forces 
for unidirectional influx and efflux for the above 
transport system is calculated from the internal and 
external ion concentrations measured at the first 
data point after restoration of tonicity (taken at 0.5 
min). In these calculations the activity coefficients 
are assumed to be equal in cell water and in the 
extracellular medium. The ratio of the driving forces 
for a Na +, K +, 2C1- cotransport system (1.75 -+ 0.24) 
can account for the observed flux ratio. 

R E G U L A T I O N  OF THE Na +, K ÷, CI- 
COTRANSPORT SYSTEM 

Ehrlich ascites tumor cells regulate their volume 
back towards their original steady-state cell volume 
when a hypertonic shock follows the hypotonic pre- 
treatment. This is the traditional RVI after RVD 
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Fig. 7, Cell volume after hypertonic challenge tbllowing different 
preincubation procedures. RVD/RVI (0): The cells were preincu- 
bated for 20 rain in a hypotonic medium (150 mOsm). At zero 
time a sample of the cell suspension was diluted 500-fold in an 
isotonic standard incubation medium (300 mOsm) and the ceil 
volume was followed with time using a Coulter counter. The 
cell volume in the hypotonic medium was measured at 1,346 ft. 
Sucrose (ll)/Standard hypertonic medium (D): The cells were 
preincubated for 20-40 rain in standard incubation medium (300 
mOsm). At time zero sucrose (600 mOsm) or hypertonic standard 
medium (600 mOsm) was added to the cell suspension to give a 
final osmolarity of 450 mOsm. Cell volume was followed with 
time using a Coulter counter. The cell volume in the isotonic 
medium was measured at 1,128 ft. Similar results were obtained 
in three other experiments of the same design, 

p r o t o c o l .  F i g u r e  7 s h o w s  the  cel l  v o l u m e  fo l lowing  
th ree  d i f fe ren t  e x p e r i m e n t a l  p r o t o c o l s .  I f  h y p e r o s -  
m o t i c  s u c r o s e  is a d d e d  to  the  cel ls  in i so ton ic  s t e a d y  
s ta te ,  the  cel ls  sh r ink  wi th  no  signs o f  v o l u m e  regula-  
t ion.  I f  h y p e r t o n i c  s t a n d a r d  m e d i u m  ([K +] = 10 mM) 
is a d d e d ,  the  cel ls  in i t ia l ly  sh r ink  and  then  t hey  regu-  
la te  the i r  v o l u m e  b a c k  t o w a r d s  the i r  or ig inal  vo lume .  
A h y p o t o n i c  p r e i n c u b a t i o n  is thus  not  n e c e s s a r y  for  
a r e g u l a t o r y  v o l u m e  inc rease .  I t  shou ld  be  n o t e d  tha t  
al l  e x t r a c e l l u l a r  ions  a r e  i n c r e a s e d  in the  h y p e r t o n i c  
s t a n d a r d  m e d i u m  wi th  the  final [K+]o equa l  to  
6.5 mM. 

I f  this  r e g u l a t o r y  v o l u m e  i n c r e a s e  is a l so  medi -  
a t e d  b y  the  N a  ÷, K ÷, C1- c o t r a n s p o r t  s y s t e m ,  then  
the  u n i d i r e c t i o n a l  K + influx shou ld  be  b u m e t a n i d e -  
sens i t ive .  F i g u r e  8 s h o w s  the  K + u p t a k e  a f te r  the  
t r ad i t i ona l  R V D / R V I  p r o t o c o l  (Fig.  8A),  a f te r  
sh r inkage  wi th  h y p e r t o n i c  s t a n d a r d  m e d i u m  (Fig.  
8B) and  a f t e r  s h r i n k a g e  wi th  s u c r o s e  (Fig.  8C) as  a 
func t ion  o f  t ime .  T h e  K ÷ u p t a k e  is f o u n d  to be  par -  
t ia l ly  b u m e t a n i d e - s e n s i t i v e  u n d e r  all t h r e e  cond i -  
t ions .  

The  b u m e t a n i d e - s e n s i t i v e  K + influx a f te r  cel l  
sh r inkage  wi th  s u c r o s e  is 7.6 -+ 2.1 /zmol • g d ry  
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Fig. 8, Activation of bumetanide-sensitive K + influx following 
hypertonic shock. (A) (RVD/RVI; 0 0): Experimental proce- 
dures as in Fig. 4. (B) (Hypertonic, standard medium; [] II): The 
cells were preincubated in isotonic standard medium. At time zero 
hypertonic standard medium was added to give a final medium 
osmolarity of 400 mOsm. Some aliquots received bumetanide 
(final concentration, 30/aM) together with the isotope. (C) (Hyper- 
tonic, sucrose; z5 A): The cells were preincubated in isotonic 
standard medium. At time zero sucrose containing a6Rb (50,000 
Bq/ml) was added to give a final medium osmolarity of 400 mOsm. 
Some of the aliquots received bumetanide (final concentration, 
30/xg) together with the isotope. 

The bumetanide-sensitive K + influx after cell shrinkage with 
sucrose is 7.6 -+ 2.1/xmol • g dry wt -1 - rain -1 (calculated by linear 
regression from the values at 0.5, 1.0, 1.5, 2.0 and 2.5 rain, n = 
4), whereas the bumetanide-sensitive K + influx after shrinkage 
with hypertonic standard medium is 19.2 ± 3.0 p.mol • g dry 
wt-~. min-~ (calculated by linear regression from the values at 1.0, 
1.5, 2.0 and 2.5 rain, n = 4, in the period where the cotransporter is 
fully activated). Finally, the bumetanide-sensitive K + influx dur- 
ing the RVI/RVD protocol is 24.1 ± 1.9/xmol - g dry wt -1 • min -~ 
(calculated by linear regression from the values at 1.0, 1.5, 2.0, 
and 2.5 min, n = 11, in the period where the cotransporter is fully 
activated). 

wt  -1 • min  -1 (n = 4), w h e r e a s  the  b u m e t a n i d e - s e n s i -  
t i r e  K ÷ influx a f t e r  sh r inkage  wi th  h y p e r t o n i c  s tan-  
da rd  m e d i u m  is 19.2 - 3 . 0 / z m o l  • g d r y  w t  -1 • ra in  -1 
(n = 4). F ina l l y ,  the  b u m e t a n i d e - s e n s i t i v e  K + inf lux 
dur ing  the  R V I / R V D  p r o t o c o l  is 24.1 - 1 . 9 / x m o l  • 
g d ry  wt  -1 • min  -1 (n = 11) ( see  T a b l e  5 and  Fig .  8). 
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Table 5. Ion concentration ratios for Na +, K +, 2C1 cotransport  system after the RVD/RVI protocol,  
after addition of  hypertonic standard medium and after addition of sucrose to hypertonicity 

RVD/RVI Hypertonic Hypertonic 
standard medium sucrose medium 

[Na]°[K]°[C1]°2 1.5 +- 0.13 (8) a 1.43 +- 0.10 (3) b 0.13 ± 0.03 (3) b 
[Na]i[K]i[C1] 2 

Bumetanide-sensit ive 
K + influx 
(~mol/g dry wt/min) 

24.1 ± 1.9 (11) b 19.2 ± 3.0 (4) b 7.6 ± 2.1 (4) b 

[K]o 5.6 ± 0.2 (8) a 6.0 ± 0.2 (3) 3.7 ± 0.2 (3) 
[Na]o 150 ± 2.9 (8) ~ 173.5 ± 2.2 (3) 101.5 ± 0.8 (3) 
[C1]o 150 ± 2.2 (8) ~ 200.0 ± 1.5 (3) 99.7 ± 1,1 (3) 

The ion concentrat ion ratios were calculated for three sets of  individual experiments,  where the ion 
concentrat ions are measured 0.5 rain after hypertonic treatment.  The mean value of  the measured 
internal ion concentrat ions were (retool/liter cell water): 
RVD/RVI:  K +, 183 ± 7 (8), Na +, 22 ± 2 (8), CI-,  59 -+ 2 (8); Hypertonic standard medium: K +, 
208 -+ 2 (3), Na + 39 -+ 1 (3), CI-,  59 ± 2 (3); Hypertonic sucrose medium: K +, 206 + 14 (3), Na +, 40 
± 8 (3), CI-,  63 -+ 2 (3). 
a The values presented here are from Hoffmann et al., 1983. 
b The values presented here have been calculated from Fig. 8. The values are given as mean ( + / -  SEM) 
with the number of  independent  experiments in parentheses.  

Cell shrinkage activates the C1 -dependent cotrans- 
port system independent of whether the shrinkage is 
caused by sucrose or hypertonic standard medium. 
Table 5 gives the gradient for a Na +, K +, 2C1- co- 
transport system at the time of maximal cell shrink- 
age (0.5 min) in the three situations. It is seen that 
the reason why the cells don't regulate their cell 
volume after shrinkage with sucrose is the absence 
of an inwardly directed gradient for the C1--depen- 
dent cotransport system. This is yet another argu- 
ment for the transport system being a Na +, K +, C1- 
cotransport system rather than a Na +, CI- cotrans- 
port system, since the gradient for a Na +, C1- co- 
transport system would be inward after shrinkage 
with sucrose as well as NaCl. 

The bumetanide-sensitive K + influx after the tra- 
ditional "RVD after RVI" protocol is of the same 
magnitude as that seen after cell shrinkage with hy- 
pertonic standard medium. The major difference be- 
tween the two situations is that Nao is higher in the 
hypertonic standard medium (see Table 5). To test 
whether the activation of the cotransporter is influ- 
enced by Nao and/or C1 i two sets of experiments 
were performed as illustrated in Table 6, i.e., extra- 
cellular Na + was varied from 50-300 mM substitut- 
ing Na + with NMDG + or all intracellular C1- was 
replaced by NO3. As seen from Table 6 doubling 
extracellular Na + did not influence the activation 
of the cotransporter. The bumetanide-sensitive K + 

Table 6, Dependence on intracellular C1- and extracellular Na + 
of the activated unidirectional K + influx during Regulatory Vol- 
ume Increase 

Bumetanide-sensitive, unidirectional K + influx 

[Na+]0, mM btmol • g dry wt -I • min 1 

300 16.1 ± 1.1 (3) 
150 16.4 ± 1.4 (3) 

"C1- f ree"  cells a 7.4 + 1.0 (3) 

Experimental protocol as in Fig. 2.86Rb was used as tracer for 
K +. It should be noted,  that the final [K+]o = 10 mM. The initial 
rates of  influx were calculated from the values at 0.5, 0.75, 1.00 
and 1.25 rain. All correlation coefficients were -> 0.97. 
a '°C1- f ree"  cells were washed twice in nitrate medium and then 
preincubated for 30 rain in nitrate medium in order  to reduce 
intracellular CI-.  At time zero the cells were retransferred to CI- 
medium. Note that [Na+]o = 300 raM. 
The values are given as mean (± SEN) with the number o f  experi- 
ments given in parentheses.  

influx in "C1 -free" cells is reduced by 54% com- 
pared to the control situation (see Table 6), so while 
intracellular C1- is not essential for activation, it 
may play some role. Perhaps the decrease in unidi- 
rectional K + influx seen upon complete removal of 
intracellular C1- is due to complete inhibition of the 
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Fig. 9. Activation of a bumetanide-sensitive unidirectional K + uptake during Regulatory Volume Decrease. (A) (O, 0) :  The cells were 
preincubated in standard medium for 20- 40 rain. At time zero H20 (containing S6Rb (50,000 Bq/ml)) buffered with MOPS, TES and 
HEPES was added to give a final medium osmolarity of 225 mOsm. The final concentration of bumetanide was 30/xM. The K ~ uptake 
was followed as described in Materials and Methods. (B) ([5, m): The cells were preincubated in a hypotonic medium (225 mOsm) for 
10 rain. At time 10 rain containing 86Rb (50,000 Bq/ml) was added. Bumetanide was used in a final concentration of 30 p~M. Two further 
experiments gave similar results. 

K+/K + exchange mode of the cotransporter, as the 
current model for K+/K + exchange via the Na +, 
K +, 2C1- cotransport system suggests that this mode 
requires the presence ofintracellular C1- (see Duhm, 
1987). To test if the Na +, K +, C1 cotransport system 
is activated already during RVD the K + influx was 
measured immediately after the hypotonic shock 
and after 10 min of hypotonic incubation. Figure 9 
shows the K + uptake as a function of time after 
hypotonic shock. No bumetanide-sensitive K + in- 
flux can be demonstrated immediately after hypo- 
tonic shock (Fig. 9, panel A), whereas Fig. 9, panel 
B, shows that after hypotonic incubation for 10 min 
the cells have a significant bumetanide-sensitive K + 
influx amounting to 5 /xmol • g dry wt -t . min-' 
(calculated from the values after 0.5, 1.0, 1.5, 2.0 
and 2.5 min, n = 3). It should be noted that the 
cells are still in hypotonic medium when the flux is 
measured. In the absence of extracellular Na + no 
bumetanide-sensitive K + influx can be demonstrated 
after 10 rain of hypotonic incubation (data not 
shown). The Na + dependence suggests that the flux 
is not KC1 cotransport and that the Na +, K +, C1- 
cotransport system is activated during the first I0 
min of hypotonic incubation. The flux obtained dur- 
ing RVD should be compared with the much larger 
flux obtained after the RVD/RVI protocol 
amounting to 24.1 -+ 1.9/xmol • g dry wt -1 • min -1 
(see Table 5). 

The Na +, K +, C1- cotransport system is active 
during RVI and partly active during RVD, but inac- 
tive under physiological steady-state conditions (see 
Table 2). This suggests one or more regulatory mech- 

Q) 

0 

r~ 

+ 

-6 

c 

100 

*~ 75 

b 
5o 

o 

25 

Bradykinin 

i I i I i I 

2 4 6 
Time (min) 

Fig. 10. K + uptake after bradykinin stimulation. The cells were 
preincubated in standard medium for 15-30 min. At time zero 
86Rb (50,000 Bq/ml) and bradykinin (final concentration 1 ~M) 
were added. Bumetanide was added to give a final concentration 
of 30/xM. The figure represents nine individual experiments. 

anisms. The simplest hypothesis is that the same 
mechanism is involved in the regulation during RVD 
and during RVI. 

The Ca 2+ mobilizing agent bradykinin (a non- 
peptide) mimics the RVD-response in Ehrlich as- 
cites tumor cells (Simonsen et al., 1990; see Hoff- 
mann & Kolb, 1991). It was therefore examined 
whether addition of bradykinin can activate the Na +, 
K +, C1- cotransport system. Figure 10 shows the 
K + uptake as a function of time after addition of 
bradykinin to Ehrlich ascites tumor cells in physio- 
logical steady state. As shown in Fig. 10 bradykinin 
activates a bumetanide-sensitive K + uptake. As 
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ml) and TPA (final concentration,  100 riM) were added. The K + 
uptake was followed as described previously. Bumetanide was 
used in a final concentration of  30/zM. The figure represents  three 
experiments giving identical results. 

mentioned above, bradykinin causes a release of 
C a  2+, which in turn opens K + and C1- channels lead- 
ing to a cell shrinkage. In six experiments Ba 2+ (2 
mM) was present (sulphate-free medium) in an at- 
tempt to block K + channels. The initial bradykinin 
stimulation was not significantly different with and 
without Ba 2+ (2 mM). It seems reasonable to con- 
clude that bradykinin activates the Na +, K +, C1- 
cotransport system either via Ins (I, 4, 5) P3 and 
subsequent release of C a  2+ o r  via DAG and subse- 
quent activation of protein kinase C or both. The 
relation between this and the concomitant cell 
shrinkage in the activation of the cotransporter is 
under investigation. 

The phorbol ester TPA is a well-known protein 
kinase C activator (Nishizuka, 1984). Figure t l  
shows the effect of TPA on the K + uptake during 
physiological steady-state conditions. After addition 
of TPA (100 nM) to the cells a small bumetanide- 
sensitive K + influx is found. This bumetanide-sensi- 
tive K + influx (4.5 -+ 0.4/zmol • g dry wt -1 • min -~, 
n = 3) (see Table 7) is in the same range as the 
bumetanide-sensitive K + influx found during hypo- 
tonic shock. Thus, stimulation of protein kinase C 
and hypotonic cell swelling both result in a partial 
activation of the Na +, K +, C1- cotransport system. 
It should be noted that the effects of TPA are known 
to be very dependent on concentration and duration 
of exposure. We can therefore not be certain that 
we actually have stimulated protein kinase C maxi- 
mally in the present experiment. 

To test whether Ca2+/calmodulin or protein ki- 
nase C or both are responsible for the activation 
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Table 7, Activation mechanisms for the Na  + , K ~, CI- cotransport  
system in Ehrlich ascites tumor cells a 

Bumetanide-sensit ive,  unidirectional 
K + influx 

Physiological steady RVI 
state 

~mol • g dry wt -1 . min -1 

Control 1.2 - 0.4 (5) 19.2 -+ 3.0 (4) 
Control (1%~ DMSO) - -  11.0 -+ 0.3 (3) 
Stanrosporine (100 riM) - -  11.3 ----- 0.6 (3) 
Pimozide (120 IZM) - -  5. t +-- 2.3 (3) 
Bradykinin (1 /ZM) b 18.1 --- 3.0 (9) - -  
TPA (100 nM) 4.5 + 0.4 (3) - -  

Data from Figs. 10, 11 and 12. 
b In some of  the experiments with bradykinin, Ba 2+ (2 mM) was 
added in an attempt to block K + channels.  
The values are given as mean (_+ SEM) with the number of  indepen- 
dent experiments given in parentheses.  

during RVI we tested inhibitors of the Ca2+/calmod - 
ulin complex and protein kinase C, respectively, and 
furthermore measured intracellular [Ca 2+] during the 
RVD/RVI protocol. 

Intracellular [ C a  2+] w a s  followed with time in 
two independent experiments during the hypotonic 
preincubation and after restoration of tonicity, i.e., 
RVI. During the first 10 min of hypotonic preincuba- 
tion internal Ca 2+ is increased from 60 nM to 90 nr~, 
whereas restoration of tonicity increases internal 
Ca 2+ with another 10 riM. 

Figure 12 shows the K + uptake after a hyper- 
tonic shock in the presence and absence of bumeta- 
hide and the anti-calmodulin drug pimozide. In the 
presence of pimozide (120/ZM) the bumetanide-sen- 
sitive K + influx is reduced to 5.1 -+ 2.3 /zmol • g 
dry wt -1 - rain -1 (n = 3). This is a 73% reduction 
compared to the control situation. We have tried to 
add pimozide (120 tZM) 1 rain after addition of the 
hypertonic standard medium in order to determine 
if the effect was solely on the activation step. Under 
these circumstances pimozide still inhibited 44%. 
Thus, it is likely that Ca2+/calmodulin is involved in 
the activation of the Na +, K +, C1- cotransporter 
during RVI. 

Staurosporine (100 riM), a potent protein kinase 
C inhibitor (Tamaoki et al., 1986), was examined. 
Staurosporine had no effect on the bumetanide-sen- 
sitive unidirectional K + influx during RVI. The con- 
trol flux in the presence of DMSO (1%0) was 11.0 +- 
0.3/xmol • g dry wt -1 • min -1 (n = 3) and the flux in 
the presence of staurosporine was 11.3 - 0.6 
tzmol • g dry wt -1 • rain -1 (n = 3). This indicates that 
protein kinase C does not play any major role in 
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Fig. 12. Effect of pimozide on the activated K+ influx after hyper - 
tonic shock. The cells were preincubated in standard medium for 
20-40 rain. Control (©, 0):  At time zero hypertonic medium 
containing 86Rb (50,000 Bq/ml) was added to give a final osmolar- 
ity of 400 mOsm. The K + uptake was followed as described 
previously. Bnmetanide was used in a final concentration of 30 
tz~v~. Pimozide (V, •): Pimozide in a final concentration of 120 
b~M was added 30 sec before the hypertonic challenge. At time 
zero hypertonic medium containing 86Rb (50,000 Bq/ml) was 
added to give a final osmotarity of 400 mOsm, and the K + uptake 
was followed with time. Bumetanide was used in a final concentra- 
tion of 30 /ZM. The figure represents three experiments giving 
identical results. 

the activation of the cotransporter during regulatory 
volume increase after addition of hyperosmotic salt 
solution. It should be noted that DMSO (1%o) alone 
inhibits the bumetanide-sensitive K + influx during 
RVI (see Table 7). 

The above results (summarized in Table 7) indi- 
cate the involvement of Ca2+/calmodulin as well as 
protein kinase C in the activation of the Na +, K +, 
C1- cotransport system. During RVI the activation 
seems predominantly to be via CaZ+/calmodulin-de - 
pendent processes. 

Discussion 

It was previously demonstrated that the primary pro- 
cess during RVI was an activation of a normally 
silent bumetanide-sensitive cation/anion cotrans- 
port driven by the Na + and C1- gradients with subse- 
quent replacement of Na ÷ by K ÷ via the Na ÷, K ÷ 
pump stimulated by the Na + influx (Hoffmann et al., 
1983). 

The available evidence suggested the involve- 
ment of Na+; C1- cotransport in RVI rather than 
Na +, K +, C1- cotransport. This conclusion was 
based on the findings: 

(i) Under conditions where the Na +, K + pump 

was inhibited with ouabain, an uptake of Na + and 
C1- in about equimolar amounts could be demon- 
strated, whereas the uptake of K + was negligible. 
The uptake of Na + and C1- was inhibited by bumeta- 
nide in these experiments, though a recycling of K + 
could conceivably have masked a K + uptake via the 
cotransport system. 

(ii) Flux ratio analysis of the bumetanide-sensi- 
tive C1- flux during RVI indicated that the ratio of 
the driving forces for Na ÷, K +, C1- cotransport was 
hardly sufficient to account for the observed magni- 
tude of the ratio of influx/efflux although the signifi- 
cance of the difference between these values is only 
marginal. Moreover, a net uptake of KC1 could be 
demonstrated even at low external K + (3.5-4 r aM) ,  

under conditions where the calculated driving force 
for a Na +, K +, 2C1- cotransport system is in the 
outward direction. In this calculation it was assumed 
that the activity coefficients for the ions in the me- 
dium and in the cytosol are equal. Whether differ- 
ences in activity coefficients could be big enough to 
make the energy deficit vanish, as suggested by Geck 
(1990), is still an open question. 

In the present study we demonstrate that RVI 
in Ehrlich cells is due to the activation of a Na ÷, K ÷, 
CI- cotransport system. The arguments for this can 
be summarized as follows: 

(i) The net C1- uptake during RVI is dependent 
on extracellutar Na ÷ and K ÷ (Fig. 1), and no net C1- 
uptake can be demonstrated at low concentrations 
of extracellular concentrations of K + (less than 2 
mM). 

(ii) The bumetanide-sensitive unidirectional C1- 
influx during RVI is strongly dependent on extracel- 
lular K ÷ with half maximal rate at 3.3 mM external 
K + (Fig. 3). 

(iii) During RVI the unidirectional K + influx is 
bumetanide-sensitive and this part of the K ÷ influx 
is strongly dependent on both extracellular Na ÷ and 
C1- (Table 2). 

(iv) The unidirectional Na + influx during RVI is 
bumetanide-sensitive. This part of the Na + influx is 
dependent on extracellular CI- and after replace- 
ment of extracellular K ÷ with Na ÷ no bumetanide- 
sensitive unidirectional Na + influx can be demon- 
strated at all (Table 3). 

(v) In the presence of ouabain and Ba 2+ a bu- 
metanide-sensitive net uptake of Na ÷, K +, and C1- 
can be demonstrated (Table 4 and Fig. 6). The stoi- 
chiometry of the bumetanide-sensitive net fluxes is 
found to be 1.0 Na+:0.8 K+:2.0 C1- or approxi- 
mately 1 Na+: l  K+:2 C1-. Under these circum- 
stances the K + and CI- flux ratios (influx/efflux) for 
the bumetanide-sensitive component were esti- 
mated at 1.34 -+ 0.08 and 1.82'- + 0.15 which should 
be compared to the gradient for the Na +, K +, 2C1- 
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cotransport system at 1.75 -+ 0.24. Whereas the C1- 
flux ratio fits extremely well with the gradient, K ÷ 
tends to have a lower flux ratio, which might indicate 
a K÷/K ÷ exchange via the cotransporter. 

Levinson (1991a) has also presented evidence 
that the RVI response in Ehrlich cells is mediated 
by the Na +, K +, C1- cotransport system. Heretofore 
it was possible that Na +, C1- and Na +, K +, C1- 
cotransport coexisted in Ehrlich cells. The two 
transport systems are distinguishable, but may rep- 
resent alternate modes of operation of the same co- 
transporter. Recently, Sun et al. (1991) reported that 
Na ÷, CI- cotransport systems may be converted into 
Na + , K +, C1- cotransport systems by hormonal con- 
trol. The addition of antidiuretic hormone (ADH) to 
mouse medullary thick ascending limb cells converts 
the K+-independent Na +, C1- cotransporter to a 
Na +, K +, C1- cotransporter. 

It is not possible to measure a stoichiometry for 
the Na +, K +, CI- cotransport system on the basis 
of the unidirectional influxes presented here. The 
reason for this is that all flux measurements are uni- 
directional influxes measured under conditions 
where all three ions had the opportunity to recycle 
and to undergo self-exchange via the cotransporter. 
To explain the differences in the unidirectional Na + 
and K + influxes, we have to suggest that the K+/ 
K + exchange through the cotransporter exceeds the 
Na+/Na + exchange. This is also supported by the 
fact that the flux ratio for K + (influx/efflux) is lower 
than predicted from the gradient (see above) during 
RVI. This question is currently under investigation. 
Bumetanide-sensitive self-exchange of both Na +, 
K + and C1- via the cotransport system is a well- 
known phenomenon, and in some cells this one-for- 
one exchange is seen parallel to the net transport via 
the cotransporter (Duhm, 1987; Lauf et al., 1987; 
Flatman, 1989). 

The problem of measuring the stoichiometry 
was solved by measuring bumetanide-sensitive net 
fluxes in the presence of B a  2+ and ouabain. The 
stoichiometry found on the bumetanide-sensitive net 
fluxes of Na +, K +, and C1- in ouabain-poisoned cells 
in the presence of Ba 2+ is 1.0 Na + :0.8 K + : 2.0 C1-. 

Geck et al. (1980) showed Na +, K +, CI- cotrans- 
port in Ehrlich cells, but the cells were not studied 
under physiological conditions, since they had been 
depleted of K +. 

ACTIVATION OF Na +, K +, CI- COTRANSPORT 
AFTER CELL SWELLING AND CELL SHRINKAGE 

Until now it has been assumed that the Na +, K +, 
CI- cotransport system in Ehrlich cells is activated 
only following the RVD/RVI protocol. According to 

this protocol the cells are preincubated in a hypo- 
tonic medium to reduce their content of ions, where- 
upon the cells are exposed to isotonic medium (Hoff- 
mann et al., 1983). A similar effect can be achieved 
by addition of the calcium ionophore A23187 to cells 
in steady state at isotonicity. The cells will shrink as 
a consequence of the loss of KC1 and the following 
regulatory volume increase is mediated by the Na +, 
K +, C1- cotransport system (Hoffmann, Simonsen 
& Lambert, 1984). The rote of Ca z+ and/or cell 
shrinkage in this activation is under investigation. 

Hempling (1960) showed that Ehrlich cells after 
hypertonic treatment with NaC1 are unable to per- 
form regulatory volume increase. This has recently 
been confirmed by Levinson (1991b), though Levin- 
son (1991b) demonstrated that the Na +, K +, C1- 
cotransport system was activated. This was ex- 
plained as an inhibitory effect of the cellular C1- 
concentration on the net uptake of ions via the co- 
transporter. In the present study we demonstrated 
that Ehrlich cells actually are able to perform RVI 
after addition of hypertonic standard medium. Fur- 
thermore, reducing intraceltular C1- by complete 
substitution with NO 3 did not result in a more effec- 
tive activation of the cotransporter (see Table 6). 
The difference between the experiments of Levinson 
(1991b) and the present experiments is that external 
K + in the present investigation is raised together 
with Na + and C1- resulting in an inward driving 
force, [Na+]o[K+]o[C1-]2o/[Na+]i[K+]i[C1 ]~, higher 
than 1 (see Table 5) where the driving force obtained 
in the experiments by Levinson (1991b) was 0.6. 

MDCK cells (Roy & Sauv6, 1987), Chinese ham- 
ster ovary cells (Sarkardi et al., 1985), HeLa cells 
(Tivey, Simmons & Aiton, 1985) and C6 glioma cells 
(Chassande et al., 1988) are unable to perform RVI 
after shrinkage with sucrose, but they do not shrink 
further after the initial cell shrinkage. This is in con- 
tradiction to Ehrlich cells which initially shrink, and 
then continue to shrink for as long as 25 min (Hendil 
& Hoffmann, 1974; Levinson, 1991b). The Na ÷, K +, 
C1- cotransport system is activated after cell shrink- 
age following addition of sucrose, but no volume 
regulation is seen. The gradient for the Na +, K +, C1- 
cotransport system is in the outward direction after 
addition of sucrose (see Table 5), and the continued 
shrinkage seen after the initial cell shrinkage can be 
explained as a net efflux of ions mediated by the 
cotransporter. The gradients after the RVD/RVI 
protocol and after addition of hypertonic standard 
medium are almost identical (see Table 5) and the 
external K + is higher in the hypertonic standard 
medium. A role for intracellular CI- in regulating net 
cotransport activity is of course a possibility and has 
been suggested in a variety of cells including Ehflich 
cells (Levinson, 1990) and squid giant axons (Breit- 
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weiser et al., 1990), However, as seen from Table 6, 
a complete exchange of intracellular NO3 for C1- 
does not increase transport activity, making this pos- 
sibility less attractive. 

Thus, events occurring during RVD seem to be 
important. We show here that Na + , K +, C1- cotrans- 
port in Ehrlich cells is also activated after cell swell- 
ing. This is surprising since Na +, K +, C1- cotrans- 
port in duck erythrocytes (Haas & McManus, 1985) 
is inhibited by cell swelling. Cell swelling activated 
transport systems include among others K + and C1- 
channels in Ehrlich cells (Hoffmann et al., 1984), 
KC1 cotransport in mammalian erythrocytes (Kaji, 
1989; Kracke & Dunham, 1990) and in Ehrlich cells 
at low pH and after Ca 2+ depletion (KramhCft et al., 
1986), as well as coupled exchange of K + for H + 
and CI- for HCO3 in Amphiuma erythrocytes (Cala, 
1980). In Ehrlich cells a nonselective cation channel 
is activated by both cell shrinkage and cell Swelling 
(Christensen & Hoffmann, 1992). To the knowledge 
of the authors no other Na +, K +, CI- cotransport 
system has been reported to be activated by cell 
swelling as well as cell shrinkage. Recently, how- 
ever, preliminary reports of a similar phenomenon 
were reported in vascular endothelial cells (Klein, 
Bell & O'Neill, 1990) and in shark rectal gland 
(Lytle, Lear & Forbush, 1990). Lytle and coworkers 
suggest that the activation after cell swelling is re- 
lated to the decrease in internal CI-. This seems 
not to be the case in the present experiments since 
internal CI- is decreased at 1 min after the hypotonic 
shock, whereas the activation was not apparent. 

It has recently been demonstrated that there is 
a disassembly of F-actin during RVD in the period 
1-10 min after the hypotonic shock (Cornet, Lam- 
bert & Hoffmann, 1993). Disassembly of F-actin 
seems to activate the Na +, K +, C1- cotransporter in 
Ehrlich cells (Jessen & Hoffmann, 1992). It is likely 
that this is the explanation of the activation of the 
Na +, K +, C1- cotransport system seen during RVD. 
Disassembly and reassembly of F-actin filaments 
also appear to be an important event in cAMP-stimu- 
lated net C1- secretion by T84 colonic epithelial 
cells, in which Na +, K +, C1- cotransport as well as 
CI- channels are vital participants (Sharipo et at., 
1991). 

REGULATION OF THE Na +, K +, CI- 
COTRANSPORT SYSTEM 

Ca2~/calmodulin and protein kinase C have been 
assigned roles in the activation of the Na +, K +, C1 
cotransporter (for review, see e.g., Haas, 1989 and 
Hoffmann et al., 1992). In accord with this, the co- 
transporter can be activated by several agonists 

which stimulate phospholipase C, resulting in both 
a release of internal Ca 2+ and an activation of protein 
kinase C. This is illustrated by the bradykinin-stimu- 
lation of the Na +, K +, CI- cotransport system in 
Ehrlich cells (see Fig. 10 and Table 7). Similar results 
have been reported in several cell types after stimu- 
lation by either bradykinin, thrombin, vasopressin 
or angiotensin II (see Brock et al., 1986; Paris & 
Pouyss6gur, 1986; Homma, Burns & Harris, 1990; 
Klein & O'Neill, 1990; Smith & Smith, 1987; O'Don- 
nell, 1989; Owen & Ridge, 1989; O'Donnell, 1991). 
The stimulation by the above agonists could con- 
ceivably be mediated by an increase in cytosolic 
Ca 2+ and/or activation of protein kinase C. 

Paris and Pouyss6gur (1986) have suggested that 
the stimulation by ~-thrombin of the Na +, K +, CI- 
cotransport system in hamster fibroblasts is medi- 
ated via protein kinase C, since the cotransporter 
can also be activated by the phorbol ester TPA. TPA 
also stimulates the Na +, K +, C1- cotransport system 
in Ehrlich cells (see Fig. I 1 and Table 7). Protein 
kinase C is also reported to activate the Na +, K +, C1- 
cotransporter in human fibroblasts (Panet & Atlan, 
1990), whereas the cotransporter is inhibited by TPA 
in vascular smooth muscle (Owen, 1985). There is 
some evidence that protein kinase C is also involved 
in a negative feedback control of the cotransporter 
(Paris & Pouyssdgur, 1986; O'Donnell, 1991). 

The stimulation of the Na +, K +, C1- cotrans- 
porter by thrombin and angiotensin II in rat glomeru- 
lar mesangial cells has been shown to involve both 
protein kinase C and Ca2+/calmodulin (Homma et 
al., 1990). 

Ca ~+ has been reported to be involved in the 
activation of the cotransporter in vascular smooth 
muscle cells (Smith & Smith, 1987), in endothelial 
cells (O'Donnell, 1989), and in rabbit tracheal epithe- 
lial cells (Liedtke, 1990). In vascular smooth muscle 
the stimulation of the Na +, K +, C1- cotransport sys- 
tem by angiotensin II is mediated by an increase in 
free cytosolic Ca 2+ involving both Ca 2+ entry via 
r e c e p t o r - o p e r a t e d  Ca  2+ channels and Ca z+ release 
from internal stores (Owen & Ridge, 1989; O'Don- 
nell, 1991). 

The activation of the Na +, K +, C1- cotrans- 
porter, during RVI is inhibited 73% by pimozide in 
Ehrlich cells (see Fig. 11 and Table 7), suggesting 
the involvement of Ca 2+/calmodulin in the activation 
of the cotransporter in these cells. It should be 
noted, however, that pimozide added 1 min after the 
hypertonic medium still inhibited about 44% indicat- 
ing either that CaZ+/calmodulin are involved in keep- 
ing the cotransporter activated or that pimozide also 
directly inhibits the cotransporter. There is an in- 
crease in free Ca 2+ in the period 1-10 min after 
hypotonic shock of 30 nM and a further increase of 
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10 nM after restoration of tonicity. Whether this in- 
crease in intracellular Ca 2+ activity is sufficient to 
account for the activation of  the Na +, K +, C1- co- 
transport system seen after the RVD/RVI protocol is 
uncertain. The microfilament reorganization during 
RVD (Cornet et al., 1993) is only seen in the presence 
Of external C a  2+. Thus, the 30 nM increase in Ca 2+ 
may be important for this reorganization. Since mi- 
crofilament reassembly affects the cotransporter 
(Jessen & Hoffmann, 1992), the increase of 30 nM 
might be of importance. Measurements of Ca 2+ tran- 
sients at the single cell level are needed to approach 
this question. There are contradictory results ob- 
tained using agents which modify protein kinase C. 
As discussed above the stimulation of the cotrans- 
porter by TPA (see Fig. 12 and Table 7) indicates 
that protein kinase C may also be involved in the 
activation. Since staurosporine (see above) had no 
effect on the activation of the Na +, K +, C1- cotrans- 
port during RVI it seems, however, that protein ki- 
nase C may only play a minor role during RVI. 

The :authors want to thank Dr. P.B. Dunham, University of Syra- 
cuse, for helpful discussion and critical reading of the manuscript. 
We are grateful to Marianne SchiCdt and Birgit JCrgensen for 
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