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Summary. The Ehrlich tumor cell possesses an anion-cation co-
transport system which operates as a bidirectional exchanger
during the physiological steady state. This cotransport system,
like that associated with the volume regulatory mechanism (i.e.
coupled net uptake of C1~ + Na+* and/or K*), is Cl~-selective and
furosemide-sensitive, suggesting the same mechanism operating
in two different modes. Since Na* has an important function in
the volume regulatory response, its role in steady-state cotrans-
port was investigated. In the absence of Na*, ouabain-insensi-
tive K* and DIDS-insensitive Cl~ transport (KCl cotransport)
are low and equivalent to that found in 150 mM Na* medium
containing furosemide. Increasing the [Na*] results in parallel
increases in K+ and Cl~ transport. The maximum rate of each (18
to 20 meq/(kg dry wt) - min) is reached at about 20 mm Na* and is
maintained up to 55 mM. Thus, over the range 1 to 55 mMm Na*
the stoichiometry of KCl cotransport is 1:1. In contrast to K+
and Cl-, furosemide-sensitive Na™ transport is undetectable until
the [Na*] exceeds 50 mM. From 50 to 150 mm Na®, it progres-
sively rises to 7 meq/(kg dry wt) - min, while K* and CI~ trans-
port decrease to 9 and 16 meq/(kg dry wt) * min, respectively.
Thus, at 150 mM Na* the stoichiometric relationship between
Cl-, Na* and K*is 2:1: 1. These results are consistent with the
proposal that the Cl--dependent cation cotransport system when
operating during the steady state mediates the exchange of KCl
for KCl or NaCl for NaCl; the relative proportion of each deter-
mined by the extracellular [Na*].
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Introduction

Ehrlich ascites tumor cells, like a number of other
mammalian cells, regulate their volume in response
to changes in the osmolality of the extracellular me-
dium (McManus & Schmidt, 1978; Kregenow,
1981). For example, incubation in hypotonic me-
dium results in rapid osmotic swelling followed by
the loss of KCl and water, thereby re-c¢stablishing
the normal resting volume. Recently it was pro-
posed that the mechanism responsible for regula-
tory volume decrease (RVD) involved the activa-
tion of a Cat*-dependent conductive K* channel

and a separate Cl~ conductive pathway (Hoffmann
et al., 1984). A similar mechanism has been sug-
gested for RVD in human lymphocytes (Grinstein et
al., 1982, 1983).

In contrast to RVD, regulatory volume increase
(RVI) apparently involves a different transport
mechanism. Pretreatment of cells in hypotonic me-
dium followed by restoration of the tonicity (300
mosmolal) results in a rapid osmotic shrinkage. Cell
volume returns to normal due to the activation of an
electrically silent cotransport system that mediates
the net uptake of Na*™ and Cl~. This transporter has
an obligatory requirement for Na* and CI~, since
replacement of Na* by choline or CI- by NO;3 pre-
vents volume recovery. Moreover, bumetanide and
furosemide are potent inhibitors of RVI while DIDS
is without effect (Hoffmann, 1982; Hoffmann et al.,
1983).

The relationship between ion cotransport dur-
ing RVI and that which occurs in the steady state is
unclear. In the absence of net ion and water move-
ments approximately 50% of K* transport is oua-
bain insensitive (Tupper, 1975; Geck et al., 1978)
while about 45% of Cl~ transport persists in the
presence of DIDS, an inhibitor of the anion ex-
changer (Aull et al., 1977; Levinson, 1978, 1984).
The observations that ouabain-insensitive K* trans-
port is abolished when Cl~ is replaced by NO; and
that both K* and Cl~ transport are inhibited by
furosemide suggests that K* and Cl- are cotrans-
ported (Aull, 1982; Bakker-Grunwald, 1978;
Bakker-Grunwald et al., 1980). During the physio-
logical steady state this system apparently functions
as a bidirectional exchanger, since in the presence
of furosemide the cells maintain normal levels of
Na*, K* and Cl~ and exhibit little or no change in
resting volume (Bakker-Grunwald, 1978; Aull,
1982). There is, however, evidence that even during
the steady state the activity of the cotransport path-
way is influenced by cell volume (Geck et al., 1981).

It has been suggested that in the absence of net
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ion and water movements Na* + CI~ cotransport
does not occur. This is based to large extent on the
findings that the Cl- exchange flux is insensitive to
bumetanide (however, see Aull, 1981) and that the
substitution of choline for Na* is without effect on
the steady-state transfer of Cl- (Hoffmann et al.,
1983). The dismissal of Na* as a participant in the
steady-state cotransport of ions, however, may be
premature. It has been demonstrated that a compo-
nent of Na* transport, about 25% of the total flux, is
inhibited by low concentrations of furosemide (Tup-
per, 1975). Thus, it is possible that the cotrans-
porter has two different modes of operation. In the
steady state it functions primarily as an exchanger
mediating the simultaneous, bidirectional transfer
of Na*, Cl- and K*. However, when cell electro-
lytes and/or volume deviates from the resting level,
the cotransport is ‘‘activated’’ by unknown factors
to mediate the net uptake of Na* and Cl~.

Since Cl -dependent Na* transport appears to
play a central role in RVI and as such could provide
a common link between the two modes of operation
of the cotransporter, its role in steady-state ion co-
transport requires clarification. Therefore, a major
goal of the present study was to determine in
steady-state cells whether: (1) a component of Na*
transport was dependent on Cl~ and sensitive to
furosemide and (2) a relationship exists between
Cl-, K" and Na' cotransport. The results suggest
that the Cl--dependent cation cotransport system of
the Ehrlich tumor cell behaves functionally as a sin-
gle entity that mediates the transfer of both NaCl
and KCl. At low extracellular Na* concentrations
(1 to 55 mM) the cotransport system mediates the
exchange of KCl but not NaCl across the mem-
brane. However, with increasing Na* (60 to 150
mM) progressively less KCl is cotransported. The
decrease in K™ transport is offset by an increase in
NaCl cotransport such that the sum (KCI + NaCl)
is maintained relatively constant.

Materials and Methods

CELL SUSPENSIONS

Ehrlich-Lettré ascites tumor cells (hyperdiploid strain) grown in
Ha/ICR white male mice were harvested and washed as previ-
ously described (Levinson, 1972). The standard saline solution
had the following composition (mM): 150 NaCl, 6 KCi, 10
HEPES-NaOH (pH 7.3; 285 to 300 mOsm). This, as well as all
other media was Millipore filtered (0.45 um) prior to use. Cells
were washed twice in this solution and subsequently incubated at
a density of 15 to 20 mg dry weight/ml for 30 min at 21 to 23°C.
Following the preincubation period aliquots of cell suspensions
were centrifuged, washed in the appropriate experimental me-
dium and incubated as a dilute cell suspension (3 to 5 mg dry
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weight/ml) for 60 min. Two types of media were prepared. In
experiments designed to investigate the dependency of Cl~, Na~
and K+ transport on the extracellular [Na*], choline in equimolar
amounts replaced Na*; while in studies aimed at establishing the
anion dependence of Na* transport, NO3 was substituted for
Cl-. All media contained 5 to 7 mM K*, 10 mm HEPES buffer
and were pH 7.3 to 7.4, 290 to 300 mOsm.

After incubation the suspensions were centrifuged and the
cells resuspended in the same medium at a density of 18 to 20 mg
dry wt/ml. They were subsequently placed in a 37°C water bath
under an atmosphere of 100% O, for at least 5 min before the
start of an experiment.

REAGENTS

Furosemide was kindly supplied by Hoechst Pharmaceuticals,
Inc. Ouabain and DIDS (4,4'-diisothiocyanostilbene-2,2’-disul-
fonic acid) were obtained from Sigma Chemical Co., St. Louis,
Mo. Radioisotopes, 2Na and 3%¢Rb, were purchased from New
England Nuclear, Boston, Mass., while *Cl was a product of
ICN, Irvine, Calif.

STEADY-STATE FLUXES OF Na*, K* aND Cl-
K* Influx

The unidirectional influx of K= was determined from the uptake
of 8Rb. In the Ehrlich cell Rb serves as an analog of K~ and as
such faithfully traces K* movements (Tupper, 1975), an observa-
tion consistent with numerous other cell types. Cell suspensions
were incubated in the presence and absence of inhibitors (e.g.,
ouabain, furosemide, DIDS) and at time zero a tracer amount of
isotope (0.30 wCi/ml cell suspension) was added. Periodically
during the next 6 min, 0.5-ml aliquots of cell suspension were
removed and centrifuged 30 sec at 15,000 X g through 0.8 ml ice-
cold isosmotic choline dihydrogen citrate solution (CDHC; Ville-
real & Levinson, 1977). The supernatant was removed and the
cell pellets mixed with 1 ml of 1% (vol/vol) cold perchloric acid
(PCA). Additional samples of cell suspension and medium were
removed for the determination of wet and dry cell weight and
intracellular water (Bowen & Levinson, 1982) and for the analy-
sis of ¥Rb, Na*, K+ and Cl~. Correction for ¥Rb trapped in the
extracellular space was made by the addition of 0.5 ml cell sus-
pension (before the addition of isotope) to 0.8 ml cold CDHC
solution containing the appropriate amount of tracer and by cen-
trifuging immediately. %Rb trapped within the extracellular
space amounted to between 3 and 7% of the radioactivity accu-
mulated within 5 min.

The initial steady-state influx of K*(Rb"), expressed as
meq/(kg dry wt) - min, was calculated from the uptake of ¥Rb
which was in all cases, linear over the period of observation.
Influx was determined from: (d%Rb/dt)/SA, where d%Rb/dt is
the incorporation of ¥Rb per kg dry wt per min, that is, the slope
of the time-dependent uptake, and SA is the specific activity
(cpm/ueq) of the extracellular K*(Rb*).

Na* Influx

Measurements of the uptake of 2Na by the procedure described
above were highly variable. The lack of success was attributed to
two factors. First, the turnover of intracellular Na~ is faster than
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that of either K* or Cl-. Second, the Na* compartment size is
only about 15 and 40% of that of Na* and Cl-, respectively.
Because of this a technique was developed that permitted the
rapid sampling of cell suspension after the introduction of *Na.
A small volume of solution containing ?Na (10 ul; 20 uCi/ml)
was added to each of 6 tubes (1.5-ml capacity) maintained at
37°C. At intervals (0.25 to 1 min) a 0.5-ml aliquot of cell suspen-
sion was then added to one of the tubes. After the last addition,
0.8 ml ice-cold CDHC was rapidly injected into each sample by a
4.8-ml automatic pipetor connected to a manifold containing 6
ports. Less than 5 sec is required to deliver the CDHC solution
simultaneously to each tube. The samples were then centrifuged
30 sec at 15,000 x g, the supernatants removed and the cell
pellets mixed with 1% cold PCA. Preliminary experiments
showed that the addition of cold CDHC solution followed by
rapid centrifugation effectively stops uptake of 2?Na by the cells.
Estimates of 2Na trapped within the extracellular space were
made by adding 0.5 ml of cell suspension to 0.8 ml ice-cold
CDHC solution containing ?Na and centrifuging immediately.
Although somewhat variable, the ?Na trapped within the extra-
cellular space was between 20 and 25% of the radioactivity accu-
mulated within 3.5 min.

At the end of the experiment additional samples of cell
suspension and medium were collected as described above. The
initial steady-state influx of Na* was calculated from the uptake
of 2Na, which was linear for at least 3 min. Influx was calculated
from: (d®Na/dt)/SA, where d?Na/dt represents 2?Na incorpo-
rated per kg dry wt per min and SA is the specific activity of the
extracellular Na*.

Cl™ Influx

The unidirectional Cl- influx was calculated from the time-de-
pendent uptake of 3Cl as previously described (Levinson, 1984).
In the present experiments the sampling procedure, as well as
the measurement of *Cl trapped within the extracellular space,
was identical to that described for %Rb uptake.

ANALYTICAL PROCEDURES

The cell pellets which were extracted with PCA were kept in an
ice bath for 60 min and subsequently centrifuged at 15,000 x g
for 2 min to remove the PCA-insoluble residue. Aliquots of the
PCA extracts and cell medium were used to determine Na* and
K~ by emission flame photometry using 15 mm Li* as an internal
standard and Cl- with an autotitrator (Levinson & Villereal,
1976). Aliquots of the PCA extracts and media were assayed for
8Rb and 22Na radioactivity with a Packard gamma counter, while
3C1 activity was measured with the liquid scintillation counter
(Beckman LS 355).

Results

DIDS- AND FUROSEMIDE-SENSITIVE Cl- FLUXES

Although as much as 50% of the steady-state CI~
flux is believed to be cotransported with cations
(Aull, 1981, 1982), it was recently reported that Cl-
transport was unaffected when Na‘t was replaced
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Fig. 1. Inhibition of steady-state CI~ exchange by DIDS and
furosemide in Na*-containing medium. At time zero *Cl was
added to cell suspensions: (1) incubated in the standard HEPES-
buffered saline solution (150 NaCl/6 KCl; O) (2) 30 sec after the
addition of DIDS (0.2 mM; @) or furosemide (0.5 mMm; l) and (3)
30 sec after the addition of DIDS + furosemide (A). Ln (1 —
relative specific activity of Cl7) is plotted as a function of time
(Levinson, 1984). The efflux rate coefficients (ke; min~') which
were determined from the slope of the linear regressions are:
Control, 0.143; DIDS, 0.078; furosemide, 0.066; and DIDS +
furosemide, 0.017. Correlation coefficients (r) exceeded 0.98 in
all cases. Five such experiments are summarized in Table 1

by choline (Hoffmann et al., 1983). The lack of ef-
fect of Na* removal suggests that this cation is not
transported by the furosemide-sensitive, Cl--de-
pendent cotransporter under normal steady-state
conditions. If this were the case then it is reason-
able to expect that the furosemide-sensitive fraction
of the ClI~ flux would be the same both in the pres-
ence and absence of Na™. This was tested in a series
of experiments, the results of which are shown in
Figs. 1 and 2 and summarized in Table 1.

Figure 1, which displays data from a represen-
tative experiment, compares the inhibitory effects
of DIDS and furosemide on Cl~ transport in normal
Na*-containing medium (150 mm NaCl, 6 mm KCl).
DIDS (0.2 mm) and furosemide (0.5 mm) reduce the
Cl~ efflux rate coefficient (ke; min~') by 44 and
54%, respectively. In preliminary experiments we
found the concentration of DIDS which causes
maximal inhibition lies between 0.1 and 0.2 mm. In
contrast to DIDS, increases in the concentration of
furosemide result in progressive inhibition of Cl-
transport due most likely to inhibition of the cotran-
sport pathway, as well as to partial inhibition of the
DIDS-sensitive, self-exchange pathway. There is
evidence, however, that the inhibitory action of
furosemide at 0.5 mwm is confined exclusively to
DIDS-insensitive CI~ transport (Aull, 1982). The
addition of 0.2 mMm DIDS plus 0.5 mMm fuorsemide
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Table 1. Effect of DIDS and furosemide on chloride transport®
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Medium Cl~ Flux: meq/(kg dry wt) - min
Control DIDS Furos. DIDS + Furos.
(A) 150 mm Na* 2.1 £15 169 = 2.1 148 + 1.2 38+ 1.4
DIDS-sensitive (Cl -~ self-exchange) =15.2
Furosemide-sensitive (cotransport) =17.3
(B) 0.3-1.2 mm Na* 343 + 1.6 7.4 = 1.1 30.5 = 1.7 4.1+ 09
DIDS-sensitive (Cl- self-exchange) =269
Furosemide-sensitive (cotransport) = 338

* Ehrlich cells were incubated in either Na*-containing (A) or choline (B) media in the presence and
absence of inhibitors as described in Fig. 1. Fluxes were calculated from the product: k¢ (min ') x Cl

content (meq/kg dry wt) as previously described (Levinson, 1984). Mean values =

I se for five

separate experiments in each medium are shown. Inhibitor-sensitive fractions are calculated from the
difference: CI- flux in the absence—CI- flux in the presence of the inhibitor.
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Fig. 2. Inhibition of steady-state Cl- exchange by DIDS and
furosemide in Na*-free, choline medium. At time zero °Cl was
added to cell suspensions: 1) incubated in HEPES-buffered cho-
line medium (150 choline Cl/6 KCI; O), (2) 30 sec after the addi-
tion of DIDS (0.2 mM; @) or furosemide (0.5 mm; W) and (3) 30
sec after the addition of DIDS + furosemide (A). The efflux rate
coefficients which were determined as described in Fig. 1 are:
Control, 0.229; DIDS, 0.055; furosemide, 0.195 and DIDS +
furosemide, 0.025. Five such experiments are summarized in
Table 1

results in an 89% reduction in ke which is nearly
equivalent to the sum observed by DIDS and furo-
semide alone. Despite the significant inhibitory ef-
fects of these agents, intracellular ClI- does not
change (69 meg/kg cell water; 224.5 meq/kg dry wt).

The data shown in Fig. 2 were obtained from
cells made Na'-free by incubation in choline me-
dium (150 mM choline CI=, 6 mMm KCl). In the ab-
sence of extracellular Na* the cells lose, in addition
to Na* and Cl-, a small amount of K* and water.

After about 45 to 60 min a new steady state is estab-
lished in which the intracellular [Cl™] is similar to
that of normal Na*-containing cells but the Cl~ con-
tent is reduced (60 meqg/kg cell water; 163.5 meg/kg
dry wt). In the absence of Na*, the effects of DIDS
and furosemide are markedly different. The ke is
depressed 78% by DIDS but only 11% by furo-
semide. The combination of DIDS plus furosemide
results in an 88% reduction in ke which is equivalent
to the sum of the individual effects. As in the case of
Na*-containing cells, the presence of DIDS, furo-
semide or both does not alter the intracellular [Cl~]
or content.

Table 1 summarizes the results of 10 separate
experiments. In normal Na*-containing medium the
steady-state Cl- exchange flux can be divided into
two functionally distinct fractions: one that is inhib-
ited by DIDS and a second that is inhibited by furo-
semide. There is compelling evidence obtained
from numerous studies, in this as well as other cell
types, that the DIDS-sensitive fraction represents
Cl~ transport mediated by the anion exchanger or
self-exchange pathway. The DIDS-insensitive or
furosemide-sensitive component, as noted above,
represents the movement of Cl~ coupled to the
transfer of cation. A small fraction of the Cl~ flux,
about 12% in our experiments, is not inhibited by
the combination of DIDS plus furosemide and most
likely represents movement through the conductive
or diffusional pathway (Hoffmann et al., 1979). The
response of the Cl~ transport system to the removal
of Na* is noteworthy. Although the steady-state ex-
change flux (34.3 meq/(kg dry wt) - min) is not sig-
nificantly different from that measured in Na*-con-
taining medium (32.1 meqg/(kg dry wt) - min), the
effects of DIDS and furosemide are markedly differ-
ent. While about 44% of the CI~ flux is inhibited by
DIDS in Na* medium, this increases to 78% when
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Fig. 3. Dependence of the steady-state Cl~ exchange flux (meq/
(kg dry wt) - min) on the extracellular [Na*]. Tumor cells were
incubated in media containing varying concentrations of Na* and
the CI~ flux measured as described in Fig. 1 and Table 1. Results
from nine experiments are shown

Nat is removed. Furosemide, on the other hand,
inhibits CI~ transport by 11% in the absence of Na™,
but in its presence by 54%.

The simplest interpretation of these results is
that Na* has two effects on steady-state Cl~ trans-
port. First, since the removal of Na* increases the
fraction of the total flux susceptible to inhibition by
DIDS, the self-exchange pathway transports Cl~ at
a higher rate in the absence of Na* than in its pres-
ence. Second, the finding that furosemide, in the
absence of Na* has only a small effect on Cl~ trans-
port, suggests that Na* is required either directly or
indirectly by the cotransport pathway. Thus, al-
though the removal of Na* would be expected to
reduce Cl~ transport by an amount equal to that
contributed by the cotransporter this would be off-
set by an increase in Cl~ self-exchange. This would
explain why steady-state Cl~ transport is appar-
ently unaffected by the replacement of Na* by cho-
line (Hoffmann et al., 1983).

Na*-DEPENDENCE OF THE Cl~ FLux

Since the removal of Na* significantly reduced the
effect of furosemide on CI~ transport, it was reason-
able to suspect as a working hypothesis, that Na*
plays an important role in ion cotransport. Because
of this we systematically investigated the effect of
varying the extracellular [Na*] on the steady-state
CI~ flux both in the presence and absence of DIDS
and furosemide.

The relationship between the Cl~ flux and ex-
tracellular [Na*] is shown in Fig. 3. In media nomi-
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Fig. 4. Dependence of DIDS-insensitive Cl- transport on the
extracellular [Na*] and the effect of furosemide. Tumor cells
were incubated in media containing varying concentrations of
Nat*. DIDS (0.2 mM) was added 30 sec before the addition of
3C], while furosemide (0.5 mM) when present, was added 15 sec
after the addition of DIDS. Resuits from 17 experiments are
shown: 14 DIDS alone (+) and 3 DIDS + furosemide (H)

nally free of Na* (0.1 to 1 mm) the flux ranges be-
tween 27 and 33 meq/(kg dry wt) - min. With
increasing concentrations of Na™* the flux increases,
reaches and maintains a maximum value of approxi-
mately 41 meqg/(kg dry wt} - min between 25 and 60
mM Na* but then progressively declines. At 150 mm
Na' the flux averages 30.5 = 1.1 meq/(kg dry wt) -
min.

Figure 4 illustrates the dependence of the co-
transport component on the extracellular [Na*]. In
these experiments, like those described in Figure 3,
Ehrlich cells were equilibrated in media containing
5to 7 mM K*, 150 mm Cl- and varying concentra-
tions of Na*/choline. DIDS (0.2 mM) was added to
block the anion exchanger and the uptake of Cl
measured during the next 6 min. In the absence of
Nat the steady-state Cl~ flux is 3.0 = 0.41 meg/(kg
dry wt) - min but rapidly increases to a maximal
value of 23 meqg/(kg dry wt) - min at about 20 mm
Na'. Between 20 and 55 mMm Na* the flux is rela-
tively constant but then decreases to 19 = 1.8 meq/
(kg dry wt) - min when the [Na'] increases to 150
mM. Note that furosemide (0.5 mm) abolishes the
response to Na™ and that the addition of this agent
is equivalent to the removal of Na*. These data
clearly demonstrate that the cotransport pathway
has a strict requirement for Na™.

Na*-DEPENDENT K* TRANSPORT
Our results to this point indicate that Na™ is re-

quired by the furosemide-sensitive component of
the Cl- transport system. Since a fraction of K*
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Fig. 5. Time-dependent uptake of *Rb and the effect of ouabain
and furosemide. Tumor cells were incubated in Na*-containing
medium, centrifuged and resuspended in the same medium con-
taining 2 mM ouabain (@) or 0.5 mM furosemide (M) or the combi-
nation of both inhibitors (#). After a brief incubation at 37°C
(about 5 min), ¥Rb was added and the uptake measured during
the next 6 min. The unidirectional influxes (meq/kg dry wt) - min,
calculated as described in Materials and Methods, for this as well
as three additional experiments are: Control, 19.2 + 2.3; furo-
semide, 9.9 = 1.3; ouabain, 10.4 * 1.4 and furosemide + oua-
bain, 1.54 = 0.6

transport, linked to the transport of Cl~ and inhib-
ited by furosemide, has been identified in steady-
state Ehrlich cells (Bakker-Grunwald, 1978; Aull,
1981, 1982), it was of interest to examine the effect
of Na* on K* cotransport. The data shown in Fig.
5, taken from a representative experiment, dem-
onstrate the inhibitory effects of ouabain and
furosemide on the uptake of %Rb in normal Na*
medium. Approximately 48% of the total uni-
directional %Rb (K*) influx (19.2 = 2.3 meq/(kg
dry wt) - min) is inhibited by 0.5 mm furosemide.
We found that the concentration of furosemide at
which inhibition is maximal lies between 0.4 and
I mM. The ouabain-sensitive component is maximally
inhibited between 1 and 2 mM ouabain and repre-
sents about 46% of the total unidirectional influx.
These values agree favorably with those reported
by others (Mills & Tupper, 1975; Tupper, 1975;
Geck et al., 1980; Aull, 1982). The addition of 2 mm
ouabain plus 0.5 mmMm furosemide leads to 92% re-
duction in ¥Rb influx which is nearly equivalent to
the sum of the reductions observed with ouabain
and furosemide alone. DIDS, however, has no ef-
fect on either ouabain-sensitive or insensitive K*
transport.

Figure 6 shows the dependence of ouabain-in-
sensitive K* transport on the extracellular [Na*].
This component of K* transport increases sharply
with increasing Na™* and attains a maximal value (19
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Fig. 6. Dependence of ouabain-insensitive K* transport (meq/
(kg dry wt) - min) on the extracellular [Na*] and the effect of
furosemide. Tumor cells were incubated in media containing
varying concentrations of Na*, centrifuged and resuspended in
the same medium containing 2 mM ouabain. After a brief incuba-
tion at 37°C (about 5 min), %Rb was added and its uptake mea-
sured during the next 6 min. Furosemide (0.5 mm), when
present, was added 30 sec before the addition of %Rb. Results
from seven experiments: five ouabain alone (+), two ouabain +
furosemide (M) are shown

meq/(kg dry wt) - min) at about 25 mMm Na*. Be-
tween 25 and 55 mMm Na® the flux is relatively con-
stant, but then steadily decreases to 10.1 = 0.3 meq/
(kg dry wt) - min as the [Na*] increases to 150 mm.
The addition of 0.5 mM furosemide completely abol-
ishes the stimulation of K* transport by Na*. In
fact, the residual flux (1.20 to 1.51 meq/(kg dry wt) -
min) is identical to that measured in the absence of
Nat.

It is useful at this point to summarize the effects
of Nat on the furosemide-sensitive Cl~ and K*
fluxes. In the absence of Na* both are minimal and
most likely represent nonmediated transport. With
an increase in the concentration of Na™ the fluxes
increases in parallel. The maximal flux of each is
reached and maintained at between 25 and 55 mm
Na*. In the case of CI~ the flux is 20 meg/(kg dry
wt) - min (23 — 3.0; Fig. 4), while that for K* is 17.8
meqg/(kg dry wt) - min (19 — 1.20; Fig. 6). This is
consistent with the idea that between 1 and 55 mm
Nat the cotransport system mediates the simulta-
neous transfer of K* and Cl~ with a stoichiometry
of approximately 1 ClI-: 1 K*. With increasing con-
centrations of Na™* the transport of both K* and C1-
decreases, although not in parallel. For example, at
150 mMm Na* the corresponding fluxes of K* and CI~
are 8.8 meq/(kg dry wt) - min and 16 meq/(kg dry wt)
- min (19 — 3.0), respectively; a finding consistent
with transfer of 1 K*:2 Cl~.
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Fig. 7. Time-dependent uptake of 2Na in Na*-containing me-
dium and the effect of furosemide. This experiment which is
representative of three others was carried out as described in
Table 2. The unidirectional Na* influxes (meq/(kg dry wt) - min)
for the four experiments are: Control, 23.1 = 2.6 (+) and furo-
semide, 16.6 = 1.9 (W)

FUROSEMIDE-SENSITIVE Nat TRANSPORT

The results described in the preceding section show
that increasing the [Na*] from 60 to 150 mMm results
in almost 50% inhibition of ouabain-insensitive K+
movement but only a 30% inhibition of the corre-
sponding Cl~ flux. This raised the possibility that,
while at low [Na'] (e.g., [ to 60 mMm) the cotrans-
porter mediates the simultaneous transfer of K* +
CI-, with increasing Na* a fraction of C1~ transfer is
accompanied by Na*. In order to investigate this
point the dependence of steady-state Na* transport
on the extracellular [Na*] and how furosemide ef-
fects this process was investigated.

The inhibitory effect of furosemide on the up-
take of 2Na in Na*-containing medium is shown in
Fig. 7. In this experiment 30% of the total unidirec-
tional influx (23.1 meq/(kg dry wt) - min) is inhibited
by 0.5 mm furosemide. As in the case of K* trans-
port, maximal inhibition occurred at between 0.4
and 1 mMm furosemide, confirming Tupper’s original
finding (Tupper, 1975). Table 2 shows that replace-
ment of C1~ by NOj inhibits Na™ influx by 34%. The
addition of 0.5 mM furosemide to NOj -containing
medium has no additional inhibitory effect; al-
though furosemide does depress influx by 31% in
Cl~-containing medium. These results support the
idea that a fraction of the Na* influx is dependent
on Cl~ and that this represents, at least function-
ally, the furosemide-sensitive component. Figure 8§,
which summarizes this series of experiments,
shows the relationship between the extracellular
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Fig. 8. Dependence of the Na* influx and furosemide-sensitive
component on the extracellular [Na*]. Tumor cells were incu-
bated in media of varying concentrations of Na* and the Na~*
influx (meq/(kg dry wt) - min) determined from the uptake of 2Na
as described in Table 2. The results of 12 experiments are shown:
six Control (+) and six furosemide-sensitive (M; determined
from the difference between Na* influx in the absence and pres-
ence of 0.5 mM furosemide)

Table 2. Effect of NO;3 and furosemide on Na* influx?

Medium Na* influx  Inhibition relative to control
A4) CI- 23.6 2.2 0 (n=4
(B) Cl- + furos. 161 16 31.7 =15
(C) NO; 15421 347 (n=23)
(D) NO5 + furos. 15811 331 (n=3)

2 Ehrlich cells were incubated in either Cl~-containing medium
(150 NaCl/6 KCI) or Cl-free, NO; medium (150 NaNO,/6
KNO,) in the presence and absence of 0.5 mM furosemide. At
time zero 2Na was added and the uptake measured for 3 min.
Na* influx (meq/(kg dry wt) - min) was calculated from the
uptake of 2Na as described in Materials and Methods. Mean
values = 1 s for between three and five experiments are re-
ported.

[Na*], steady-state Na* influx and the furosemide-
sensitive component, calculated as the difference
between transport in the presence and absence of
furosemide. In the absence of furosemide, Na™ in-
flux rises curvilinearly in response to an increasing
[Na*] and at 150 mm is 23.5 = 2.6 meq/(kg dry wt) -
min. The furosemide-sensitive component on the
other hand, is essentially zero until the [Na*] ex-
ceeds about 50 mM and then rises progressively to 7
meq/(kg dry wt) - min.

The results of these experiments, when consid-
ered in the context of those described above, show
that although the cotransport system requires Na*t
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for optimal activity, Na™ is not cotransported until
its concentration exceeds 50 mM. Since K cotrans-
port decreases when the [Na*] exceeds about 55
mM, it appears that decrement in K* transport is
compensated for by an increase in Na™* cotransport.
Although the total cation influx through the cotrans-
port pathway is almost constant, the relative frac-
tion of KCI to NaCl movement decreases when
[Na*] exceeds about 55 mm. Therefore, in the nor-
mal physiological medium the cotransport system
facilitates NaCl and KCl exchange with an overall
stoichiometric relationship of 2 CI7: 1 K*:1 Na~.

Discussion

In the Ehrlich tumor cell restoration of normal vol-
ume and electrolyte content following a variety of
experimental manipulations is associated with the
activation of an electrically silent cotransport of
Na* + Cl- (Hoffmann et al., 1983) or Na* + K* +
Cl~ (Geck et al., 1980). Volume-dependent, as well
as catecholamine-activated cotransporters, from a
variety of cell types share at least two features in
common. In addition to the requirement for Na*
and/or K*, they are sensitive to the ‘‘loop’ diuret-
ics, bumetanide or furosemide, and exhibit selectiv-
ity of CI~ over NO; and most other anions (e.g.,
McManus & Schmidt, 1978; Kregenow, 1981; Hoff-
mann et al., 1983; Dunham & Benjamin, 1984).

In contrast to volume-dependent cotransport
which effects net ion uptake, the Ehrlich cell mem-
brane during the normal physiological steady state,
mediates a furosemide-sensitive, Cl -dependent
cation transport which operates as a bidirectional
exchanger.

Although both processes are furosemide-sensi-
tive and require Cl-, the lack of effect of replace-
ment of Na* by choline on the steady-state C1~ flux
suggested the absence of Na® + Cl~ cotransport
(Sjoholm et al., 1981; Hoffmann et al., 1983). Our
data (Fig. 3, Table 1) confirms this and in addition
shows that in media nominally free of Na* the re-
sponse to furosemide is almost completely abol-
ished. If we accept furosemide sensitivity as an in-
dex of cotransport activity, then in the absence of
" Na*, cotransport ceases or is greatly reduced.
Since about 50% of Cl~ transport is mediated by the
furosemide-sensitive pathway, one would expect
the removal of Na* to result in a significant reduc-
tion in C1- transport. This, however, is not the case.
The apparent inconsistency is resolved when the
effect of the anion exchange exhibitor, DIDS, is
considered. In normal Na* medium DIDS inhibits
Cl- transport by about 45%; this, however, in-
creases to 78% in the absence of Na* suggesting an
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increase in the turnover of the self-exchange path-
way. Since the DIDS-sensitive component of Cl-
transport exhibits self-inhibition (Hoffmann et al.,
1979; Levinson, 1984), it is tempting to speculate
that the removal of Na*, like an increase in [H'],
partially reduces the inhibitory effect of the modi-
fier site, thereby resulting in an increase in transport
through the self-exchange pathway. This possibility
1s currently under investigation.

The dependence of steady-state cotransport on
Nat is perhaps best seen under conditions where
the anion exchanger is inhibited by DIDS (Fig. 4).
Note that the removal of Na' is equivalent to the
addition of furosemide in that the CI~ flux is almost
completely inhibited. The residual flux most likely
represents nonmediated, diffusional transport.
However, with increasing concentrations of Na*,
furosemide-sensitive Cl~ transport increases and at-
tains a maximal rate of 20 meqg/(kg dry wt) - min.
This rate is maintained between 20 and 55 mMm Na*.
Since Nat and K* were present in the medium, it
was conceivable both were cotransported with Cl-,
It is clear, however, that over the range of 1 to 55
mM Na* only K* is cotransported (Fig. 6). In the
absence of Na* the ouabain-insensitive component
of K" transport is inhibited by between 92 and 94%,
which is equivalent to the effect of furosemide at all
concentrations of Na* tested. Ouabain-insensitive
transport increases with an increase in Na* and like
that of Cl~ reaches and maintains a maximal rate of
17.8 meq/(kg dry wt) - min at about 20 to 55 mm.
Over the range of 1 to 55 mM Na* the stoichiometric
relationship between furosemide-sensitive CI- and
K™ transport is with minor variation, 1: 1; while the
maximal rate of KCl cotransport is between 18 to 20
meq/(kg dry wt) - min. Dependence of KCI trans-
port on Na* is also characteristic of the cotransport
system of human and avian red blood cells. How-
ever, in contrast to the erythrocyte where Na™ is
transported along with K+ (Wiley & Cooper, 1974;
Schmidt & McManus, 1977; Chipperfield, 1980;
Dunham et al., 1980) our data indicate at [Na*] be-
low 50 mM, KClI is the only ion-pair transported.
This is suggested by the finding that although
Natinflux increases when the [Na'] is increased
from 5 to 50 mm, a furosemide-sensitive, Cl™-de-
pendent component is not detectable (Fig. §, Table
2), However, at [Na'] greater than about 50 mm
there is a progressive increase in the furosemide-
sensitive Na* influx. At 150 mm Na* this amounts
to 7 meq/(kg dry wt) - min or 30% of the total Na*
flux. The increase in the furosemide-sensitive Na*
influx which occurs over the range of Na*™ concen-
trations, 50 to 150 mM, correlates well with the de-
crease in the ouabain-insensitive K influx. Thus,
while K* transport decreases from 17.8 meq/(kg dry
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wt) - min at 60 mmM Na* to about 9 meq/(kg dry wt) -
min at 150 mMm Na*, Na* cotransport increases by a
similar amount.

Furosemide-sensitive Cl~ transport, on the
other hand, decreases about 20%, from 20 meq/(kg
dry wt) - min at 55 mMm Na* to 16 meq/(kg dry wt) -
min at 150 mMm Na*. Thus, while the stoichiometric
relationship between furosemide-sensitive K* and
Cl~ transportis 1:1 at 55 mm Na* and lower, at 150
mMitis2 Clm:1 K*:1 Na'.

The change in stoichiometry may be interpreted
in at least two ways. First, although the cotransport
system may mediate the transmembrane movement
of the quarternary complex, 2 ClI7:1 K*:1 Na* at
physiological concentration of CI-, K* and Na*,
the coupling ratio is not fixed. Rather, the relation-
ship between Cl-, K* and Na' is variable and as
our results suggest is dependent on Na*. Thus, at
low [Na*] 2 CI=:2 K* are transported but at high
[Na*],2Cl :1K*:1Na". This of course, does not
preclude a dependence on other variables including
K™, ClI~, and cell volume (Geck et al., 1981). Sec-
ond, it is also possible that depending on the condi-
tion, the cotransport system mediates the transfer of
only KCI or NaCl ion pairs; the relative proportion
of each dependent on the [Na']. In both cases Na*
may have two roles. At low concentration, up to
about 20 mM, Na* is required for KCI cotransport
but is not transported with Cl-. This suggests that
Na® serves as an activator and may be related to an
observation made in LK sheep red celis that, in
addition to K* and Cl-, Na" is required for inhibi-
tion of KCI transport by furosemide even though
Nat is not transported (Lauf, 1984). Na* could fa-
cilitate furosemide inhibition by binding to a func-
tionally inoperative site or alternatively compete for
K~ on the KCl cotransporter. A distinction between
these and other possibilities cannot presently be
made. At higher [Nat], 50 to 150 mM, there is a
decrease in KCl and a concomitant increase in NaCl
cotransport. This suggests that although K* is the
preferred substrate, it can be partially displaced by
Na*. The implication is that the cation binding
site(s) is not absolutely specific for K*. It is impor-
tant to note that the total flux through the cotrans-
port pathway decreases somewhat when the trans-
port of NaCl relative to KCl increases (Fig. 4). This
raises the possibility that KCl and NaCl are not
strictly equivalent and may signify that the trans-
porter cycles slower when transferring NaCl or the
complex, 2 Cl7:1 K*:1 Na*.

We can only speculate as to the relationship
between steady-state ion cotransport and that
which occurs during nonsteady-state conditions,
such as volume regulation. Both are Cl--selective,
furosemide-sensitive and involve, under certain
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conditions, the same ions. Thus, it seems reason-
able to suspect, at least superficially, that both pro-
cesses are accomplished by the same membrane
transport system. During the physiological steady
state the driving forces on Na*, K*, and CI-, as
well as the symmetry of the system, are such that
the cotransporter effects a transmembrane ex-
change of KCI for KCl and NaCl for NaCl. Activa-
tion of anion-cation cotransport during volume reg-
ulation most likely involves the conversion of the
cotransporter from an exchanger to a net pathway.
Although the factors responsible are as yet un-
known, the suggestion has been made that cellular
CI™ may play an important role in the volume regu-
latory response of frog skin epithelial cells (Ussing,
1982). Since volume regulation (RVI) in Ehrlich
cells is studied in preparations that have experi-
enced a significant loss of Cl~, about 35% in Hoff-
mann’s experiments (Hoffmann et al., 1983), it is
conceivable that this contributes to a selective inhi-
bition of ion efflux mediated by the cotransport sys-
tem.
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