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Summary 

The effects of  furosemide and 4-acetamido-4'-isothiocyanostilbene-2,2'-disul- 
fonic acid (SITS) on steady-state C1- flux were studied in Ehrlich mouse ascites 
cells. At 10 mM, furosemide inhibited isotopically-determined C1- flux by 86% 
without  changing cell C1- content ,  indicating that  influx and efflux were 
depressed by the same amount .  These results suggest that at least 86% of the 
steady-state C1- flux may occur as a one for one exchange. Half of the inhibi- 
tory effect was not  reversed by vigorous washing with albumin-Ringer. A 
smaller portion of steady-state C1- flux was inhibited by SITS. The maximum 
effect of SITS was reached near 0.6 mM; at this concentration Cl- flux was 
reduced by 37% without  an alteration in cell C1- content.  Possible competit ion 
of  environment C1- and SITS was investigated by replacing environment C1- 
with acetate or NO3. These anions reduced the efficacy of SITS because they 
depressed cell C1- turnover themselves, apparently acting on the same exchange 
process. 

Introduction 

It has been postulated that  C1- transfer in Ehrlich ascites tumor cells is car- 
rier mediated. This conclusion was based on the inhibitory effect of certain 
anions on C1- self exchange [1,2], the demonstrat ion of saturation kinetics in 
some instances [1,2] and measurements which suggested that  the C1- conduc- 
tance of  the cell membrane was less than predicted from the isotopic exchange 

Abbreviations: SITS, 4-acetamido4r-lsothiocyano-stilbene-2,2'-disulfonic acid; HEPES, N-2ohy- 
droxyethylpiperazme-NI-2-ethane sulfonic acid. 
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flux [2,3]. However, there is uncertainty about the relative contribution of car- 
rier-medlated movement  to the total C1- flux. Heinz and co-workers [3] esti- 
mated that Cl- exchange flux was about 20 times faster than net C1- flux but 
Levmson and Villereal [ 1] concluded that  mediated exchange represented 40(/~ 
of total C1- flux. 

In order to clarify this question and to learn more about the C1 exchange 
system we studied the effect of two agents known to inhibit ion exchange 
transfer in cells: furosemide and SITS. It has been known for several years that 
furosemide exerts its powerful dmretlc action by depressing active C1- trans- 
port in the thick ascending limb of Henle's loop [4]. Recently this agent was 
shown to inhibit carrier-mediated C1- exchange in the human erythrocyte [5] 
and was postulated to inhibit a C1- exchange pathway in frog skin [6]. The 
effects of  furosemide are not  confined to anion transport, however. Tupper [ 7] 
demonstrated that  furosemlde inhibited a one for one exchange component  of 
Na ÷ and K ÷ transfer in Ehrlich ascites cells and Sachs [8] found inhibition of 
Na+-Na + exchange in the human erythrocyte.  SITS, on the other hand, specifi- 
cally depresses anion transport in the human red blood cell [9]. In addition, 
the ability of irreversibly bound SITS to inhibit the transfer of SO~- but not of 
C1- or PO~- was evidence obtained by Villereal and Levenson [10] in support 
of separate mechanisms for SO~- and C1- movement in the asc~tes cell. In this 
report, based on the action of furosemide, it is suggested that at least 86% of 
the total C1- flux takes place by a one for one exchange process. A portion of 
C1- exchange is also sensitive to SITS. 

Methods 

Cell suspensions. Ehrlich ascites cells (hyperdlploid) were grown in HA/ICR 
Swiss mice by intraperitoneal transplantation. After 9--12 days of growth cells 
were harvested by aspiration immediately following cervical dislocation. They 
were washed three times by gentle centrifugation and resuspension in control 
Ringer (9 g NaC1, 40 ml 0.154 M KC1, 100 ml of 0.1 M N-2-hydroxyethylplper- 
azine-N'-2-ethane sulfonic acid (HEPES) buffer, titrated to pH 7.4 with NaOH 
and brought to 1 1 with distilled water; osmolarity 305--318). Washed cells 
were diluted with Ringer 1/11 such that  the final cell concentration was 
7 • 106--8 • 106 cells/ml. An experiment was initiated immediately or within 30 
min by addition of 36C1- to the suspension (0.15 pCi/ml suspension). 

The effect of low external C1- concentrations on the ability of SITS to 
inhibit C1- flux was studied in some experiments. After harvesting cells in con- 
trol Ringer, they were washed with solutions in which sodium acetate or NaNo3 
replaced NaC1 mol for mol. The cells were exposed to these media for a total of 
2 h before mixing with 36C1-, in order to achieve a constant internal C1- con- 
tent. 

Sampling and analysis. All studies were performed at room temperature 
(20--24°C) and in an air atmosphere. Samples of cell suspensions were removed 
at intervals following addition of 36C1- to the medium, centrifuged and the 
supernatant either saved for subsequent analysis or discarded. The packed cells 
were washed with ice-cold NaNO3 (14.5 g NaNO3/1, buffered to pH 7.4 with 
0.0003 M Na-HEPES, final osmolarity 301--311), according to procedures pre- 



343 

viously described [11]. We found NaNOa preferable to choline dihydrogen 
citrate [1] wash solution because, in contrast to the latter, no loss of C1- or K ÷ 
was detectable during the washing procedure. 

The packed cell pellets were extracted with 7% HC104 for at least 30 min. 
Clear extracts of  the cell pellets and the supernatant environments (see above) 
were analyzed for C1- by electrometric titration and for K ÷ by flame photo- 
metry [11]. Radioactivity was monitored in a Searle liquid scintillation count- 
er, using Hydromkx TM (Yorktown Research) scintillation fluid. 

Cell water and dry weight were measured by packing 1-ml samples of con- 
centrated cells ( 8 . 1 0 7  cells/ml) for 2 min in a Brinkman table top centrifuge. 
Trapped extracellular fluid was 0.23 ml/g wet weight ±0.01 (S.E.), n = 8, as 
detected with [3H]dextran. Dry weights were obtained after drying the pellets 
for 24 h at 95--110°C. In 13 separate experiments the mean dry weight per 107 
cells was 2.43 ± 0.13 (S.E.) mg. 

Calculation of  chloride exchange rate. The rate of C1- exchange was deter- 
mined from isotopic uptake by cells in the steady state, using the kinetics of a 
two-compartment  closed system. The equations have been given earlier [11]. 
An efflux rate coefficient (ke) is obtained which represents the fractional 
exchange rate of  cell C1-. When multiplied by cell C1- content,  a steady-state 
flux is calculated. 

Materials. Furosemide powder was a gift from Hoechst Pharmaceuticals, Inc. 
(Somerville, N.J.). It was dissolved in Ringer and titrated to pH 7.4 with NaOH. 
In a few experiments we used the commercial preparation, Lasix, diluted with 
Ringer and titrated to pH 7.4 with HC1. There was no difference in effects 
detectable between the two types of  preparations. SITS was purchased from 
ICN Pharmaceuticals or from British Drug House (U.S. outlet  Gallard- 
Schlesinger, Carle Pl., N.Y.). SITS from both sources gave comparable results; 
however, material from the latter source was more stable. Both SITS and 
furosemide were made up freshly for each experiment and stored in the dark 
until use. Isotopes were from New England Nuclear; H36C1 was neutralized with 
NaOH prior to use. 

Results 

Chloride flux in the presence of  furosemide and SITS 
Furosemide depressed steady-state C1- flux within 1 min after contact  with 

cells. A typical experiment is shown in Fig. 1A. At 10 mM, furosemide reduced 
the C1- efflux coefficient (ke) by 86% and at 1 mM the reduction was 57%. In 
spite of  these effects cell C1- content  remained normal and essentially constant 
(Fig. 1B). If furosemide inhibited only the simple diffusion of  C1- one would 
expect to detect  a change in cell C1- content  under these conditions. Since no 
change was seen, it is likely that  furosemide inhibited a one for one exchange 
process. The results of  a number of  experiments at different concentrations are 
summarized in Table I. C1- influx and efflux were apparently always inhibited 
equally since cell C1- content  remained the same as control values. 

C1- self exchange was examined following incubation with furosemide and 
subsequent thorough washing with albumin and albumin-free Ringer. Depres- 
sion of  C1- exchange by 10 mM furosemide was only partially reversible. From 
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Fig .  1.  (A,  B) E f f e c t  o f  f u r o s e m l d e  o n  C1- e f f l u x  c o e f h c m n t  (A)  a n d  ce l l  C1- c o n t e n t  (B).  F u r o s e m i d e  and  

36C1-  we re  a d d e d  t o  ce l l s  a t  t i m e  ze ro .  o,  c o n t r o l ;  • ,  1 m M  f u r o s e m l d e ;  e ,  10  m M  f u r o s e m l d e .  In  A,  S.A.  t 

= s p e c i f i c  a c t i w t y  o f  ce l l s  i n  c p m / p m o l ;  S . A . ~  is o b t a i n e d  f r o m  the  e n v i r o n m e n t  a n d  is c o n s t a n t .  E f f l u x  

c o e f f i c i e n t  is  d e t e r m i n e d  as d e s c r i b e d  i n  r e f .  11 ,  f r o m  s l o p e  o f  t h e  h n e a s  r e g r e s s i o n  e q u a t i o n .  The  v a l u e s  

were .  c o n t r o l ,  3 . 1 4  b-Z; 1 m M  f u r o s e m l d e ,  1 . 3 6  h-Z; 1 0  m M  f u r o s e m i d e ,  0 . 4 4  h -z. 

F ig .  2.  C o n c e n t r a t i o n  r e s p o n s e  c u r v e  o f  S I T S  ac txon  o n  s t e a d y  s t a t e  C1 f lux .  In  al l  s t u d i e s  36C1 a n d  S I T S  

were  a d d e d  s i m u l t a n e o u s l y  t o  a ce l l  s u s p e n s i o n  a t  t i m e  ze ro  A c o n t r o l  was  r u n  in  e a c h  e x p e r i m e n t  a n d  

r e s u l t s  e x p r e s s e d  in  r e f e r e n c e  to  i t .  T h e  n u m b e r  o f  e x p e m m e n t s  a t  t h e  6 c o n c e n t r a t m n s  t e s t e d  was ,  *n t he  

o r d e r  o f  i n c r e a s i n g  c o n c e n t r a t i o n ,  2, 4 ,  2, 3,  2, a n d  6. V e r t i c a l  ba r s  s h o w  S E. C u r v e  was  d r a w n  b y  eye .  

six experiments the mean inhibition following treatment  with 10 mM furose- 
mide and washing was 40.5%-+ 3.9 (S.E.). In contrast to these findings the 
inhibitory action of  1 mM furosemide was reversed completely. Therefore close 
to half of  the inhibitory effect  of  10 mM furosemide appears to be irreversible 
(40.5% compared to 86.7%). 

T A B L E  I 

E F F E C T  O F  I N C R E A S I N G  F U R O S E M I D E  C O N C E N T R A T I O N  O N  C H L O R I D E  S E L F  E X C H A N G E  

E x c e p t  f o r  o n e  e x p e r k m e n t  a t  1 0  raM,  m w h i c h  ce i l s  were  p r e m c u b a t e d  w i t h  f u r o s e m l d e  f o r  3 0  r am,  a l l  

f l u x  s t u d i e s  w e r e  i n i t i a t e d  w h e n  ce l l s  were  m i x e d  w i t h  t h e  d r u g .  Ce l l  C1- was  in  a s t e a d y  s t a t e  i n  a l l  cases  
P e r c e n t  l n h l b t t i o n  is  1 - -  ( f l u x  m f u r o s e m l d e / c o n t r o l  f l u x )  × 1 0 0 .  M e a n  c o n t r o l  f l u x  was  1 . 2 7  p m o l / 1 0 7  

ce l l s  p e r  h ( 2 . 7 8  -+ 0 . 1 6  (S .E . )  h -1 X 0 . 4 5 6  + 0 0 1 7  (S .E . )  p m o l / 1 0 7  cel ls) .  To  c o n v e r t  to  f l u x  pe r  m g  d ry  

w e i g h t ,  d i v i d e  b y  2 . 4 3  r a g / 1 0 7  cel ls .  

F u r o s e m l d e  c o n c n .  I n h x b l h o n  o f  C I -  f l u x  

( raM)  (% + S .E . )  

0 . I  (n = 4)  1 4 . 0  + 3 .4  

0 .5  (n = 2) 2 8 . 0  +- 1 .0  

1 .0  (n = 6 )  4 6 . 7  + 3 .0  

5 .0  (n = 2) 8 0 . 5  + 0 .5  

1 0 . 0  (n = 3)  8 6 . 7  _+ 0 . 7 )  
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C1- self exchange was also inhibited by SITS wi thout  alteration of  cell C1- 
content .  Reduct ion of  steady-state C1- flux was detectable at 5 • 10 -s M. The 
concentra t ion vs. response curve obtained from a number  of  experiments is 
given in Fig. 2. The greatest inhibition observed was 37.0% ± 2.5 (S.E.}, n = 6, 
at 0.6 mM SITS. Isotopic Cl- exchange was not  measured above this concentra- 
tion because SITS at 1 mM caused significant net  KC1 loss from the cells. It is 
apparent  from Fig. 2, however,  tha t  depression of  C1- self exchange approached 
maximal levels around 0.6 mM. 

To test whether  SITS was specific for  anion exchange, cell K * flux was also 
determined in one experiment .  The K ÷ efflux coefficient  measured in steady- 
state control  cells was 0.50 h- 1 and was 0.48 h -~ in cells treated with 0.6 mM 
SITS. Since K ÷ con ten t  remained constant  and at control  levels during expo- 
sure to  SITS, there was no detectable action of  this agent on K ÷ flux. 

Villereal and Levinson [ 10] demonstra ted that  C1- self exchange was normal 
when SITS-treated ascites cells were washed with albumin-Ringer prior to 
study. We found that  the inhibition reported above was reversed completely 
when the cells were washed with albumin-Ringer; indeed albumin was not  
necessary in the Ringer since the effect  was also reversed completely by Ringer 
alone. 

Influence of  low external Cl- on SITS effect 
We considered the possibility tha t  extracellular C1- competed  with SITS for 

binding sites on the cell membrane and thus reduced the inhibitory effect. 
Therefore  Cl- flux was measured using media in which acetate or NOr  replaced 
most  of  the C1-. SITS, at concentrat ions from 0.1 to 0.6 mM, was less effective 
in reducing steady-state cell Cl- turnover (a higher ke) after cells had equili- 
brated with solutions containing these foreign anions. For  example,  in 156 mM 
C1- Ringer, SITS at 0.1 mM reduced the control  ke by 24.5% ± 1.2 (S.E.), 
n = 4, but  in 124 mM acetate + 32 mM C1- Ringer the k~ was reduced by only 
3.0% (n = 1) and by 6.0% (n = 1) in 124 mM NO~ + 32 mM Cl- Ringer. With 
0.6 mM SITS the respective inhibition was 37.0%-+ 2.5 (S.E.), n = 6; 26.0% 
(n = 1); 20% (n = 1). These results might be expected if SITS, acetate, and NO~ 
were inhibiting the same exchange process. That  this was likely was seen when 
steady-state Cl- turnover  in acetate or NO~ media was evaluated in the absence 
of  SITS. 

After  equilibration in acetate-chloride, the k~ was 2.12 h -1 _+ 0.21 (S.E.), 
n = 3, while in control  steady-state cells the ke was 3.15 h -1 ± 0.14 (S.E.), n = 
10 (0.001 < P < 0.01). The Cl- turnover  was also reduced by external NO5 as 
shown in Fig. 3. If  C1- flux occurred by simple diffusion, k~ should no t  be 
altered by altering the external  anions. Further,  after equilibration in NO5, cell 
C1- con ten t  was reduced but  cell H20 and K ÷ conten t  were at control  levels, im- 
plying that  a one for  one exchange of  C1- for  NO~ had been the predominant  
form of  C1- loss during the equilibration period. Thus in six control  groups of 
cells, the mean wet to dry weight ratio was 4.644 ± 0.077 (S.E.), while for the 
same cell populat ions equilibrated in different  NO~ solutions (Fig. 3), the ratio 
was 4.314 ± 0.029 (S.E.) (n = 18), demonstrat ing a cell H20 loss of  only 7%. 
Mean cell K ÷ was 125 mmol/kg cell H20 + 6.7 (S.E.) in control  cells and 126.2 
_+ 2.4 (S.E.) after  incubation in NO~ Ringer. Since in the steady state the frac- 
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Fzg.  3 .  C1- e f f l u x  c o e f f m i e n t  a s  a f u n c t i o n  o f  e x t e r n a l  C I - ,  u s i n g  N O ~  as t h e  r e p l a c e m e n t  c r o o n .  Ce l l s  w e r e  

e q u i l i b r a t e d  m N O ~  R i n g e r  u n t i l  ce l l  C l -  w a s  c o n s t a n t ,  b e f o r e  a d d i n g  36C1- .  e ,  D a t a  f r o m  f ive  d i f f e r e n t  
N O  B e x p e r i m e n t s ,  e a c h  w i t h  s e v e r a l  d i f f e r e n t  c o n c e n t r a t i o n s ;  o ,  c o n t r o l  d a t a  f r o m  t h e  s a m e  f i v e  e x p e r i -  

m e n t s  ( r a n g e  o f  k e = 2 . 9 8 - - 4 . 1 5  h -1)  a n d  f i v e  a d d i t i o n a l  c o n t r o l  p o i n t s  o b t a i n e d  d u r i n g  t h e  s a m e  3 m o n t h  
p e r i o d  ( r a n g e  = 2 . 4 5 - - 3 . 6 0  h - l ) .  D o t t e d  l i n e  is  m e a n  c o n t r o l  k e ,  3 . 1 5  h -1 -+ 0 . 1 4  ( S .E . ) .  

tlonal turnover  of  cell C1- was reduced, the data taken together  suggest that  
NO~ and C1- share a carrier which transports NOa less readily than C1-. Inhibi- 
t ion of  C1- turnover by acetate may occur in a different  manner;  incubation of 
cells in 124 mM acetate,  32 mM C1- resulted in a 17% increase of cell H20 
conten t  and an 18% fall in cell K ÷ concentrat ion (data from one experiment;  
similar results were reported by Levinson and Villereal [1]). The data support  
the interpretat ion that  SITS may act on carrier transfer of  C1- because prior 
reduct ion of  the transfer by NO~ or acetate diminished the efficacy of SITS. 

D i s c u s s i o n  

The major finding in this study is inhibition by furosemide of a very sub- 
stantial por t ion  of  C1- self exchange. Since cell C1- con ten t  did not  change, 
influx and efflux were apparently affected equally and it is probable that  
furosemide acts on a one for one exchange flux. Similar reasoning led Tupper  
[7] to  conclude that  Na ÷ and K ÷ exchange diffusions in ascites cells were inhib- 
ited by this drug. If this interpretat ion is correct ,  the present results imply that  
at least 86% of total C1- flux across the ascites cell occurs by such an exchange 
process. 

Another  impor tan t  observation was that  at high concentra t ion about  half of 
the inhibitory effect  of  furosemide was no t  readily reversible. Investigators who 
reported that  furosemide was a reversibly acting inhibitor m other  cells made 
their measurements at lower concentra t ions  of  1 mM [12] and 0.01 mM [4]. 
Our data suggest it may be possible to use labeled furosemide to identify a 
specific Cl- binding membrane protein.  This will depend in part  upon whether  
the Na + and K ÷ exchange systems are reversibly sensitive to furosemide. Indeed, 
since this drug inhibits exchange of  Cl-, Na ÷, and K ÷ in the ascites cell, it may 
act by binding to some membrane componen t  (protein or lipid) which pro- 
duces a generalized membrane  alteration. 

SITS depressed a smaller por t ion  of  steady-state C1- transfer; its action was 
completely reversible and was specific in tha t  K ÷ exchange was no t  affected. 
The reasons why SITS was only half as effective as furosemide in depressing 
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this exchange are not  apparent but may relate to: (1) the ease with which an 
agent reaches its site of action, (2) a competitive effect of environment C1- on 
the action of  SITS. 

Anion replacement experiments provided further evidence for carrier 
exchange of  C1-. The data are consistent with a carrier mechanism which trans- 
ports NO~ poorly in comparison to Cl-. SITS appears to act on this pathway 
because pre-equihbration with NO5 diminished the effectiveness of SITS. Inhi- 
bition by acetate also reduced SITS action but was probably non-competitive. 
Consistent with our findings, Hoffmann and collaborators [2] noted inhibi- 
tion of steady-state C1- transfer by NO~ and acetate. In the human erythrocyte 
as well, acetate inhibits C1- self exchange and in a non-competitive manner 
[13]. On the other hand Levinson and Villereal [1] found that C1-turnover in 
the ascites cell increased as external C1- was replaced by acetate, and estimated 
on the basis of  these experiments that  40% of C1- exchange was carrier me- 
diated. The reasons for the discrepant results with acetate are not  clear. The 
present findings with furosemide suggest that  exchange transport may account 
for a much larger fraction of C1- flux, consistent with conclusions of Heinz and 
collaborators [ 3]. 

In a recent study of  SO~- transport in the ascites cell Villereal and Levinson 
[14] concluded that  following equilibration of cells in a SO~- medium, SITS 
(0.2 mM) inhibited Cl- uptake which occurred in exchange for SO~- while furo- 
semide (0.1 mM) partially blocked the net  Cl- uptake which was independent 
of SO~- efflux. It remains to be determined whether the furosemide-sensltive 
pathway of net C1- uptake and the furosemide-sensitive pathway for C1- 
exchange reported here are the same. 
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