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Summary 

Bumetanide is a potent  diuretic drug which has some structural features in 
common with furosemide. The steady-state exchange of K ÷ and C1- was inves- 
tigated in Ehrlich ascites tumor  cells treated with bumetanide. This agent did 
not  alter the cellular content  of K ÷ or C1- but the self-exchange of  both ions 
was depressed. K ÷ self-exchange was inhibited by 55% at bumetanide concen- 
trations as low as 10 -6 M. C1- self-exchange was less sensitive to this drug but 
at low concentrations (between 10 -6 and 10 -3 M) bumetanide was a more 
effective inhibitor of  C1- transfer than furosemide. The steady-state K ÷ flux of 
cells equilibrated in NO~ media was compared with the K* flux in cells treated 
with 10 -4 or 10 -3 M bumetanide;  the C1--sensitive K ÷ exchange was equivalent 
to the bumetanide-sensitive K* exchange. Since the results suggested that  a 
bumetanide-sensitive (Cl-, K ÷) cotransport  could be operative in steady-state 
cells, the stoichiometry of  the bumetanide-sensitive fluxes was determined by 
measuring CI- and K ÷ fluxes simultaneously in the same cell suspension. At 
5 • 10 -4 and 10 -3 M bumetanide concentrations, the ratio of  these fluxes was 
0.98 -+ 0.07 (S.E.) and 1.04 -+ 0.06, respectively, consistent with the postulated 
cotransport  mechanism. At 10 -4 and 10 -s M, however, the ratio of the bume- 
tanide-sensitive C1-/K* flux was significantly less than 1.0. Since the magni- 
tude of  the bumetanide-sensitive K ÷ flux at 10 -4 M was close to that  of  the 
C1--sensitive flux, a ratio of less than 1.0 at this drug level indicates that  C1- 

Abbreviations: Hepes, N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid; Mops, 4-morphoHnepropane- 
sulfonie acid. 

0005-2736/81/0000--0000/$02.50 © Elsevier/North-Holland Biomedical Press 



340 

sensitivity and drug sensitivity may not  reflect inhibition of the same process 
under all circumstances. 

Introduct ion 

A (K ÷, C1-) cotransport mechanism has been postulated for Ehrlich ascites 
tumor  cells, based on observations of cells activated to accumulate K ÷ [1,2]. 
This cotransport  appears to be inhibited by furosemide. Other work suggests 
that  such a mechanism may also operate in steady-state cells. Thus, Bakker- 
Grunwald et al. [ 3,4 ] have demonstrated that  K ÷ self-exchange was reduced to 
the same extent  by replacement of most  of the environment C1- and by treat- 
ment  with furosemide. Based on these studies we estimate that  cotransport 
with K ÷ could account for about 60% of steady-state C1- exchange. Since an 
investigation of  the stoichiometry of C1-- or furosemide-sensitive K ~ and C1- 
transfer was not  undertaken, however, the possibility remains that  C1- activates 
K ÷ transport wi thout  being linked to it in an obligatory transport process. 

In this study we investigated the sensitivity of K ÷ and C1- self-exchange to 
bumetanide,  a drug which is structurally related to furosemide [5] but more 
potent  in its action [5,6]. The bumetanide-sensitive K ÷ exchange was com- 
pared to the C1--sensitive K ÷ exchange and to the bumetanide-sensitive C1- 
exchange. The results are consistent with a bumetanide-sensitive coupled 
transport of K ÷ and C1- in the steady state, but only at drug concentrations of 
5 • 10 -4 M or greater. 

Methods 

Cell suspens ions  and so lu t ions  
Ascites cells were grown in mice, harvested, and washed as described previ- 

ously [7]. Washed cells at a concentration of 90--100 mg wet wt. /ml (14--15 
mg dry wt./ml) were equilibrated for 30--60 min to reach a steady state with 
regard to K ÷ and C1- content .  Flux studies were intiated by diluting the cells 
10-fold with radioactive solutions in the presence or absence of drug, in an air 
atmosphere, at a temperature of 21--24°C. Depending on the study, one or 
both of  the solutions below was used for washing and experimentation (con- 
centration in mM): C1- Ringer, 154 NaC1/6 KC1/1 or 2 CaC12/10 Hepes or 
Mops; NO~ Ringer, 154 NaNO3/6 KNO3/1 CaC12/10 Mops. Solutions were 
ti trated to pH 7.23--7.35 with NaOH. 

Cl- and K ÷ se l f -exchange 
C1- and K ÷ fluxes were determined in the steady state by obtaining the 

efflux rate coefficient for each ion and then multiplying it by the cellular con- 
tent  of C1- or K ÷. The rate coefficients were measured from the rate of cellular 
uptake of 36C1 or 4:K, using the kinetic equations of  a two-compartment  closed 
system [8]. 36 C1 and 42K were present at 0.15 and 0.40 ~Ci/ml cell suspension, 
respectively. Packed cells were washed with ice-cold NaNO3, extracted with 7% 
HC104, and analyzed for radioactivity, C1- and K ÷, as described previously [7]. 
When the stoichiometry of bumetanide-sensitive C1- and K + fluxes was deter- 



341 

m i n e d ,  36C1 and 42K were present together in the same cell suspension. To 
separate sample 42K from 36C1, 42K was counted by its Cerenkov radiation in a 
Searle liquid scintillation counter  and then allowed to decay for 1 week, after 
which the small contr ibut ion of  36C1 to the Cerenkov radiation was subtracted; 
36C1 was then moni tored after the addition of  scintillation fluid. 

Materials 
Bumetanide powder  was a gift from Hoffman-LaRoche,  Inc., Nutley, NJ, 

and from Dr. P.W. Feit, Leo Pharmaceutical Products,  Ballerup, Denmark. 
Furosemide was a gift from Hoechst-Roussel Pharmaceuticals, Inc., Somerville, 
NJ. Both drugs were dissolved in 1 M NaOH and ti trated to pH 7.2--7.4 with 
HC1 or HNO3. Isotopes were obtained from New England Nuclear; the scintilla- 
tion fluid was Hydrof luor  (National Diagnostics). 

Results 

The results of  an investigation of  steady-state C1- transfer in the presence of 
bumetanide are summarized in Fig. 1. For comparison, our published data of 
furosemide action [7] are also shown. Bumetanide appears to be the more 
effective inhibitor of  C1- transport  when the drug concentrations are 10 -3 M or 
lower (recent unpublished work with furosemide yielded results similar to 
those in the earlier studies). Similar to observations on amphibian cornea [9], 
the curves are no t  parallel. 

The action of  bumetanide on K ÷ and C1- self-exchange was investigated 
simultaneously in a number  of  experiments.  A representative example is shown 
in Fig. 2, for a drug concentrat ion of  10 -3 M. In this example, the K ÷ flux was 
inhibited by  56% and the C1- flux by  64%. As was generally the case, the cellu- 
lar contents  of  K ÷ and C1- were unchanged in the presence of  bumetanide:  cell 
K ÷ was 450 and 441 #mol/g dry wt. in control  and bumetanide-treated cells, 
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Fig. 1. D o s e - r e s p o n s e  c u r v e  f o r  a c t i o n  o f  b u m e t a n i d e  (e) o n  C I -  s e l f - e x c h a n g e .  S t a n d a r d  e r r o r s  i n d i c a t e d  
by bars; n u m b e r  of  exper iments  in parentheses .  For comparison, the data  wi th  furosemide  from Table  I 
(Ref. 7) are also shown (o). 
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Minutes 

F i g .  2 .  E f f e c t  o f  b u m e t a n i d e  o n  s t e a d y - s t a t e  CI -  a n d  K + e x c h a n g e ,  d e t e r m i n e d  s i m u l t a n e o u s l y .  C o n t r o l  
( o ) ,  10 -3 M b u m e t a n i d e  (e). R e s p e c t i v e  rate  c o e f f i c i e n t s  in c o n t r o l  a n d  b u m e t a n i d e - t r e a t e d  ce l l s  w e r e  
3 . 0 8  a n d  1 . 1 1  h - I  for  CI -  e x c h a n g e ,  a n d  1 . 2 1  a n d  0 . 5 4  h - I  for  K+ e x c h a n g e .  

respectively, and C1- content was 186 and 187 pmol/g dry wt. Since both K + 
and C1- self-exchange were altered by bumetanide, it seemed possible that this 
agent could be acting on a (K ÷, C1-) cotransport process. Therefore, we com- 
pared the effects on K ÷ self-exchange of  bumetanide and replacement of  extra- 
cellular C1-. 

The C1--sensitive K ÷ flux was calculated as the difference between the flux 
in a control environment containing 162 mM C1- and the flux in an NO~ 
environment containing only 2 mM C1-. The bumetanide-sensitive K ÷ flux was 
calculated as the difference between the flux in a bumetanide-free medium and 
the flux in the presence of  bumetanide, either in 162 mM C1- or in 2 mM C1- 

T A B L E  I 

C O M P A R I S O N  O F  B U M E T A N I D E - S E N S I T I V E  A N D  C I - - S E N S I T I V E  S T E A D Y - S T A T E  K ÷ F L U X  

V a l u e s  o f  f l u x  are g iven in ~ tmol /g  dry  w t .  p e r  h .  

B u m e t a n i d e  
c o n c e n t r a t i o n  
( M )  

Cl- -sens l t ive  K + f l u x  B u m e t a m d e - s e n s i t i v e  K + f lux  

CI-  r inger  * N O ~  r i n g e r  * * 

0 4 2 1  - -  - -  

1 0  - 3  - -  3 6 9  3 0  

1 0  - 4  - -  3 6 8  3 0  

( C o n t r o l  K + f l u x  = 5 8 2 )  

0 513 -- -- 
10 -3 -- 540 54 

10-4 -- 511 58 

(Control K + flux = 741) 

* 1 6 2  m M  CI- .  
** 2 m M  C1-. 
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T A B L E  II  

S T O I C H I O M E T R Y  O F  B U M E T A N I D E - S E N S I T I V E  C1- A N D  K + F L U X  

Standard errors and n u m b e r  of  exper iments  (in parentheses)  are indicated.  Percent inhibi t ion o f  K + f lux  is 

(1 - - %  of  contro l ) ,  c o l u m n  2. 

Bumetanide  K ÷ f lux  Bumetanide-sensi t ive  
concentra t ion  (% o f  c o n t r o l )  f l uxes  C1-/K + . 

1 
1 
5 

1 
5 
1 
2 

2 .5  

10  -6 46  -+ 1 (2)  0 . 1 4  (1)  
10 - s  43 + 3 (6)  0 .67  + 0 . 0 5  (5)  * 
10  - s  52 +- 1 (2)  0 .84  +- 0 .07  (2)  
10 -4 41 -+ 2 (6)  0 .61  -+ 0 . 1 0  (5)  * 
10 -4  44  -+ 3 (4)  0 .98  ± 0 .07  (3)  
10 -3 36 ± 3 (8)  1 .04  -+ 0 .06  (7)  

10 -3 28  (1)  1 .35  (1)  
10 -3 38 + 1 (2)  1 .22  ± 0 . 0 4  (2)  

* B u m e t a n i d e - s e n m t l v e  C1- a n d  K + f luxes  s ign i f i can t ly  d i f f e r e n t ,  a n a l y z e d  b y  pa i r ed  t-test. 

solutions. These results are shown in Table I. It can be seen that  the magnitudes 
of  the C1--sensitive and bumetanide-sensitive K ÷ fluxes were within 5--14% of  
each other,  and that  when most  of  the external  C1- had been replaced by NO~, 
bumetanide had only a small additional inhibi tory action on K ÷ transfer. It is 
no tewor thy  that  10 -4 and 10 -3 M concentrat ions of  bumetanide were equally 
effective in depressing K ÷ flux. 

If, as these results suggest, there is a steady-state (CI-, K ÷) cotransport  me- 
chanism which is inhibited by bumetanide,  this should be reflected by the 
s toichiometry  of  the bumetanide-sensitive C1- and K ÷ fluxes. Accordingly, K ÷ 
and C1- self-exchange were studied together,  in the presence of  a range of  drug 
concentrat ions.  The data are summarized in Table II. A coupled t ransport  of  
C1- with K ÷ would yield a ratio of  1 when the bumetanide-sensitive C1- flux is 
divided by the bumetanide-sensitive K ÷ flux. As shown in column 3, the ratio 
was close to  1 when bumetanide was present at 10 -3 or 5"  10 -4 M and the 
bumetanide-sensitive C1- and K ÷ exchanges also appeared to be equivalent at 
higher drug concentrat ions.  However,  at 10 -4 M, the bumetanide-sensitive 
fluxes were significantly different  f rom each other,  even though there was little 
if any difference in the effectiveness of  bumetanide in depressing K ÷ self- 
exchange at these concentrat ions (Table II, column 2); fur thermore,  as shown 
in Table I, the  C1--sensitive K ÷ flux was equivalent to  the bumetanide-sensitive 
K ÷ flux at ei ther 10 -3 or 10 -4 M. It should be pointed out  tha t  the difference 
in the flux ratios determined by compiling data f rom all experiments  (sum- 
marized in Table II) was also true for the two experiments  shown in Table I. 
Specifically, at 10 -3 M, the bumetanide-sensitive C1-/K ÷ flux ratio was 1.05 
and 0.80 at 10 -3 M but  only 0.61 and 0.34 at 10 -4 M. 

In one exper iment  with furosemide a similar discrepancy was observed. 
Inhibition of  the steady-state K ÷ flux was 46, 46 and 39% at 10 -4, 5 • 10 -4, 
10 -3 M furosemide,  respectively, but  the corresponding furosemide-sensitive 
C1-/K ÷ f lux ratios were 0.45, 0.70, and 1.26. 
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Discussion 

In the present study, we consider whether a (CI-, K ÷) cotransport system can 
be demonstrated in steady-state ascites cells, using bumetanide as an inhibitory 
agent. Bumetanide inhibited both K ÷ and C1- self-exchange; the cellular content  
of these ions was not  altered. K ÷ exchange was very sensitive to this agent; 
inhibition was virtually constant at about 55% over a concentration range of 
10-6--5 • 10 -4 M (Table II). Bumetanide appeared to depress steady-state C1- 
transport at lower concentrations than has previously been demonstrated for 
furosemide (Fig. 1). 

The results above indicated that  a bumetanide-sensitive (CI-, K ÷) cotransport 
system could be operative in the steady state. To test this, C1- and K ÷ exchange 
fluxes were assessed simultaneously and the stoichiometry of the bumetanide- 
sensitive fluxes was determined. A stoichiometry of 1 C1- : 1 K ÷ would be pre- 
dicted for this mechanism; if the cotransport mechanism included Na ÷ and 
occurred as 2 C1- : 1 K ÷ : I Na ÷, as postulated from net flux measurements in 
non-steady-state cells [2], the expected stoichiometry would be 2 C1- : 1 K ÷. 

The data are consistent with a 1 : 1 C1- : K ÷ cotransport which is sensitive to 
bumetanide at drug concentrations of 5 • 10 -4 M and higher (Table II). Ratios 
approaching 2 C1- : 1 K ÷ were not  observed. At 10 -4 M, however, as well as at 
10 -s M drug levels, the C1-/K ÷ ratio was significantly less than 1.0. A similar 
finding resulted when cells were treated with furosemide. Since the magnitude 
of the bumetanide-sensitive K* flux at 10 -4 M was close to that  of the C1--sen- 
sitive K ÷ flux, a stoichiometry of  less than I : 1 is difficult to account for if 
bumetanide sensitivity and C1- sensitivity both result from inhibition of (CI-, 
K ÷) cotransport.  Thus, C1- sensitivity and drug sensitivity may not  reflect 
inhibition of the same process under all circumstances. In this regard, Bakker- 
Grunwald et al. [4] noted that  " . . .  the possibility of complicating drug inter- 
actions in the presence of furosemide cannot a priori be excluded".  In addi- 
tion, it is possible that  the sensitivity of  K ÷ exchange to C1- reflects factors in 
addition to an obligatory coupling of  C1- and K ÷ transport. Further work 
evaluating the stoichiometry of steady-state C1- and K ÷ exchange under a 
variety of  conditions is necessary to clarify these points. This work is underway 
in our laboratory. 
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