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Summary. Ouabain-resistant effluxes from pretreated cells con- 
taining K+/Na + = 1.5 into K ~ and Na + free media were mea- 
sured. Furosemide-sensitive cation effluxes from cells with 
nearly normal membrane potential and pH were lower in NO~ 
media than in C1 media; they were reduced when pH was low- 
ered in C1 media. When the membrane potential was positive 
inside furosemide increased the effluxes of Na + and K- (7 experi- 
ments). With inside-positive membrane potential thefurosemide- 
insensitive effluxes were markedly increased, they decreased 
with decreasing pH at constant internal C1- and also when inter- 
nal CI- was reduced at constant pH. The correlation between 
cation flux and the membrane potential was different for cells 
with high or low internal chloride concentrations. The data with 
chloride _->47 mM showed a better fit with the single-barrier 
model than with the infinite number-of-baniers model. With low 
chloride no significant correlation between flux and membrane 
potential was found. The data are not compatible with pure inde- 
pendent diffusion of Na + and K + in the presence of ouabain and 
furosemide. 
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Introduction 

The  c o n c e p t  o f  a N a + - K  + c o t r a n s p o r t  t h rough  the 
red  b l o o d  cel l  m e m b r a n e  was  e s t a b l i s h e d  by  W i l e y  
and  C o o p e r  [32] t hough  ea r l i e r  r epo r t s  d e s c r i b e d  
c o m p o n e n t s  o f  the  p h e n o m e n a  i n v o l v e d  [2, 23, 29]. 
The  t r a n s p o r t  can  be  inh ib i t ed  b y  f u r o s e m i d e  [29, 
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32] and  b y  o t h e r  l oop  d iu re t i c s .  I t  was  s h o w n  [18-  
20] tha t  in E h r l i c h  a sc i t e s  t u m o r  cel ls  this  ca t ion  
t r a n s p o r t  was  a s s o c i a t e d  wi th  a ch lo r ide  t r a n s p o r t  
[Na  + + K + + 2 C1-). H a a s  et  al.  [21] s h o w e d  tha t  
this  was  the  ca se  a lso  in duck  red  b l o o d  cel ls  and  
tha t  these ,  in c o n t r a s t  to h u m a n  red  b lood  cel ls ,  
r e s p o n d  to cel l  sh r inkage  b y  a c t i va t i on  o f  N a  + + K + 
+ 2 C1- t r a n s p o r t .  A d e p e n d e n c e  o f  N a + - K  + co-  
t r a n s p o r t  on  C1- ions  has  a lso  been  r e p o r t e d  for  
h u m a n  red  cel ls  [6, 8 -10 ,  14, 30]. 

T h e  a im was  to  s t u d y  a p o s s i b l e  ef fec t  o f  mem- 
brane po ten t i a l  on  the  N a + - K  + c o t r a n s p o r t  in hu-  
man  r ed  cel ls ,  h o p i n g  in this  w a y  to fu r the r  our  
u n d e r s t a n d i n g  o f  the  unde r ly ing  t r a n s p o r t  m e c h a -  
n ism.  The  t r a n s m e m b r a n e  p o t e n t i a l  was  va r i ed  by  
s u c r o s e  subs t i tu t ing  for  a la rge  pa r t  o f  the  MgCI2 in 
the  m e d i u m .  This  resu l t s  a l so  in an i n c r e a s e d  p H  
d i f f e rence  b e t w e e n  the  cel l  i n t e r io r  and  me d ium.  
T h e r e f o r e  c o n d i t i o n s  bo th  w h e n  the in te rna l  p H  re-  
m a i n e d  c o n s t a n t  and  w h e n  it c ha nge d  were  used .  
To d i f f e ren t i a t e  b e t w e e n  effects  due  to po ten t i a l  
and  spec i f ic  c h l o r i d e  ef fec ts ,  n i t r a t e -con ta in ing  me-  
d ia  w e r e  a lso  used .  I t  s e e m e d  p r o p e r  af ter  the  
resu l t s  o f  W i l e y  and  C o o p e r  [32] to def ine ope ra -  
t iona l ly  the  N a + - K  + c o t r a n s p o r t  as the  t r a n s p o r t  
inh ib i t ed  b y  f u r o s e m i d e .  The  u n e x p e c t e d  f inding 
tha t  u n d e r  c e r t a i n  e x p e r i m e n t a l  cond i t ions  furo-  
s e m i d e  i n c r e a s e d  the  t r a n s p o r t  o f  N a  § and  K § sug- 
ges t s  tha t  the  o p e r a t i o n a l  def in i t ion  o f  N a + - K  § co-  
t r a n s p o r t  as  f u r o s e m i d e - i n h i b i t e d  t r a n s p o r t  needs  
r ev i s ion .  A p r e l i m i n a r y  r e p o r t  o f  th is  w o r k  has  been  
p r e s e n t e d  in a b s t r a c t  fo rm [34]. 

Materials and Methods 

Unless otherwise stated, all chemicals were analytical grade. 
Solutions were made from quartz-distilled deionized water. 



218 A.M.M. Zade-Oppen et al.: Na + and K + Effluxes from Human Red Cells 

EXPERIMENTAL PROCEDURES The Flux  Incubat ion  

Venous blood from the same two donors, one male and one 
female, was used throughout this investigation. The blood was 
drawn immediately before the experiment into heparinized tubes 
and centrifuged for 20 rain at 17,000 x g. This decreased trapped 
plasma to below 2%. The supernatant and the buffy coat were 
carefully removed. 

Pre t rea tmen t  

The cells were loaded in the presence of 35 b~g/ml nystatin 
(Sigma Chemical Co., St. Louis, MO) [7] to attain a constant 
concentration ratio of K+/Na +. This was set at 1.5 throughout 
the investigation. Cells suspended at 40 to 50% hematocrit (Hct) 
in the loading medium (see below) were titrated by an air-CO2 
mixture at ambient temperature to the isoelectric pH, using val- 
ues given by Dalmark l12]. After centrifugation and resuspension 
the procedure was repeated until the pH was stable, and the cells 
were washed twice more. The nystatin-loading medium also con- 
tained 54 mM NaC1, 81 mM KC1, 30 mM sucrose [33], and 0.7% 
methanol. Freshly prepared stock solutions of nystatin in metha- 
nol were used in the preparation of loading media. The cells were 
suspended at or below a 2% Hct in ice-cold loading medium with 
nystatin for 20 to 30 min. To remove nystatin the ceils were twice 
suspended at or below a 2% Hct in fresh loading medium lacking 
nystatin but containing 10 4 M ouabain at about 30~ [7]. All 
media used afterwords also contained 10 -4 N ouabain. The ceils 
were then divided into the same number of batches as the num- 
ber of experimental conditions and were washed 4 times at 4~ in 
their respective flux medium (containing ouabain but not faro- 
semide). A suspension of approximately 50% Hct in each flux 
medium was used to analyze for actual Hct, Hb absorbance, 
Na § K +, wet and dry weights and for the preparation of the final 
suspensions for flux measurements. 

Flux Media  

All flux media contained 10 mM glucose, 10 mM buffer and 0.1 
mM ouabain, and had an osmolarity of 292-310 mOsm. The 
"normal" or reference medium (number 1) contained addition- 
ally 75 mM MgC12 and 75 mM sucrose. The pH at the end of the 
experiments was 7.25. The chloride ratio (inside/outside) was 
altered by substituting sucrose for MgC12. This induced changes 
in membrane potential (Eo) and increased the difference between 
internal and external pH. Therefore either the external pH (pHo) 
was varied in order to keep the internal pH (pHi) constant, or the 
pHi was allowed to change. Mg(NO3)2 was used to discriminate 
between effects of chloride ions and effects of membrane poten- 
tial and pH assuming NO;- to behave similarly to, or at least not 
very differently, from C1- with regard to membrane potential. 
The cells were always allowed to stand for 10 min or more at 
about 5~ (including 4 washes) to equilibrate with their respec- 
tive flux media before coming in contact with furosemide. Stock 
solutions of the buffer were made by mixing 0.1 M Tris(2,amino, 
2,hydroxy,methyl,l-3,propanediol) (Trizma base, Sigma) with 
0.1 M 3-(N-morpholino)propanesulfonic acid (MOPS, Sigma) to 
the desired pH. The flux media contained a 10-fold dilution of 
this mixture. This buffer was chosen in order not to add per- 
meant ions. 20 mM fresh stock solutions of furosemide were 
made in Trizma base and diluted to volume with water. The final 
furosemide concentration in the cell suspensions was 1 mM. Fur- 
ther details of the composition of flux media are given in the 
Table. 

Cell suspensions (Hct _-< 50%) were further diluted with flux 
media to a Hct of 1.7 to 4%. At time zero all cell suspensions 
were transferred from ice baths to 37~ Triplicate samp!es were 
removed from each batch at 30, 60 and 90 min. They were chilled 
in ice baths and centrifuged at 3~ and 4,400 x g. The superna- 
rant fluid was kept for Na" and K + determinations. The fluid 
remaining after this measurement was pooled to get a volume 
large enough for the determination ofpH by the use of a standard 
combined glass-reference electrode (Orion pH meter, Orion Re- 
search, Cambridge, MA). The red cells from samples taken at 30 
and 90 min (70 ~1 or less) were quickly washed twice in the cold 
with 2 ml each of a solution containing 275 mM sucrose, 5 mM 
MgSO4 and enough HCI to bring the pH to 3.8. This medium was 
chosen to eliminate extraceltular CI- without losing that of the 
cells [35]. 0.6 or 1 ml of a 0.02% acationox (Lancer Div. of 
Sherwood Medical, St. Louis, MO) solution was added to each 
cell pellet and the resulting hemolysate was analyzed for Hb 
absorbance and chloride content. 

ANALYSES 

Wet and dry weights were determined by a procedure reported 
elsewhere [5]. For this, 100 pA of packed cells in pyrex disposable 
microsampling pipettes (Corning, Corning, NY) were weighed 
before and after drying to constant weight at 97~ The results 
allowed concentrations to be converted from mmol �9 (liter 
cells) -~ to mmol �9 (liter water) -~. 

Hemoglobin was determined as cyanmethemoglobin in a 
Gilford 300-N spectrophotometer (Gilford Instrument Lab., 
Oberlin, OH) at 540 nm [25]. 

Na § and K + concentrations were determined by atomic 
absorption spectrophotometry (model 5000, Perkin-Elmer, 
Norwalk, CT) using an oxygen-acetylene flame. Supernatants 
from the flux determinations were usually measured without fur- 
ther dilution. The presence of Mg increased the absorbance in 
the determinations of K +. The readings were corrected by the 
use of empirical correction factors that varied with the Mg z+ and 
K + concentrations. The effect of the corrections on the calcu- 
lated flux was less than 10%. 

Cl--determinations of hemolysates were made using a 
Corning Chloride Meter 920 M (Corning, Corning, NY) with or 
without previous protein precipitation for which 0.14 ml 10% 
picric acid in ethanol were added to 0.7 ml of the sample. After 
centrifugation in the cold the clear supernatant was used for 
chloridometry. A separate experiment was performed using he- 
molysates with varying concentrations of both Hb and CI- where 
all samples underwent chloridometry with or without protein 
precipitation. The result was used to establish correction factors 
for the cases where C1- was determined in the hemolysate with- 
out previous protein precipitation. 

Osmolarity was measured on the Osmette S automatic os- 
mometer (Precision System, Sudbury MA). 

CALCULATIONS 

Determinations of cellular Na § K + and CI- were made on sam- 
ples where also the absorbance of Hb had been determined. 
From the known value of Hb absorbance in the original packed 
red cells, all concentrations could be expressed in millimoles in 
the number of red cells originally occupying one liter, for short 
expressed as mmol �9 (liter cells) -1. Assuming that the original 
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Table.  
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Cond. No. of Experimental conditions 

No. expts. 

pHo pHi Mean conc. in mmol ' dm -3 water C I , ~  (N03-)o Cli/CIo ECl (mY) 
(raM) (raM) 

Na?  K7 CI? 

Water  

fraction 

1 5 7.25 _4_ 0.03 7.15 + 0.04 64 § 5.9 94 +- 10.7 116 + 14.9 144 0 0.80 + 0.104 --6 --+ 3.2 0.64 --+ 0.010 

2 5 7.92 • 0.05 7.69 + 0.10 64 = 7.7 95 + 13.1 81 • 8.8 144 0 0.57 --+ 0.061 --15 --+ 2.7 0.64 • 0,014 

3 7 6.36 -+ 0.20 7.16 + 0.16 70 • 6.9 106 • 12.7 90 -+ 15.4 15 0 6.2 -+ 1.03 +48 -+ 4,9 0.62 + 0.015 

4 7 7 .31 -+0 .10  7 . 7 8 •  76 + 8.7 1 1 5 •  47 •  15 0 3.3 + 0 . 8 4  + 3 1 - + 7 . 9  0 .59-+0,011 

5 3 6.57 -+ 0.08 6.62 • 0.01 66 § 10.4 97 -+ 17.4 157 § 20.3 144 0 1.1 + 0.14 +2 • 3.3 0.65 -+ 0.008 

6 3 7 . 8 7 ~ 0 . 1 1  7 , 8 2 + 0 . 1 1  6 8 •  6.1 f 1 4 +  9.3 12.7-+ 0.15 15 129 0 .90-+0 .047  - 3 _ + 1 . 4  0 . 6 1 + 0 . 0 1 8  

7 3 7.18 + 0.09 7.28 -+ 0.04 71 + 3.3 109 -+ 6.0 17.6 • 1.30 15 129 1.3 -+ 0.14 +6  -+ 3,1 0.61 + 0.025 

8 2 7.05 + 0.04 7.52 -+ 0.01 a 69 + 5.3 107 +- 8.7 5 + 5.0 0 15 - -  +29 • 1.2 a 0.59 

9 2 6 .32-+0 .03  7 . 1 3 + 0 . 0 3  b 7 0 -  + 3.7 I I 0 •  4.6 8 + 1.6 0 15 - -  + 5 0 - + 0 . 3  b 0.62 

a Calculated on the assumption that the NO3 ratio equals the CI- ratio of parallel samples in condition 4. 

b Calculated assuming the CI-  ratio in parallel samples in condition 3 can be used. 

The table gives vafues of C1-- and NO3--concentrations in the flux media, their pH as measured after 90 rain incubation of ceils at 37~ and cellular water  fraction and N a  + and K + 

concentrations prior to the incubation. The Cl~-values are means of measured CI,--concentrations in washed cells that had been incubated 30 and 90 min at 37~ pHi and ECl were 
calculated from the chloride ratio and pHo. Means are given + SD. 

cells had a densi ty  o f  1.1 and contained 1.86 g water  per g dry wt, zx Flux 

allowed concent ra t ions  to be expressed  in mmol  - (liter cell wa- 
ter) -k  Effluxes were calculated from the slope of the line relating 
concentra t ion  in the superna tan ts  at 30, 60 and 90 rain. The 0.5 
regression coefficient (R) was usual ly ~0.99.  In a few cases  there 
was a small degree of  curvature  and the 90 min values were then 
excluded.  By the use  o f  the Hb absorbance  of  the cell suspen-  
sions and the proper dilution factors,  the flux values were trans- 
formed into mmol  �9 (liter cells) -] �9 h t. The membrane  potential 0 
was a s s u m e d  to equal the equilibrium potential for chloride (Ec0 
and was calculated from the relation 

RT CI[ 
Ec] = -if- In C~-o" 

The internal pH was calculated from the external  pH assuming  

H [ / H  + = CIo-/CI[ 

o r  

Cl. 
pH~ = pHo + log ~ o '  

Results 

F U R O S E M I D E - S E N S I T I V E  E F F L U X E S  

OF N a  + A N D  K + 

In Fig. 1 furosemide-sensitive effluxes are shown 
under conditions where the membrane potential 
was approximately constant and near its normal 
value. Chloride ion concentration was varied by us- 
ing media containing either MgCI2 or MgCI2 plus 
Mg(NO3)2. The pH was also varied. At low C1- con- 
centrations no apparent effects of  pH were seen but 
at high C1- concentration,  where a wider pH range 

6 .6  7 .3  7 .9  7 .2  7 .9  pH o 

6 .6  7 . 2 ,  r 7 . 7  r 7 . 3  7 . 8  T pH i 

T I I 

§ 

i r 
,t t 

I r 

+2  ~ - 6  - 1 5  +6  , - 3  ECI 
,L 

1 4 4 1  1 4 4  1 4 4  1 5  1 5  CI o 

157 116 81 18 13 CI i 

Fig. 1. Mean furosemide-sens i t ive  effluxes (A Flux) in mmol . 
dm -3 cells �9 h -~ of  Na  § shaded bars,  and K +, open bars,  at 37~ 
with varying pH and CI~ concentra t ion ( m m o l .  dm -3 water) into 
Na" and K § free media.  These  contained 100 mM glucose,  10 mM 
Tris-MOPS buffer, 0.1 mM ouabain,  MgCI2 and/or  Mg(NO~h, 
sucrose,  -+ 1 mM furosemide  and were made  up to 300 mOsm.  
The low CI- was obtained by subst i tut ion with NO~. The mem-  
brane potential (Ec~ mV) calculated from measured  C1 values,  
was near  normal.  The cells in these  and following exper iments  
were pretreated with nystat in to contain K + and Na  + in a ratio of  
1.5. The  number  of  exper iments  were (from left to right) n = 3, 5, 
5, 3 and 3. Statistics in this and following figures: Solid error bars 
for SEM, dashed  error bars for 95% confidence intervals of  the 
means .  This includes the uncer ta inty  due to small sample sizes. 
When  compar ing resul ts ,  a difference is significant with 95% 
confidence or better  if there is no overlap between the dashed 
bars. An overlap does not  exclude the possibility of  a significant 
difference. In the text  some  differences are given with a good 
significance calculated on paired samples  f rom several  experi- 
ments .  This is not  obvious in the figure because  only the corre- 
sponding means  and their statistics are shown 

was investigated, the Na + fluxes increased when 
pH was raised from 6.6 to 7.3 and from 7.3 to 7.9 
(0.01 > P > 0.001) and the K § fluxes rose when 
going from pH 6.6 to 7.3 (0.02 > P > 0.01). Effects 



220 A.M.M.  Zade-Oppen et al.: Na + and K + Effluxes from Human  Red Cells 

/',Flux 

0.5 

-0 .5  

-1 .0  

6.4 

7.2 

i~iiiiiiil 

1.30 
i 

I 

pH o 7.3 

pHi 7.8 

1.33 1.83 1.66 
1 
t 

T P 

I I 
i 

I 

I 

I 
I 

i 

6.3 7.1 
7.1" 7.5* 

PHo 

PHi 

-1.33-2.61 -2.54 

+41 ~ +31 +50* +29* ECI 
15• 15 0 0 CI o 

90 47 8 5 CI i 

Fig. 2. Mean  furosemide-sensi t ive  effluxes (A Flux = control 
flux minus  flux in the presence  of furosemide) in mmol . dm -3 
cells �9 h -1 of  Na  +, shaded bars,  and K +, open bars, at 37~ with 
varying pH and C1 concentra t ion (retool . d m  -3 water). The 
membrane  potential  (Ecl mV),  calculated from CI ratios, was 
not  normal  but  inside positive. Media were composed  as in Fig. 1 
but  mos t  of  the MgCI2 or Mg(NO3)2 was replaced by sucrose.  The 
potential in C1--free media  was a s sumed  to equal the potential in 
parallel samples  containing C1-. The a s sumed  Ec~ values are 
marked with a star.  The number  of  exper iments  were (from left 
to right) n = 7, 7, 2 and 2. The values of  Cli = 5 and 8 in this 
figure and in Figs. 3 and 4 are not  significantly different from zero 
due to the large errors in Cl i  determinat ion at very low C1- 
concentra t ions  

of chloride ions can be judged in the same figure. It  
is clear that both  at neutral and alkaline pH the 
furosemide-sensi t ive N a  + and K + fluxes are larger 
when the chloride concentrat ion is high. (At pHo = 
7.9 for K + 0.05 > P > 0.02.) The change in Na  + flux 
resulting f rom a change in C1- concentrat ion is 
more evident at pHo 7.9 than 7.2 or 7.3. 

In the exper iment  of  Fig. 2 sucrose substituted 
for all but 15 mM C1- (7.5 mM MgC12) or 15 mM NO3 
in the medium in order  to obtain a high positive 
potential  inside and, in consequence,  large differ- 
ences between internal and external pH values. The 
total fluxes were  comparat ive ly  large and therefore 
also the errors of  the furosemide-sensi t ive fluxes. 
At pHo = 7.3 and Clo = 15 mM the furosemide- 
sensitive fluxes of  Na  + and K + showed large varia- 

~M 7.9  6 .4  6 .3  7.1 [ H  0 
7 .8  7.2 7 .1"  7.5~'~ pH i 

+2 - 6  - 1 5  t "6  - 3  + 4 8  +31 4'501" +2g"  E C I  
144 144 144 15 15 15 15 O r , 0 CI 0 
157 116 81 18 13 90  47 8 5 CI i 

8 6 .6  7.3 7.9 7.2 

6.8 7.2  7.7 7.3 

Fig. 3. Mean  effluxes in m m o l .  dm 3 cells �9 h 1 of  Na*,  shaded 
bars,  and K +, open bars,  in the presence of  1 mM furosemide 
(oFN) at 37~ with varying pH, Cl- -concentra t ion (mmol �9 dm -3 
water) and membrane  potential (mV). Pret reatment  and media 
composi t ion as in Figs. 1 and 2. The number  of  exper iments  were 
(from left to right) n = 3, 5, 5, 3, 3, 7, 7, 2 and 2 

tions be tween experiments ,  and the averages from 
seven exper iments  were not different f rom zero. 
When the cells were equilibrated in an acid CI--  
containing medium the efflux of N a  + and that of  K + 
was larger in the presence  of furosemide than in its 
absence.  This is presented with negative values in 
the figure. This unexpected  result is well verified in 
that the s ta tement  is made with 0.01 > P > 0.001 
f rom the average of seven experiments .  Further,  
the N a  + fluxes were  stimulated (0.001 > P)  in 
each of  six out of  the seven exper iments  and the 
furosemide sensitive K + fluxes were  stimulated 
(0.001 > P)  in all seven. When C1- was further re- 
duced (from 15 to 0 mM) the furosemide-sensi t ive 
fluxes of  both  cations were  not different f rom zero 
as observed  in only two experiments .  However ,  at 
pHo = 7.1 both Na  § and K + effluxes were stimu- 
lated by furosemide (0.001 > P)  in each of two ex- 
periments.  The effect of  reversing the membrane  
potential  therefore,  under  the right conditions, was 
to turn a so-called furosemide-sensi t ive (i.e., a furo- 
semide-inhibited) flux into a furosemide-st imulated 
flux (compare Figs. 1 and 2). Substitution of CI- 
without a concomitant  potential  change did not 
show the same effect (Fig. 1). 

F L U X E S  IN T H E  P R E S E N C E  OF O U A B A I N  

A N D  F U R O S E M I D E  

Data for effluxes of  Na  + and K + in the presence of 
both ouabain and furosemide are given in Fig. 3. 

When the membrane  potential  was near  normal 
no effect of  pH was observed.  With a membrane  
potential  of  +30 to +50 mV protons inhibited K + 
fluxes and this occurred both when Clo = 15 or 0 
(and (NO3)o = 0 or 15) (0.01 > P > 0.001). The Na + 
fluxes were inhibited by  protons in the low C1/- con- 
dition (0.01 > P > 0.001), but the difference at 
higher C1- was not significant. 
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Fig. 4. Mean  ratios (FoMK/VoMya) o f K  + efflux over  Na + efflux into 
media  containing furosemide.  Red cells had initial concentrat ion 
ratios K+ /Na  + = 1.52 -+ 0.093 (SD) (n = 37), under  conditions 
with varying m e m b r a n e  potential (Ea mV) and C1 concentrat ion 
(mmol � 9  -3 water). The media  were as stated under  Figs. 1 and 
2. The lower 95% confidence limit for the K+/Na  + concentrat ion 
ratio was 1.49. In seven  out  of  nine condit ions the ratio of  fluxes 
was significantly different f rom the ratio of  concentrat ions.  The 
number  of  exper iments  were (from left to right) n = 5, 7, 5, 3, 7, 
3, 3, 2 and 2 

other cases it was below 1.5 and in two cases not 
different from unity. No clear relation was found 
between flux ratio and membrane potential, pH or 
C1--concentration. 

Another  test of  the assumption that the efftuxes 
in the presence of both ouabain and furosemide 
were due to only simple electrodiffusion (no active 
and no carrier-mediated transport) was performed 
in the following treatment.  The data were treated in 
two ways: (i) electrodiffusive flux through a mem- 
brane with a single barrier (Fig. 5A) and (ii) through 
a membrane with an infinite number of barriers (Fig. 
5B). The treatment is given in detail in the Appen- 
dix. When the lower flux value out of the pair  with 
and without furosemide was used consistently, the 
result was that the data did not show a perfect fit 
with either treatment;  instead of a slope of one, the 
single barrier t reatment  gave 1.10 -+ 0.08 and the 
infinite number  of  barriers model gave 1.20 -+ 0.09. 
The differences between these three values are sig- 
nificant (P < 0.001). 

A membrane potential of +30 to +50 mV means 
an increased electric driving force for cation efflux 
compared with a near normal potential. The ex- 
pected concomitant  increase in efflux is obvious in 
Fig. 3. This effect was not observed in the absence 
of C1- on both sides of  the membrane and at low 
pHo. At a near normal pHo, however,  the flux at 
E c l =  +29 and Clo = 0 is larger than when Ecl = - 6  
and Clo = 144 at pHo = 7.3 for both cations (0.01 > 
P > 0.001). In addition the increase of cation efftux 
was higher in the presence of intracellular C1-. A 
marked effect of  chloride ions was seen when com- 
paring the efflux from cells with a high inside posi- 
tive potential; the efflux was considerably reduced 
(0.05 > P)  when NO3 replaced the 15 mM C1- in the 
medium and CI~- was not significantly different from 
zero (compare in Fig. 3 Ecl = 48, pHo = 6.4 with 
E c l =  50, pHo = 6.3, and E c l =  31, pHo = 7.3 with 
Ecl = 29, pHo = 7.1). A similar effect was not ob- 
served in cells having a near normal potential (com- 
pare E c l =  6, pHo = 7.2 with E c l =  - 6 ,  pHo = 7.3). 
The low internal CI- concentrat ion then was 18 mM. 

Assuming that the efttux of  Na + and K + in the 
presence of  both ouabain and furosemide is due to 
pure electrodiffusion through channels or pores 
equally permeable to both ions, the ratio of fluxes 
MK/MNa should equal the ratio of the concentration 
of these ions in the cell (the external concentrat ion 
being zero), assuming no differences in permeability 
coefficients. In all these experiments the ratio of 
concentrat ions K / N a  = 1.52 -+ 0.093 (so, n = 37). 
To test this assumption the ratios of  the fluxes were 
calculated and the results are given in Fig. 4. Only 
in two cases out of  nine was the ratio 1.5, in the 

Discussion 

E F F E C T S  OF F U R O S E M I D E  ON E F F L U X  

OF Na + A N D  K + 

It was clearly seen, when the membrane potential 
was near its normal value, that furosemide-sensitive 
efflux was larger when the chloride concentrat ion 
was high. This confirms a chloride sensitivity for 
Na+-K + cotransport  in human red blood cells re- 
ported previously [3, 8-10, 14, 30]. It lends support 
to the notion that in human cells this cotransport  
may be a Na + + K + + 2C1- cotransport  like that 
reported in duck red blood cells [21] and in Ehrlich 
cells [20]. 

With a nearly normal membrane potential it was 
also seen that protons inhibit the furosemide-sensi- 
tive efflux of Na + and K § This, in part, confirms a 
more complete study of  pH effects by Garay et al. 
[17]. In the light of the present findings it is not 
possible to conclude whether  protons inhibit the 
Na+-K § cotransport  or exert  their influence by 
modulating the furosemide effect. It may be worth 
noting that a dose-response curve [17] exists for 
only one pH (7.4, 37~ 

When the membrane potential was positive in- 
side (Clo = 15 mM) and pHo = 6.4 the efflux of  both 
cations was larger in the presence of furosemide 
than in its absence. I f  this unexpected result should 
be explained as a stimulation of  Na+-K + cotrans- 
port  caused by furosemide,  then the consequence 
would be that furosemide may have simultaneously 
a stimulating and an inhibiting effect and the rela- 
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Fig. 5. Effect of the electrochemical driving force on the efflux 
of Na + and K + in the presence of furosemide under conditions 
with varying membrane potential (chloride ratio), pH, and chlo- 
ride content but constant initial content of Na + and K § A double 
logarithmic plot was used to obtain a proper weighting of the 
points. Fluxes were expressed in mmol �9 (dm 3 cells) -~ �9 h-L Open 
circles represent red cells with CI,-- = 18 mM. Filled circles where 
Cli => 47 mM. In A the driving force was calculated according to 
the single barrier model and in B according to the model with an 
infinite number of barriers. The full lines, expressed in A by Eq. 
(4) and in B by Eq. (7) (see Appendix), were obtained by linear 
regression analysis of results from cells with a high CI[. From 
these the permeability coefficients of Na + and K + were calcu- 
lated. The lower straight lines similarly belong to cells with a low 
CI[. The 99.9% confidence limits of the regression lines are 
shown as curved broken lines. In both A and B the slope of the 
low C1/regression line is not significant, meaning that the flux 
may or may not be related to the plotted driving force. The 
values obtained with cells low in C1;- appear to belong to a statis- 
tically different population from that where values were derived 
from high C1;- cells 

tive magni tudes  o f  the two would  determine 
whe the r  the result  unde r  vary ing  condi t ions  appears  
as a s t imulat ion or  a partial or  a comple te  inhibition. 

The  st imulat ion at pHo = 7.1 cannot  have been a 
co t ranspor t  with C1 as this anion was virtually ab- 
sent. Since the publ icat ion by  Wiley and Coope r  
[32] N a + - K  + co t ranspor t  has been s y n o n y m o u s  
with furosemide- inhib i ted  t ranspor t .  The  results 
p resen ted  here  lead to the conc lus ion  that furo- 
semide is not  a good  test  subs tance  to assess  the 
N a  + + K+(+2C1 ) co t r anspor t  under  all exper imen-  
tal condi t ions .  Fur the r  work  is required to analyze  
the m e c h a n i s m  of  the obse rved  st imulat ion o f  N a  § 
and K + efflux in the p resence  o f  furosemide.  It may,  
however ,  even  if pe rhaps  s o m e w h a t  far- fe tched be 
o f  interest  in this connec t ion  that  for  a conduc t an c e  
channel  an inhibitor has been  found  to stimulate 
t ranspor t .  E i s e n m a n  and Sandb lom [15] descr ibe 
this possibi l i ty for  the b locking effect  o f  tetraethyl-  
a m m o n i u m  on ces ium t ranspor t  th rough  gramicidin 
A channels  in g lycery l  monoo lea t e  bilayers.  It has 
also been shown that  amiloride can both stimulate 
and b lock  N a  § t r anspor t  with vary ing  concen t ra -  
t ions [27, 31]. The  furosemide  concen t ra t ion  was 
cons tan t  in this invest igat ion,  but vary ing  pH and 
EcL could  alter the affinities o f  the binding sites. 

Chipperfield and Shennan  [1 l] invest igated the 
effect  o f  pire tanide on N a  + and K § efflux f rom hu- 
man  red blood cells with a reversed  m e m b r a n e  po- 
tential by  g lucona te  subst i tut ion o f  C1- and also 
vary ing  pH.  T h e y  did not  find any  flux-stimulating 
effects o f  the drug. It  appears  therefore  that the 
st imulating effect  o f  fu rosemide  is ei ther  more  or  
less specific for  this c o m p o u n d  or  for  the experi- 
menta l  condi t ions  used in this investigation.  

FLUXES IN THE PRESENCE OF OUABAIN 
AND FUROSEMIDE 

The  presen t  invest igat ion was  unusual  in that the 
electrical driving force  for  ion efflux was  varied 
whereas  ion concen t ra t ions  were  kept  cons tan t  
[25]. The  increased  salt permeabi l i ty  o f  red blood 
cells in none lec t ro ly te  media  [4, 13] was  avoided  by 
the use o f  a m in imum of  7.5 mM MgC12 or  Mg(NO3)2 
in the sucrose  media.  The  opening  of  voltage-sensi-  
tive ca t ion channels  should  not  const i tu te  a p roblem 
in the vol tage range used here  [13]. It was  therefore  
possible  to test  if the single barr ier  or  the infinite 
n u m b e r  o f  barr iers  mode l  bes t  fitted the exper imen-  
tal data.  It  can  be calcula ted that  they  should differ 
by  a f ac to r  o f  1.3 within the range o f  varying mem-  
brane  potent ials  used in this investigation.  A conse-  
quence  o f  the smallness  o f  this fac tor  is that  the two 
t rea tments  mus t  be expec ted  to give very  similar 
results.  This was  obv ious ly  also the case as seen 
when  compar ing  Fig. 5A and B. In spite o f  this simi- 
larity the models  gave statist ically significantly dif- 
ferent  results  and the single barr ier  t rea tment  fitted 



A.M.M. Zade-Oppen et al.: Na + and K- Effluxes from Human Red Cells 223 

more closely to the experimental data from C1 - 
containing cells than the infinite number model, al- 
though neither model was entirely satisfactory as 
neither yielded the theoretical slope of unity. 

The relation between the flux which may be ex- 
pected to be a pure diffusive flux through so-called 
conductance channels and the electrochemical driv- 
ing force clearly demonstrated (Figs. 3 and 5) a 
strong dependence on chloride ions, the fluxes be- 
ing smaller with NO3. This appears to be in contrast 
to the finding that K § moves faster with NO3 as 
counterion than with C1- in the Gardos channel [26] 
and contradictory to the data presented by Funder 
and Wieth [16] which, however, were obtained un- 
der different experimental conditions, It is a new 
observation which should be the object of further 
study. 

Another unresolved problem is the observation 
of varying ratios of the K + flux/Na + flux (Fig. 4) in 
spite of a constant ratio of their concentrations and 
varying potentials affecting both ions equally. 
There is at the moment no explanation available. 
We can, however, exclude one mechanism. Shrink- 
age to about 54% water has been reported to in- 
crease Na § but not K § permeability [1]. A less dras- 
tic shrinkage was not always avoided in the present 
investigation (Table 1), but in condition 4 (water 
fraction = 0.59) the flux ratio was 1.5 and in condi- 
tions 1 and 5 (normal water fraction) the ratio was 
below 1.5. It therefore seems unlikely that the vary- 
ing flux ratios could be induced by volume altera- 
tions in these experiments. 
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A p p e n d i x  

The Relation Between Flux and Electrochemical 
Driving Force 

The data were treated as flux through a membrane with a single 
barrier in ! and with an infinite number of barriers in II. 

L For the application to the case with a single barrier where the 
outside concentration is approximately zero, the relation be- 
tween cation flux and electro-chemical forces is 

J = PCe FE/~r (1) 

which is obtained if in Eq. (15) of Parlin and Eyring [28] the 
external concentration C, = 0 and the signs adjusted so that the 
membrane potential (E) is the inside potential minus the outside 
potential where J = efflux [mmol �9 (liter cells) -~ �9 h-q,  P = 
permeability coefficient [(liter water) �9 (liter cells) -~ �9 h-q,  C = 
cation concentration (retool �9 liter-~), and F, R, and T have their 
usual meanings. 
According to Nernst the membrane potential is 

RT Cli 
E = -F-  In U ~  (2) 

where Cli and Clo denote the inside and outside chloride concen- 
trations. Combining Eqs. (1) and (2) gives 

J = PC Clo" (3) 

In order to determine P, linear regression analysis of the interde- 
pendence of log J and log P + log ( C ~ o )  was used rather 
than the nonlogarithmic expression in order to obtain a proper 
weighting of the individual points. 

Analysis of the entire material gave a correlation coefficient 
(R) of only 0.74 (n = 74). This is one expression of the great 
scatter of the points (filled and open circles) seen in Fig. 5A. The 
material was divided into two groups which were treated sepa- 

rately. The first group contained the flux values from conditions 
1-5 (Table 1), i.e., all conditions where CI~ was relatively high. 
The second group contained values from conditions 6-9, in 
which CI~ was at or below 18 mmol . (liter water)-L 

In the first group the values for PNa = 0.009 and PK = 0.007 
were calculated and these were not significantly different. There- 
fore Na + and K + flux values were treated in one group. Linear 
regression analysis gave the equation 

L o g J  = -1.99(• + 1.19(• C ~/~-~J (4) 

n = 54, R = 0.92, P = 0.010 _+~176176 (liter water). (liter cells)- ~. b t, 
which, assuming for the average red cell a surface area of 142 
p~m z and a volume of 87/xm 3, gives 

P = 1.74" 10 -t~ +0.87X10 tt~ -0 .52X10-  c m  ' s e c  - I .  

The flux values from conditions where CI/ was low showed a 
large scatter (open circles in Fig. 5A) and linear regression analy- 
sis gave R = 0.47 (n = 20). Much of the area between the 99.9% 
confidence lines of the linear regression line of this population is 
well outside the corresponding area for the points obtained for 
cells with a high Clt, suggesting that it is justified to treat the 
results as consisting of two separate populations. 

II. The diffusive flux over a membrane with an infinite number of 
barriers is expressed by the Goldman equation [22]. Adjusting 
the equation to the present sign convention and to fluxes in mmol 
�9 liter -t �9 h -~ we obtain 

J = PX (5) 

where 

X = -CEeE/2673/26.73(1 - e E / 2 6 " 7 3 )  (6) 

if E is expressed in mV. 
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In order to determine P the logarithmic relationship was 
used again so as to obtain a proper weighting of the experimental 
points. 

In spite of  the mathematically different approach, the 
results are quite similar to those above. The values for PNa 
(0.005) and PK (0.004) in the first group (high CIi) were not signifi- 
cantly different as seen before. The combined material gave the 
following equation after linear regression analysis: 

Log J - -2.18(_+0.16) + 1.29(-+0.08)1og X 

n = 54, R = 0.92. 

(7) 

This gives P = 0.007 ~o~176 3 (liter water) .  (liter cells) ~ �9 h -~ which, 
with the same assumption for red cell surface to volume ratio as 
above, equals 

P = 1 . 1 3  �9 1 0  E0 +o .49x  o i0 _0.37x[0-10  c m  ' sec 1. 

Again the flux values from conditions where Cli was low showed 
a large scatter (open circles in Fig. 5B) and linear regression 
analysis of  the points gave R = 0.47 (n = 20). Again results 
obtained with cells having a high and a low Cll, respectively, 
appear to belong to statistically different populations as judged 
from the 99.9% confidence limits. 

In order to test the fit between experimental results and 
theory (treatments I and II) the slope coefficient in Eqs. (4) and 
(7), respectively, should be compared with the theoretical value 
of  1. In both treatments the slopes were larger than one. How- 
ever, the material included values from condition 3, where 
furosemide increased the fluxes. When the values from this con- 
dition were replaced by the corresponding control values for the 
same condition, so that consequently the lower flux out of  the 
value pairs of control and furosemide were used, then the slope 
coefficient in Eq. (4) became 1.10 -+ 0.08. The slope coefficient in 
Eq. (7) became 1.20 -+ 0.09. Both values are significantly differ- 
ent from 1 and different from each other  (P < 0.001). 


