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Swmmary. Ehrlich ascites cells were preincubated in hypotonic
medium with subsequent restoration of tonicity. After the initial
osmotic shrinkage the cells recovered their volume within 5 min
with an associated KCI uptake. 1. The volume recovery was
inhibited when NO5 was substituted for CI~, and when Na™
was replaced by K*, or by choline (at 5mm external K*).
2. The volume recovery was strongly inhibited by furosemide
and bumetanide, but essentially unaffected by DIDS. 3. The
net uptake of CI- was much larger than the value predicted
from the conductive C1~ permeability. The unidirectional 3¢Cl
flux, which was insensitive to bumetanide under steady-state
conditions, was substantially increased during regulatory vol-
ume increase, and showed a large bumetanide-sensitive compo-
nent. 4. During volume recovery the Cl~ flux ratio (influx/
efflux) for the bumetanide-sensitive component was estimated
at 1.85, compatible with a coupled uptake of Na™ and C1°,
or with an uptake via a K*,Na™, 2C1~ cotransport system.
The latter possibility is unlikely, however, because a net uptake
of KCI was found even at low external K*, and because no
K ™ uptake was found in ouabain-poisoned cells. 5. In the pres-
ence of ouabain a bumetanide-sensitive uptake during volume
recovery of Na* and Cl™ in nearly equimolar amounts was
demonstrated. It is proposed that the primary process during
the regulatory volume increase is an activation of an otherwise
quiescent, bumetanide-sensitive Na™,CI™ cotransport system
with subsequent replacement of Na* by K* via the Na*/K*
pump, stimulated by the Na* influx through the Na*,Cl™ co-
transport system.
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Introduction

The ion distribution across the cell membrane of
Ehrlich ascites tumor cells is generally described,
following the concept originally developed by Leaf
(1959), Ussing (1960) and Tosteson and Hoffman
(1960), as a pump-leak steady state for Na* and
K* (Grobecker, Kromphardt, Mariani & Heinz,
1963 ; Hempling, 1966), with some evidence of an
exchange diffusion component (Mills & Tupper,
1975; Tupper, 1975). Under steady-state condi-
tions C1~ was found to be close to electrochemical

equilibrium across the cell membrane (Lassen,
Nielsen, Pape & Simonsen, 1971). The volume of
Ehrlich cells is determined by the cell content of
osmotically active solutes, and the cell volume is
precisely regulated via dynamic and controlled
changes of the leak pathways (Hoffmann, 1978;
for other cell types see review by Kregenow, 1981).

Several pathways for passive anion and cation
transport have been demonstrated in Ehrlich cells
during recent years. The conductive C1~ perme-
ability is low and of a magnitude similar to that
of the conductive Na* and K* permeabilitics
(Heinz, Geck & Pietrzyk, 1975; Simonsen, Hoff-
mann & Sjeholm, 1976; Hoffmann, Simonsen &
Sjeholm, 1979). This means that in Ehrlich cells
the Cl™~ permeability may become rate limiting for
loss and uptake of salt and water during volume
regulation. This is at variance with the findings
in human red cells (see Knauf, Fuhrmann, Roth-
stein & Rothstein, 1977), where the conductive CI1~
permeability is of an absolute magnitude similar
to that found in Ehrlich cells but about two orders
of magnitude larger than the conductive Na™ and
K™ permeabilities.

An electrically silent Cl1 ™ exchange with proper-
ties similar to that of the anion exchange system
found in red cells and some other cell types (see
review by Wieth & Brahm, 1983) has been demon-
strated in Ehrlich cells (Levinson & Villereal, 1976;
Aull, Nachbar & Oppenheim, 1977; Hoffmann
etal., 1979). Moreover, cotransport systems for
K*,Cl™ (Aull, 1981) or K*,Na*,2Cl™ (Geck et al.,
1980) have recently been described. Furthermore,
a Ca?*-dependent K* channel similar to that
found in red cells (see Lew & Ferreira, 1978) has
recently been demonstrated (Valdeolmillos, Gar-
cia-Sancho & Herreros, 1982). The net loss of KCl
seen in several cell fypes during regulatory volume
decrease in hypotonic media (see reviews by
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McKnight & Leaf, 1977, and Hoffmann, 1977,
1983) has been proposed to involve activation of
both the Ca®*-dependent K* channel and a sepa-
rate Cl1~ channel in human lymphocytes (Grin-
stein, DuPre & Rothstein, 1982; Grinstein, Clarke,
DuPre & Rothstein, 1983) and in Ehrlich cells
(Hoffmann, Simonsen & Lambert, 1983). The
pathways of anion transport in Ehrlich cells have
recently been reviewed by Hoffmann (1982).

In hypertonic media Ehrlich cells behave as os-
mometers with no sign of volume recovery (Hem-
pling, 1960; Hendil & Hoffmann, 1974). At low
Cl~ concentration, however, an increase in K * and
Cl™ fluxes in osmotically shrunken cells has been
demonstrated (Hoffmann, 1978), suggesting a pos-
sible role in volume regulation. The present study
demonstrates a volume recovery in Ehrlich cells
when hypotonic pretreatment, resulting in a sub-
stantial net loss of KCl, is followed by restoration
of tonicity. After the initial osmotic shrinkage a
net uptake of KCl could be deomonstrated which
was found to be Na*- and Cl™-dependent and bu-
metanide- and furosemide-sensitive. It is proposed
that the primary process during the regulatory vol-
ume increase is an activation of an otherwise quies-
cent bumetanide-sensitive Na™,Cl™ cotransport
system with subsequent replacement of Na™ by
K™ via the Na®/K* pump, stimulated by the Na*
influx through the Na* Cl~ cotransport system.
A similar mechanism has quite recently been pro-
posed for volume regulation in frog skin epithelial
cells (Ussing, 1982; Kristensen & Ussing, 1983).
AK* Na*,2Cl™ cotransport system activated dur-
ing regulatory volume increase has been described
in nucleated avian red cells (see reviews by
McManus & Schmidt, 1978, and Kregenow, 1981).
The trigger mechanism for activation of the pro-
posed Na™*,Cl~ cotransport system during regula-
tory volume increase in Ehrlich cells is discussed.
Preliminary reports of this study have previously
been presented (Hoffmann, Sjeholm & Simonsen,
1981; Sjoholm, Hoffmann & Simonsen, 1981).

Materials and Methods

CELL SUSPENSIONS

Ehrlich mouse ascites tumor cells (hyperdiploid strain) were
maintained by weekly intraperitoneal transplantation in white
female NMRI mice, and 8 days after transplantation harvested
and suspended in a standard saline solution containing heparin
(2.5 IU/ml). This solution (A) had the following composition
(mm): Na*®, 150; K*, 5; Mg?*, 1; Ca?*, 1; Cl-, 150; sulfate,
1; inorganic phosphate, 1; MOPS (morpholinopropane suifonic
acid), 3.3; TES (N-tris-(hydroxymethyl)-methyl-2-amino-eth-
ane sulfonic acid), 3.3; and HEPES (N-2-hydroxyethylpipera-
zine-N’-2-cthane-sulfonic acid), 5; pH 7.40 (¢f. Eagle, 1971).

The cells were washed by centrifugation (45 sec, 700 x g) once
with the standard saline solution and once with the appropriate
experimental incubation medium (see below). The cytocrit was
adjusted to 8%. [*H] inulin (The Radiochemical Centre, Amer-
sham, England; 5 x 10° dpm/ml) was added as marker of extra-
cellular space.

INCUBATION MEDIA

The following media were used: (A) Standard saline solution,
300 mOsm (see above); (B) Hypotonic 225 mOsm and
150 mOsm saline solutions, prepared by diluting the standard
saline solution (A) 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) Dou-
ble-strength saline solution with double ion concentrations
compared to solution A, but with the same buffer concentra-
tion; (D) Isotonic, hypotonic or double-strength nitrate or cho-
line incubation media in which NaNQ, or choline chloride,
respectively, was substituted for NaCl in equimolar amounts.
The choline media contained the same K* concentration as
the standard media; (E) Potassium incubation medium in which
KCl was substituted for NaCl in equimolar amounts.

REAGENTS

Bumetanide, furosemide and trifluoperazine were gifts from
Leo Pharmaceutical Products, Copenhagen; Hoechst, Frank-
furt (M); and Lundbeck & Co., Copenhagen, respectively. Qui-
nine hydrochloride was obtained from Sigma, St. Louis, Mo.
4,4’-diisothiocyanostilbene-2,2’-disulfonic acid (DIDS) was the
kind gift of Dr. J.O. Wieth, University of Copenhagen. All
reagents were analytical grade.

PRETREATMENT OF THE CELLS
BY EXPOSURE TO Low EXTERNAL OSMOLARITY

The cells were initially incubated in 300 mOsm saline solution
for 30 to 40 min. The cells were then packed by centrifugation,
resuspended in hypotonic saline solution (225 or 150 mOsm)
and incubated for 20 to 40 min. At zero time a tonicity of
300 mOsm was restored by addition of 1/4 or 1/2 volume, re-
spectively, of double-strength saline solution. Duplicate sam-
ples for determination of water and ion content were taken
before exposure to the hypotonic saline solution and again be-
fore restoration of tonicity. In the experiments in K* medium
the hypotonic pretreatment followed the protocol for control
cells, and at zero time the cells were washed and resuspended
in 300.mOsm K * incubation medium.

MEASUREMENTS OF CELLULAR
AND EXTRACELLULAR TON CONCENTRATIONS

Two 1-ml samples of the cell suspension were transferred to
preweighed vials for determination of ion content and ceil
water, respectively. The vials were centrifuged (14,000x g,
60 sec), the supernatant removed by suction and the samples
weighed. In one sample cell water was determined by reweigh-
ing after drying for 48 hr at 90 °C. In the other sample the
packed cells were lysed in 800 pl distilled water and deprotein-
ized with addition of 100 ul perchloric acid (70%). Two 100-pl
samples of the supernatant were saved and processed in parallel
with the cell pellets for determination of ion content.

K* and Na* were determined by emission flame photo-
tometry (Pye/Unicam SP90B Atomic Absorption Photometer,
Pye/Unicam, Ltd., England) after dilution of samples and stan-
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dards with 1 mm CsCl in order to increase the linearity of stan-
dard curves and to eliminate the interference of Nat in K*
measurements and vice versa. Cl™ concentration was assessed
by coulometric titration (CMT 10 Chloride Titrator, Radi-
ometer, Copenhagen, Denmark). *H and 3¢C1~ (see below) were
measured by liquid scintillation counting using Pico-Flour-15
(Packard) as scintillation cocktail and a Packard CD 460 spec-
trometer.

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

36CL FLUX EXPERIMENTS

The chloride tracer exchange flux under steady-state conditions
was measured as unidirectional efflux, as previously described
(Hoffmann et al., 1979). Briefly, the efflux from *°Cl preloaded
cells into the medium was followed with time by a rapid filtra-
tion technique.

The 2¢Cl influx during regulatory volume increase was
measured by adding *°Cl to the external medium and monitor-
ing the cell *°Cl activity with time (see Simonsen & Nielsen,
1971). In the present experiments the unidirectional influx was
measured as the initial rate of 3Cl uptake, as determined from
the slope of the first part of the influx curves. 3¢Cl was obtained
from Risp, Denmark.

CELL VOLUME MEASUREMENTS

An aliquot of the cell suspension was diluted to 50,000 cells
per mi with filtered medium (3 times, 0.45 pm filter). Cell vol-
ume distribution curves were obtained from a Coulter Counter
model 7Z with Coulter Channelyser (C-1000) and recorder
(HR 2000). Orifice diameter was 100 pm to ensure linearity be-
tween cell volume and pulse height. The mean cell volume (arbi-
trary units) was calculated as the median of the distribution
curves. To obtain absolute cell volumes polystyrene latex beads
(18.71 ym and 12.6 um diameter) were used as standards. Con-
trol experiments with polystyrene latex beads have shown that
the instrument readings are independent of the ionic composi-
tion and osmolarity of the media within the range used here
(Hendil & Hoffiann, 1974).

STATISTICAL EVALUATION

All values are given as the mean +SEM with the number of
experiments in brackets. Student’s #-test was used to evaluate
statistical significance.

Results
REGULATORY VOLUME INCREASE

In the present experiments Ehrlich cells were ex-
posed to hypotonic pretreatment for 20 to 40 min
(see Materials and Methods) resulting, as pre-
viously reported (Hendil & Hoffmann, 1974 ; Hoff-
mann, 1978), in a regulatory volume decrease asso-
ciated with a substantial net loss of KCI. The pre-
treatment was followed by restoration of tonicity,
and under these conditions a volume recovery (reg-
ulatory volume increase) could be observed follow-
ing the initial osmotic shrinkage. Similar protocols
have been used for experiments with flounder red
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Fig. 1. Regulatory volume increase in Ehrlich ascites cells after
increase in external osmolarity. The cells were pretreated by
exposure to low external osmolarity (225 mOsm) for 20 to
40 min (see Materials and Methods). At zero time a tonicity
of 300 mOsm was restored by addition of 1/4 volume of a dou-
ble-strength saline solution, and cell water, K*, and Cl~ con-
tent were followed with time. The cell water content calculated
for a perfect osmometer is indicated by the broken line. The
original cell water content in 300 mOsm saline solution before
the hypotonic pretreatment is indicated on the Figure for refer-
ence. The Figure shows a typical experiment from a total of
8 experiments, summarized in Table 1 (control)

blood cells (Cala, 1977) and frog skin epithelium
(Ussing, 1982).

Figure 1 shows that restoration of 300 mOsm
tonicity after hypotonic pretreatment induced an
initial osmotic shrinkage to a cell water content
close to that predicted for a perfect osmometer,
followed by a net uptake of water, K*, and Cl™.
This net uptake resulted within 3 to Smin in a
recovery of cell volume up to a level near the origi-
nal cell volume in the 300 mOsm saline solution.
The rate of uptake was calculated from the slope
of the approximately linear first part of the uptake
curves. The values from several experiments are
given in Table 1. The net uptake of Na™ was insig-
nificant [5.6 +2.7 pmol/g dry wt x min (7 indepen-
dent experiments)], and the increase in the Na™
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Table 1. Rate of uptake of water, K¥, Cl~ during regulatory
volume increase in Ehrlich ascites cells®

Exptl. condition H,0 K* C1-
(ml/g dry wt (umol/g dry wt
x min) X min)

Control 0.18+0.04(6)® 2844 (7) 25+3(8)

Nitrate medium© 0.04+0.02 (3)
Choline medium  —0.01+0.03 (3)
Potassium medium (.12 4 0.03 (2)
Furosemide, 1 mm  0.00+0.03 (3)
Bumetanide, 25 um  0.0340.01 (4)

7+3(3) —
—1144(2) =343 (3)
1745(2) 1543 (2)
8+2(3) 6+1(3)
9+1(4) 3+1 (4

® The cells were pretreated at low external osmolarity
(225 mOsm) for 20 to 40 min (see Materials and Methods).
A 300-mOsm tonicity was restored at zero time, and cell water,
K* and CI~ content were followed with time during the regula-
tory volume increase. For experimental details see legend to
Fig. 1. The choline media contained the same K * concentration
as the standard media. In the experiments in K medium the
hypotonic pretreatment followed the protocol for control cells.
At zero time the cells were washed and resuspended in
300 mOsm K * incubation medium. Furosemide and bumetan-
ide were added with the double-strength saline solution used
for restoration of tonicity at zero time. The rate of uptake
was determined as the slope of the first part of the uptake
curves. Typical experiments are shown in Figs. 1 through 4.

®  The values are given as mean 4 SEM with the number of inde-
pendent experiments in parentheses.

¢ In one experiment the cells were pretreated in 150 mOsm
nitrate medium.

concentration in cell water during regulatory vol-
ume increase was within the experimental error.
The ratio of the uptake of (K* +Na*+Cl7) to
the uptake of water corresponds to a calculated
osmolarity of about 300 mOsm.

ToN SUBSTITUTION

Substitution of nitrate for C1~ during the hypo-
tonic pretreatment and during the restoration of
tonicity resulted in inhibition of the regulatory vol-
ume increase (see Fig. 2 and Table 1). Substitution
of choline for Na™ (at unchanged external K*)
also inhibited the volume recovery (see Fig. 3 and
Table 1). If K™ is substituted for Na™ in the resto-
ration of tonicity (for details see Materials and
Methods) the regulatory volume increase was in-
hibited about 40% (see Table 1). Thus, the uptake
of KCl seems to be Cl™- and Na*-dependent.

INHIBITORS

Both furosemide and bumetanide, which have been
reported to inhibit cotransport systems in Ehrlich
cells (Geck, Heinz, Pietrzyk & Pfeiffer, 1978 ; Geck
et al., 1980; Aull, 1981), are strong inhibitors of

the ion and water uptake during the regulatory
volume increase (Fig. 4. Table 1). DIDS, however,
which inhibits the anion exchange in Ehrlich cells
(Levinson, 1978; Sjeholm et al., 1981) has no effect
on the regulatory volume increase: In the presence
of 200 pm DIDS (in one experiment 100 pm) the
net uptake of C1™ was 18.3£2.5 umol/g dry wt x
min (3 experiments) or 91 £3% of the uptake in
parallel control cells (n=3, paired analysis). In
some experiments (data not shown) the regulatory
volume increase was monitored using a Coulter
Counter (see Materials and Methods). In these ex-
periments the volume recovery was accelerated in
the presence of quinine (0.5 or 1 mM) which inhib-
its the Ca®?*-dependent K™ channel in red cells
(Lew & Ferreira, 1978) and in Ehrlich cells (Val-
deolmillos et al., 1982). The regulatory volume in-
crease was not affected by the anti-calmodulin
drug trifluoperazine (Weiss et al., 1980) at a con-
centration of 40 um (data not shown).

ACTIVATION OF CL~ TRANSPORT
DURING REGULATORY VOLUME INCREASE

The data presented in Table 2 show that the bume-
tanide-sensitive Cl~ transport is negligible under
physiological steady-state conditions, but strongly
activated during the regulatory volume increase:
The unidirectional 3°Cl influx under steady-state
conditions was neither affected by bumetanide nor
(data not shown) by substitution of Na™ with cho-
line. During the regulatory volume increase, how-
ever, the *°Cl influx was significantly increased,
and the additional 3¢Cl influx was completely in-
hibited by bumetanide.

FLUX RATIO ANALYSIS

In the experiments presented in Table 3 the unidi-
rectional 36Cl influx was measured concurrently
with the net C1~ uptake during the regulatory vol-
ume increase in the presence or absence of either
DIDS or bumetanide. The DIDS-sensitive and bu-
metanide-sensitive components were determined
from the difference in paired controls. It can be
seen that the unidirectional CI™ influx has both
a DIDS- and a bumetanide-sensitive component,
whereas the Cl™ net flux is essentially bumetanide-
sensitive and DIDS-insensitive. The finding that
the sum of the DIDS- and bumetanide-sensitive
components of the unidirectional 3°Cl influx is
only about 85% of the control is probably due
to incomplete DIDS inhibition of the anion ex-
change system: The K, for DIDS inhibition of
36(C1 self-exchange is about 50 pm and at 100 to
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Fig. 2. Effect of chloride substitution on regulatory volume in-
crease in Ehrlich ascites cells. Experimental protocol as in
Fig. 1, except that nitrate was substituted for C1~ during hypo-
tonic pretreatment of the cells in 150 mOsm saline solution
and in the double-strength saline solution used for restoration
of 300 mOsm tonicity at zero time. Two experiments with hypo-
tonic pretreatment in 225 mOsm nitrate medium gave similar
results, summarized in Table 1

200 um DIDS the inhibition is only 65 to 80% of
the maximal DIDS inhibition (C. Sjgholm & E.K.
Hoffmann, to be submitted). Extrapolating to max-
imal DIDS inhibition, the DIDS-sensitive compo-
nent is calculated to be 25 +4 pmol/g dry wt x min
(n=3). The sum of this value and the bumetanide-
sensitive component is 64+ 6 pmol/g dry wt x min
which is close to the control value. The small dif-
ference may be accounted for by the conductive
CI™ flux which in the absence of inhibitors is esti-
mated at about 5 pmol/g dry wt x min (Hoffmann
et al., 1979).

The unidirectional Cl™ efflux was calculated
as the difference between the simultaneously mea-
sured unidirectional *°Cl influx and the Cl~ net
flux, and the flux ratio was calculated as the ratio
between unidirectional influx and efflux. The
fluxes were measured as the 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
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Fig. 3. Effect of sodium substitution on regulatory volume in-
crease in Ehrlich ascites cells. Experimental protocol as in
Fig. 1, except that choline was substituted for Na* in the
225 mOsm saline solution used for hypotonic pretreatment of
the cells, and in the double-strength saline solution used for
restoration of 300 mOsm tonicity at zero time. The K* concen-
tration of the choline media was equal to that of the standard
media. The Figure shows a typical experiment from a total
of 3 experiments summarized in Table 1
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Fig. 4. Inhibition by bumetanide of regulatory volume increase
in Ehrlich ascites cells. For control cells (open symbols) the
experimental protocol was the same as that in Fig. 1. In the
parallel bumetanide groups (closed symbols) bumetanide, 25 um
(e, &) or 100 pM (v) was added at zero time together with the
double-strength saline solution. Only the cell chloride content
is shown on the Figure. The Figure shows two independent
experiments, marked by circles and triangles, respectively. Two
further experiments (25 pM bumetanide) gave similar results (see
Table 1)
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Table 2. Activation of bumetanide-sensitive unidirectional chlo-
ride fluxes during regulatory volume increase in Ehrlich ascites
cells?

Exptl. Unidirectional *Cl influx
condition (umol/g dry wt x min)
Control Bumetanide  Bumetanide-
(25 um)© sensitive
component
Physiological 43.6+2.0(7)® 444+1.1(3) —08+23¢

steady state

Regulatory 67.5+3.1(8) 31.7+23(4) 38.9+3.4(3)°
volume

increase

(initial

phase)

2 The cells in physiological steady state were incubated in
300 mOsm saline solution and the unidirectional Cl~ influx
was determined as the tracer exchange flux under steady-state
conditions (see Materials and Methods). Bumetanide was added
20 min before the 3°Cl addition for the flux measurements.
For the measurements during regulatory volume increase the
cells were pretreated at low external osmolarity, with restora-
tion of 300 mOsm tonicity at zero time as described in legends
to Figs. 1 and 4. 3%Cl was added with the double-strength saline
solution at zero time, and the cell 36Cl activity was followed
with time during the regulatory volume increase. The initial
rate of *°Cl influx was determined as the slope of the first
part of the influx curve. Bumetanide was added at zero time
with the double-strength saline solution used for restoration
of tonicity.

b The values are given as mean +SEM with the number of
independent experiments in parentheses.

¢ In one experiment the bumetanide concentration was
100 pm.

¢ Calculated as the difference between control and bumetan-
ide columns.

¢ Paired analysis.

(Sten-Knudsen & Ussing, 1981). As seen in Table 3
the DIDS-sensitive component has a flux ratio
close to unity, as expected for an exchange system.
On the other hand, the bumetanide-sensitive com-
ponent, which essentially accounts for the net up-
take induced during regulatory volume increase,
has a flux ratio of 1.8540.15. This means that
for the transport system involved in regulatory vol-
ume increase, the minimum ratio between the driv-
ing forces for influx and efflux must be 1.85.

TRANSPORT PATHWAYS, INVOLVEMENT
oF THE NAT/K* Pump

The observed Cl~ uptake during regulatory vol-
ume increase could conceivably be mediated either
by a conductive C1~ pathway or by anion-cation
cotransport systems, such as K*,C17, or Na™,Cl ",
or K*,Na*2Cl™ cotransport. The ratio between

Table 3. Flux ratio analysis of unidirectional chloride fluxes
during regulatory volume increase in Ehrlich ascites cells®

Uni- Net Uni- Flux ratio
directional directional Influx/
36Clinflux Cl™ flux Cl efflux efflux®

n pmol/g dry wt x min

Control 8 67.5+3.1° 228427 44.7+2.4 1.53+0.08
DIDS- 3 183+24° 19407 164+2.6 1.13+0.06
sensitive

component

Bumetanide- 3 389434 17.3+03 21.6+3.6 1.85+0.15
sensitive

component

a

The cells were pretreated at low external osmolarity prior
to restoration of 300 mOsm tonicity, and net C1~ flux and uni-
directional 4Cl influx were measured during regulatory volume
increase (see Tables 1 and 2). The unidirectional Cl~ efflux
was determined in each experiment as the difference between
the concurrently measured *9Cl influx and net Cl~ flux. DIDS
and bumetanide were added with the double-strength saline
solution used for restoration of tonicity at zero time.

b The values are given as mean +SEM, 7 is the number of inde-
pendent experiments with concurrent measurements of unidi-
rectional 3°Cl influx and net C1~ flux. The DIDS and bumetan-
ide-sensitive flux components were determined as the difference
between the fluxes in parallel groups with and without addition
of inhibitor. The DIDS concentration was 100 uM in one experi-
ment and 200 uM in two experiments. The bumetanide concen-
tration was 25 uM in two experiments and 100 uM in one experi-
ment.

¢ 2544 pmol/g dry wt x min when extrapolated to infinite
DIDS concentration (see text).

¢ The values are given as the mean+SeM of the flux ratios
calculated in each independent experiment.

the driving forces for unidirectional influx and ef-
flux for the above transport systems was calculated
from the internal and external ion concentrations
measured at the first data points after restoration
of tonicity (Table 4). In these calculations the ac-
tivity coefficients were assumed to be equal in cell
water and in the extracellular medium. The flux
ratio would be 0.96 for an electrodiffusional C1~
transport, assuming a membrane potential of
—27mV as found in unperturbed Ehrlich cells
(Hoffmann et al., 1979). The ratio between the
driving forces for a K*,Cl~ cotransport system
is well below unity, which means that a cotransport
of K*,C1™ would result in a net loss of KCl rather
than the observed net uptake. A cotransport of
Na®,Cl™ and of K*,Na*,2Cl~ could both ac-
count for a net uptake of C1~. A Na™*,Cl~ cotrans-
port could easily account for the observed flux-
ratio of 1.85+0.15, whereas the ratio of the driving
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Table 4. Ion concentration ratio and the ratio between the driv-
ing forces for unidirectional influx and efflux during regulatory
volume increase for a conductive Cl~ pathway and for various
anion-cation cotransport systems?®

[CT]/AC7]; 2.63+0.083 (8)°
([C1~],/IC17}) exp(FV,,/RT)® 0.96
[K*],[C17), K L[CL7], 0.079+0.006 (8)
[Na*],[C17],/[[Na*],[C17]; 18--1.6 (8)
[K*],[Na*],[CI713/[K "] [Na*],[C17]? 1.540.13 (8)

a

The ion concentration ratios were calculated for each of
the 8 experiments summarized in Table 1 from the internal and
external ion concentrations measured at the first data point
taken about 1/2 min after restoration of tonicity. The mean
value of the measured internal ion concentrations were {(mmol/
liter cell water): K*, 183+7.1 (8); Na*, 224+1.9 (8); Cl1-,
5942.6 (8). The external ion concentrations were (mm): K™,
5.640.20 (8); Na™, 1504-2.9 (8); C17, 150+2.2 (8).

® Calculated assuming a membrane potential of V,,=
—27 mV.

¢ The values are given as mean 4+ SEM with the number of inde-
pendent experiments in parentheses.

forces for a K*,Na',2Cl~ cotransport system
(1.540.13) is slightly below the observed flux ra-
tio. The significance of the difference between these
values is only marginal, however.

At low external K* concentration the ratio be-
tween the driving forces for influx and efflux via
a K*,Na*,2Cl™ cotransport system will be re-
duced. Figure 5 shows that a net uptake of KCl
during regulatory volume increase was found even
at low external K concentration. Under these
conditions the calculated ratio of the ion con-
centration products (shown in the lower panel)
is below unity. Therefore, a cotransport of
K*,Na*,2Cl~ cannot account for the observed net
uptake of KCl at low external K* concentration.

An activation during regulatory volume in-
crease of a Na*,Cl~ cotransport system would re-
sult in a net uptake of NaCl. The observed net
uptake of K™ could then be the result of a subse-
quent replacement of Na® by K™ via the Na*/K~*
pump, stimulated by the Na™* influx through the
Na*,Cl~ cotransport system.

To test the involvement of the Na* /K" pump,
the ion uptake during regulatory volume increase
was measured under conditions where the Na* /K *
pump was inhibited with ouabain. Figure 6 shows
that a net uptake of NaCl during regulatory vol-
ume increase could be demonstrated in ouabain-
poisoned cells whereas the K * uptake was strongly
inhibited. In control cells the Na* net uptake was
negligible. These findings strongly suggest that the
K™ uptake during regulatory volume increase is
secondary, being the result of an activation of the
Na™/K* pump.

.
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Tig. 5. Regulatory volume increase in Ehrlich ascites cells at
low external K* concentration, Bxperimental protocol as in
Fig. 1, except that Na™ was substituted for K* in the double-
strength saline solution used for restoration of tonicity at zero
time (the final K™ concentration during regulatory volume in-
crease was 3.5 to 4 mm). The lower panel shows the ratic of
the ion concentration products [K*] [Na®} [C17]? calculated
for the external medium (o) and cell water (i), respectively.
A ratio below unity would indicate a net efflux by a hypotheti-
cal Na*, K", 2Cl™ cotransport system. The Figure is represen-
tative of 2 experiments

In the presence of ouabain it should, moreover,
be possible to distinguish between a Na™,Cl~ and
a Na®,K* 2Cl™ cotransport, because a bumetan-
ide-sensitive K™ entry in ouabain-poisoned cells
should be found together with the Na™ entry only
if the second process is operating. Figure 6 shows
that the K uptake in ouabain-poisoned cells dur-
ing regulatory volume increase is negligible. In ad-
dition, Fig. 7 shows that the Na™ uptake seen in
the presence of ouabain during regulatory volume
increase is bumetanide-sensitive and, moreover,
that the bumetanide-sensitive Na™ and CI~ up-
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takes are of about equal magnitude. These findings
provide evidence for the involvement of a Na*,Cl~
Control cotransport system during regulatory volume in-
crease rather than a Na® ,K*,2Cl~ cotransport
K* system.

6001

Discussion

Ouabain In the present experiments Ehrlich ascites cells

were exposed to hypotonic pretreatment followed

by restoration of tonicity. As previously reported
Control _ (Hendil & Hoffmann, 1974) Ehrlich cells initially
Ouabain Cl swell in the hypotonic medium but subsequently
regulate their volume (regulatory volume decrease)
and reach a new steady state with a reduced KCl
content and with a cell volume only slightly larger
than the original cell volume. Following the resto-
ration of tonicity the cells initially shrank but sub-
sequently recovered their volume (regulatory vol-
ume increase) with an associated net uptake of KCl
(see Fig. 1). We propose as a simple interpretation
that the primary process during the observed regu-
latory volume increase is an activation of an other-
wise quiescent, bumetanide-sensitive coupled up-
take of Na* and Cl1~, with subsequent replacement
of Na* by K* via the Na®/K™ pump, stimulated
Time after change in osmolarity {min) by the Na* influx through the Na*,Cl™ cotrans-

Fig. 6. Effect of ouabain on ion uptake during regulatory vol- port system. The evidence for this hypothesis can
ume increase in Ehrlich ascites cells. Experimental protocol for be summarized as follows:

the control group (open symbols) as in Fig. 1. In a parallel . +
group (closed symbols) ouabain (1 mM) was added at zero time (i) The net K and water uptake was found

with the double-strength saline solution used for restoration to be CI™ dependent. as seen from the inhibition
of tonicity. The Figure is representative of 3 experiments of the uptake following substitution of NOj for
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Fig. 7. Effect of bumetanide on Na™ and CI™ uptake during regulatory volume increase in the presence of ouabain. Experimental
protocol as in Fig. 1. The volume recovery and the ion uptake was monitored in the presence of ouabain with and without
addition of bumetanide. The data presented are from two independent experiments both showing inhibition of volume recovery
(data not shown) and of Na* uptake (left frame) and CI” uptake (right frame). Ouabain (1.5 mm) was added at zero time
in the experiment shown in the right panel and 2 min before the addition of the double-strength saline solution used for restoration
of tonicity in the experiment shown in the left panel. In both experiments bumetanide (50 pm) was added with the double-strength
saline solution at zero time. No significant net movements of K™ were found in the presence of ouabain (¢f. Fig. 6) nor in
the presence of ouabain plus bumetanide (data not shown)
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Cl~. Moreover, the net uptake of KCI and water
is Na* dependent: The uptake was abolished in
media where Na* had been replaced by choline
(at 5mM external K*), and inhibited in media
where K* had been substituted for Na*. It may
be noted that the membrane potential is hyperpo-
larized in the choline medium but depolarized in
the high K* medium. Thus, the inhibition of the
net Cl~ uptake appears to be caused directly by
the absence of external Na® rather than by a
change in the membrane potential.

(i) The volume recovery was strongly inhibited
by furosemide and bumetanide which have been
reported to inhibit cotransport systems in Ehrlich
cells (Geck et al., 1978; Aull, 1981, 1982).

(iii) The observed net C1™ flux during regulato-
ry volume increase was more than 10-fold larger
than the conductive net C1™ flux as calculated from
the known Cl~ concentrations, assuming a mem-
brane potential of —27 mV and a conductive Cl~
permeability of 4 x 10~ 8 cm/sec as previously re-
ported under steady-state conditions (Hoffmann
et al., 1979). The bumetanide-sensitive component
of the unidirectional *°Cl flux was negligible under
steady-state conditions and the unidirectional 3¢ClI
flux was unaffected by substitution of choline for
Na™. In contrast, during regulatory volume in-
crease the bumetanide-sensitive component of the
unidirectional 36Cl flux was activated and
amounted to about half the total unidirectional
36C1 flux.

(iv) The flux ratio for unidirectional Cl~ influx
and efflux was 1.85. An electrodiffusional CI1™
transport could not give a flux ratio of the ob-
served magnitude, unless the membrane potential
were depolarized to between —8 and —10mV;
such a depolarization might hypothetically result
from simultaneous activation of conductive Na™
and Cl~ channels. For an electroneutral anion, ca-
tion cotransport the ratio of the products of the
concentrations of the transported ions will indicate
the direction of a net flux and, moreover, give a
. maximal value for the flux ratio. As the transport
system becomes saturated the flux ratio will de-
crease from this value towards unity. The analysis
.shows (see Table 4) that a cotransport of Na*,Cl1~
could easily account for the observed flux ratio.
In this case the observed ratio of 1.85 would sug-
gest a fairly high degree of saturation of the co-
transport system. A cotransport of K ,Na*, 2C1~
could account for a flux ratio slightly lower than
the observed value. At low external K™ concentra-
tion, however, the K*,Na™*, 2C1~ gradient was
found to be insufficient to account for the observed
net uptake of KCl (see Fig. 5).

(v) Under conditions where the Na™/K* pump
was inhibited with ouabain a bumetanide-sensitive
uptake of Na* and Cl~ in about equimolar
amounts could be demonstrated, whereas the up-
take of K™ was negligible. This provides direct
experimental evidence for the involvement of the
Na* /K™ pump, and supports the conclusion that
a Na™ CI™ cotransport system is involved rather
than a K™ ,Na*, 2Cl~ cotransport system. The
question how the activation of the Na®™ /K™ pump
is effected cannot be answered at present. Only
a small increase in the Na* concentration in cell
water was observed comparing the measured
values for the last data points during hypotonic
pretreatment (174+2.2 mM, 7 experiments) and for
the first data points taken about 1/2 min after res-
toration of tonmicity (22+1.9 mmM, 8 experiments;
cf. legend to Table 4), and the further increase dur-
ing regulatory volume increase was insignificant
as mentioned previously. A net uptake of Na* and
Cl™ during regulatory volume increase in the pres-
ence of ouabain has also been reported in flounder
red cells (Cala, 1977).

The regulatory volume increase in Ehrlich cells
is, based on the above evidence, presumed to be
effected by activation of an electrically silent co-
transport of Na* and Cl~ which is sensitive to
furosemide and bumetanide, and specific to Na*
and Cl™. A different model has recently been pro-
posed by Cala (1980) and Kregenow (1981) for
regulatory volume increase in Amphiuma red blood
cells, involving a Na*/H™ exchange functionally
coupled to a C1"/HCO; (or OH ™) exchange with
a strict C1~ requirement. This mechanism cannot,
however, explain the coupled uptake of Na™ and
Cl™ found in the present experiments since, in con-
trast to the findings in Amphiuma red cells, the
net C1™ uptake was found to be essentially unaf-
fected by the anion exchange inhibitor DIDS.

An alternative interpretation of the present re-
sults would be a simultaneous activation of sepa-
rate conductive pathways specific to Na™ and C1~,
with one or both of the pathways being sensitive
to furosemide and bumetamide. The bumetanide-
sensitivity and the anion selectivity of such a Cl™
pathway would be in sharp contrast to the proper-
ties of the separate C1~ pathway which has been
proposed to be involved in the regulatory volume
decrease in Ehrlich cells (Hoffmann, 1978; Hoff-
mann etal., 1983) and in human lymphocytes
(Grinstein et al., 1982, 1983). This suggests the in-
volvement of a Na™,C1~ cotransport system rather
than separate Na™ and Cl~ pathways in the regu-
latory volume increase. A Na™,Cl™ cotransport
has recently been proposed in the basolateral mem-
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brane of epithelial cells in dogfish rectal gland
(Eveloff et al., 1978), frog skin (Ussing, 1982; Kr-
istensen & Ussing, 1983) and salivary glands (Poul-
sen, Laugesen & Nielsen, 1982). This Na™,Cl~ co-
transport is of the type originally proposed by Nel-
lans, Frizzell and Schultz (1973) for the mucosal
membrane of intestinal epithelial cells.

The sensitivity to bumetanide and furosemide,
and selectivity to Cl1~ as compared to NO; found
for the cotransport system reported here is also
found for the volume-dependent and catechol-
amine-stimulated cotransport system reported in
duck red cells (Kregenow, 1981; Haas, Schmidt
& McManus, 1982), and for the volume-dependent
cotransport systems described in LK sheep red
cells (Lauf & Theg, 1980; Dunham & Ellory,
1981), human red cells (Dunham, Stewart & El-
lory, 1980; Chipperfield, 1981), some fish erythro-
cytes (Lauf, 1982), and dog red cells (Parker, 1983).
The Na*™,K* cotransport system in turkey eryth-
rocytes is also anion-dependent and inhibited by
bumetanide and furosemide (Palfrey, Feit &
Greengard, 1980). Anion-cation cotransport has
previously been reported in Ehrlich cells (Geck
et al., 1980; Aull, 1981). It is unclear whether or
not the K*,CI™ cotransport seen by Aull (1981),
the Na*,K*,2Cl™ cotransport seen by Geck et al.
(1980), and the coupled uptake of Na™ and Cl~
found in the present experiments can all be me-
diated by the same system operating under differ-
ent conditions.

The contribution in the present experiments of
the cotransport system to the unidirectional Cl~
flux under steady-state conditions cannot be given
with precision. In the present experiments the uni-
directional Cl~ flux was found to be insensitive
to bumetanide and to substitution of choline for
Na*, suggesting a negligible cotransport compo-
nent. On the other hand, Sjoholm and Hoffmann
(to be submitted) found a DIDS-insensitive compo-
nent of the unidirectional C1~ flux of 25 to 30%
which is significantly higher than the conductive
flux at about 6% (Hoffmann et al., 1979). In those
experiments, however, the DIDS inhibition of the
anion exchange may have been incomplete.

Bumetanide and DIDS can effectively be used
to discriminate between anion-cation cotransport
and anion exchange in Ehrlich cells: The coupled
uptake of Na* and C1~ during regulatory volume
increase was strongly inhibited by furosemide
(1 mM) or bumetanide (25 um) (see Table 1), but
essentially unaffected by DIDS (see Results). On
the other hand, the anion exchange in Ehrlich cells
is inhibited by DIDS (Levinson, 1978; Sjeholm
et al., 1981), but insensitive to bumetanide (25 or

100 pm) (see Table 2). In human red cells inhibition
of C1™ exchange has been demonstrated at high
bumetanide concentrations, with 50% inhibition
at 400 uM bumetanide (see Wieth & Brahm, 1983).
Furosemide inhibits anion exchange in Ehrlich
cells with 50% inhibition at about 5 mm furose-
mide (Geck et al., 1978). Aull (1982 has recently
demonstrated that at low furosemide concentra-
tions (0.5 mm) the effects of DIDS and furosemide
on steady-state C1~ fluxes in Ehrlich cells were ad-
ditive whereas 1.0 mm furosemide and DIDS had
overlapping inhibitory actions.

Assuming that the coupled uptake of Na™ and
Cl™ is mediated by a Na™,Cl~ cotransport system,
the C1™ influx is a secondary active transport driv-
en by the Na™ gradient, and the intracellular C1~
concentration will be increased to a level above
the equilibrium concentration (see Geck etal.,
1980). Under steady-state conditions the Nernst
potential for C1™ (—23+1.2 mV) is only slightly
above the membrane potential of —27+1.0 mV
measured with microelectrodes (Hoffmann et al.,
1979), or the potential of —34 mV measured with
a potential-sensitive fluorescent probe (Hoffmann
& Lambert, 1983). This is consistent with the low
Cl™ influx via the cotransport system under
steady-state conditions compared to the conduc-
tive Cl1™ leak. During regulatory volume increase
the Nernst potential for Cl™ increases from
—26mV to about —20 mV, consistent with an ac-
tivation of the Cl~ influx via the Na*,Cl~ cotrans-
port system.

Activation of anion, cation cotransport during
regulatory volume increase was first demonstrated
for the K*,Na*,2C1~ cotransport system in duck
red cells (see reviews by McManus & Schmidt,
1978, and by Kregenow, 1981), and recently also
for the Na™,Cl~ cotransport system in frog skin
epithelium (Ussing, 1982). The nature of the trigger
mechanism for activation of the coupled Na*,CI~
uptake during regulatory volume increase in Ehr-
lich cells is unclear. It cannot be the cell volume
per se which controls the activation since no vol-
ume recovery was seen in Ehrlich cells shrunken
by addition of hypertonic NaCl (Hempling, 1960)
or sucrose (Hendil & Hoffmann, 1974, Fig. 1), al-
though the sum of the chemical potentials for Na™
or Cl™ still provided the necessary driving force
for NaCl uptake. Ussing (1982) has recently pro-
posed that the cell C1™ plays a critical role in frog
skin epithelial cells with the Na*,Cl™ cotransport
system being activated when the cellular C1~ con-
centration drops below a critical level. In Ehrlich
cells shrunken by addition of sucrose at low CI1~
concentration, an increase in unidirectional K*
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and Cl™ fluxes could be observed {Hoffmann,
1978, Fig. 5, Table 4; Hoffmann, 1983, Fig. 13).
Moreover, at low Cl™ concentration, a DIDS-re-
sistant, furosemide-sensitive component of the uni-
directional 3°Cl flux could be demonstrated
(Sjsholm & Hoffmann, to be submitted). This
might suggest that in Ehrlich cells the cellular C1~
concentration has to be low but that some addi-
tional factor related to cell volume changes is also
involved in the activation of the coupled Na*,Cl~
uptake.

We wish to thank Professor H.H. Ussing for discussions and
advice at various stages of the work and for critical reading
of the manuscript, and to thank our colleagues for stimulating
discussions and helpful comments. Karen Stentoft and Ma-
rianne Schigdt are acknowledged for their careful technical as-
sistance. Carsten Sjeholm was supported by a research fellow-
ship from the Danish Natural Science Research Council.

References

Aull, F. 1981. Potassium chloride cotransport in steady-state
ascites tumor cells. Does bumetanide inhibit? Biochim. Bio-
phys. Acta 643:339-345

Aull, F. 1982. Specific drug sensitive transport pathways for
chloride and potassium ions in steady-state Ehrlich mouse
ascites tumor cells. Biochim. Biophys. Acta 688:740-746

Aull, F., Nachbar, M.S., Oppenheim, J.D. 1977. Chloride self
exchange in Ehrlich ascites cells. Inhibition by furosemide
and 4-acetamido-4’-isothiocyanostilbene-2,2’-disulfonic
acid. Biochim. Biophys. Acta 471:341-347

Cala, P.M. 1977. Volume regulation by flounder red blood cells
in anisotonic media. J. Gen. Physiol. 69:537-552

Cala, P.M. 1980. Volume regulation by Amphiuma red blood
cells. The membrane potential and its implications regarding
the nature of the ion-flux pathways. J. Gen. Physiol.
76:683-708

Chipperfield, A.R. 1981. Chloride dependence of frusemide-
and phloretin-sensitive passive sodium and potassium fluxes
in human red cells. J. Physiol. ( London) 312:435-444

Dunham, P.B., Eliory, J.C. 1981, Passive potassium transport
m low potassium sheep red cells: Dependence upon cell
volume and chloride. J. Physiol. (London) 318:511-530

Dunham, P.B., Stewart, G.W., Ellory, J.C. 1980. Chloride-acti-
vated passive potassium transport in human erythrocytes.
Proc. Natl. Acad. Sci. USA 77:1711-1715

Eagle, H. 1971. Buffer combinations for mammalian cell cul-
ture. Science 174:500-503

Eveloff, J., Kinne, R., Kinne-Saffran, E., Murer, H., Silva, P.,
Epstein, F.H., Stoff, J., Kinter, W.B. 1978. Coupled sodium
and chloride transport into plasma membrane vesicles pre-
pared from dogfish rectal gland. Pfluegers Arch. 378:87-92

Geck, P., Heing, E., Pietrzyk, C., Pfeiffer, B. 1978. The effect
of furosemide on the ouabain-insensitive K* and C1~ move-
ment in Ehrlich cells. /n: Cell Membrane Receptors for
Drugs and Hormones: A Multidisciplinary Approach. R.W.
Straub and L. Bolis, editors. pp. 301-307. Raven Press, New
York

Geck, P., Pietrzyk, C., Burckhardt, B.-C., Pfeiffer, B., Heinz,
E. 1980. Electrically silent cotransport of Na*™, K* and
C1™ in Ehrlich cells. Biochim. Biophys. Acta 600:432-447

Grinstein, S., Clarke, C.A., DuPre, A., Rothstein, A. 1983.

Volume-induced increase of anion permeability in human
lymphocytes. J. Gen. Physiol. 89:801-823

Grinstein, S., DuPre, A., Rothstein, A. 1982. Volume regulation
by human lymphocytes. Role of calcium. J. Gen. Physiol.
79:849-868

Grobecker, H., Kromphardt, H., Mariani, H., Heinz, E. 1963.
Untersuchungen iiber den Elektrolyt Haushalt der Ehrlich
Ascites Tumor Zelle. Biochem. Z. 337:462-476

Haas, M., Schmidt, W.F., III, McManus, T.J. 1982. Catechol-
amine-stimulated ion transport in duck red cells. Gradient
effects in electrically neutral Na+K+2Cl co-transport. J.
Gen. Physiol. 80:125-147

Heinz, E., Geck, P., Pietrzyk, C. 1975. Driving forces of amino
acid transport in amimal cells. 4nn. N.Y. Acad. Sci.
264:428-441

Hendil, K.B., Hoffmann, E.K. 1974. Cell volume regulation
in Ehrlich ascites tumnor cells. J. Cell. Physiol. 84:115-125

Hempling, H.G. 1960. Permeability of the Ehrlich ascites tumor
cell to water. J. Gen. Physiol. 44:365-379

Hempling, H.G. 1966. Sources of energy for the transport of
potassium and sodium across the membrane of the Ehrlich
mouse ascites tumor cell. Biochim. Biophys. Acta
112:503-518

Hoffmann, E.X. 1977. Control of cell volume. /n: Transport
of Tons and Water in Animals. B.J. Gupta, R.B. Moreton,
J.L. Oschman and B.J. Wall, editors. pp. 285-332. Academ-
ic Press, London

Hoffmann, E.XK. 1978. Regulation of cell volume by selective
changes in the leak permeabilities of Ehrlich ascites tumor
cells. In: Osmotic and Volume Regulation. Alfred Benzon
Symposium XI. C.B. Jorgensen and E. Skadhauge, editors.
pp. 397-417. Munksgaard, Copenhagen

Hoffmann, E.K. 1982. Anion exchange and anion-cation co-
transport systems in mammalian cells. Philos. Trans. R. Soc.
London, B. 299:519-539

Hoffmann, E.K. 1983. Volume regulation by animal cells. In:
Cellular Acclimatization to Environmental Change. Society
for Experimental Biology. Seminar Series 18. A.R. Cossins
and P.G. Shetterline, editors. pp. 55-80. Cambridge Univer-
sity Press, Cambridge

Hoffmann, E.K., Lambert, L.H. 1983. Amino acid transport
and cell volume regulation in Ehrlich ascites tumor cells.
J. Physiol. (London) 338:613-625

Hoffmann, E.K., Simonsen, L.O., Lambert, [.LH. 1983. Volume-
induced increase of K* and CI™ permeabilities in Ehrlich
ascities tumor cells. Role of internal Ca®*. J. Membrane
Biol. (Submitted)

Hoffmann, E.X., Simonsen, L.O., Sjeholm, C. 1979. Membrane
potential, chloride exchange, and chloride conductance in
Ehrlich mouse ascites tumour cells. J. Physiol. (London)
296:61-84

Hoffmann, E.X., Sjsholm, C., Simonsen, L.0O. 1981. Anion-
cation co-transport and volume regulation in Ehrlich ascites
tumour cells. J Physiol. ( London) 319:94P—-95P

Knauf, P.A., Fuhrmann, G.F., Rothstein, S., Rothstein, A.
1977. The relationship between anion exchange and net an-
ion flow across the human red blood cell membrane. J.
Gen. Physiol. 69:363-386

Kregenow, F.M. 1981. Osmoregulatory salt transporting mech-
anisms: Control of cell volume in anisotonic media. Annu.
Rev. Physiol. 43:493-5G5

Kristensen, P., Ussing, H.H. 1983. Epithelial organization. In:
Physiology and Pathology of Electrolyte Metabolism. D.W.
Seldin and G. Giebisch, editors. Raven Press, New York
(In press)

Lassen, U.V., Nielsen, A.-M.T., Pape, L., Simonsen, L.O. 1971.
The membrane potential of Ehrlich ascites tumor cells: Mi-



280 E.K. Hoffmann et al.: Na*,Cl~ Cotransport and Volume Regulation

croelectrode measurements and their critical evaluation. J.
Membrane Biol. 6:269-288

Lauf, P.K. 1982. Evidence for chloride dependent potassium
and water transport induced by hyposmotic stress in eryth-
rocytes of the marine teleost, Opsanus tau. J. Comp. Physiol.
146:9-16

Lauf, P.X., Theg, B.E. 1980. A chloride dependent K* flux
induced by N-ethylmaleimide in genetically low K ¥ sheep
and goat erythrocytes. Biochem. Biophys. Res. Commun.
92:1422-1428

Leaf, A. 1959. Maintenance of concentration gradients and reg-
ulation of cell volume. Ann. N.Y. Acad Sci. 72:396-404

Levinson, C. 1978. Chloride and sulphate transport in Ehrlich
ascites tumor cells: Evidence for a common mechanism.
J. Cell. Physiol. 95:23-32

Levinson, C., Villereal, M.L. 1976. The transport of chloride
in Ehrlich ascites tumor cells. J. Cell. Physiol. 88:181-192

Lew V.L., Ferreira, H.G. 1978. Calcium transport and the
properties of a calcium-activated potassium channel in red
cell membranes. Curr. Top. Membr. Transp. 10:217-277

MacKnight, A.D.C., Leaf, A. 1977. Regulation of cellular vol-
ume. Physiol. Rev. 57:510-573

McManus, T.J., Schmidt, W.F., IIL. 1978. lon and co-ion trans-
port in avian red cells. In; Membrane Transport Processes.
J.F. Hoffman, editor. Vol. 1, pp. 79-106. Raven Press, New
York

Mills, B., Tupper, J.T. 1975. Cation permeability and ouabain-
insensitive cation flux in the Ehrlich ascites tumor cell. J.
Membrane Biol. 20:75-97

Nellans, H.N., Frizzell, R.A., Schultz, S.G. 1973. Coupled sodi-
um-chloride influxes across the brush border of rabbit il-
eum. Am. J. Physiol. 225:467-475

Palfrey, H.C., Feit, P.W., Greengard, P. 1980. cAMP-stimu-
lated cation cotransport in avian erythrocytes: Inhibition
by “loop” diuretics. Am. J. Physiol. 238:C139-C148

Parker, J.C. 1983. Hemolytic action of potassium salts on dog
red blood cells. Am. J. Physiol. 244:C313-C317

Poulsen, J.H., Laugesen, L.P., Nielsen, J.O.D. 1982. Evidence
supporting that baso-laterally located Na* —K* — ATPase
and a co-transport system for sodium and chloride are key
elements in secretion of primary saliva. In: Electrolyte and
Water Transport Across Gastrointestinal Epithelia. R.M.

Case, A. Garner, L. Turnberg and J.A. Young, editors.
pp. 199-208. Raven Press, New York

Simonsen, L.O., Hoffmann, E.K., Sjgholm, C. 1976. Chloride
conductance of the Ehrlich ascites tumor cell membrane,
FEBS-Symposium on the Biochemistry of Membrane Trans-
port. p. 225

Simonsen, L.O., Nielsen, A.-M.T. 1971. Exchangeability of
chloride in Ehrlich ascites tumor cells. Biochim. Biophys.
Acta 241:522-527

Sjeholm, C., Hoffmann, E.X., Simonsen, L.O. 1981. Anion-
cation co-transport and anion exchange in Ehrlich ascites
tumour cells. Acta Physiol. Scand. 112:24A

Sten-Knudsen, O., Ussing, H.H. 1981. The flux ratio equation
under nonstationary conditions. J. Membrane Biol.
63:233-242

Tosteson, D.C., Hoffman, J.F. 1960. Regulation of cell volume
by active cation transport in high and low potassium sheep
red cells. J. Gen. Physiol. 44:169-194

Tupper, J.T. 1975. Cation flux in the Ehrlich ascites tumor
cell. Evidence for Na-for-Na and K-for-K exchange diffu-
sion. Biochim. Biophys. Acta 394:586-596

Ussing, H.H. 1960. Active and passive transport of the alkali
metal ions. fn: The Alkali Metal Ions in Biology. H.H.
Ussing, P. Kruheffer, J. Hess Thaysen and N.A. Thorn,
editors. pp. 45-143 (p. 67). Springer-Verlag, Berlin

Ussing, H.H. 1982. Volume regulation of frog skin epithelium.
Acta Physiol. Scand. 114:363-369

Valdeolmillos, M., Garcia-Sancho, J., Herreros, B. 1982. Ca?*-
dependent K* transport in the Ehrlich ascites tumor cell.
Biochim. Biophys. Acta 685:273-278

Weiss, B., Prozialeck, W., Cimino, M., Barnette, M.S., Wallace,
T.L. 1980. Pharmacological regulation of calmodulin. In:
Calmodulin and Cell Functions. D.M. Watterson and F.F.
Vincenzi, editors. Ann. N.Y. Acad. Sci. 356:319-345

Wieth, J.O., Brahm, J. 1983. Cellular anion exchange. In: Phys-
iology and Pathology of Electrolyte Metabolism. D.W. Sel-
din and G. Giebisch, editors. Raven Press, New York (in
press)

Received 9 December 1982; revised 6 April 1983



