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S u m m a r y  

A m a x i m a l  ra te  o f  t he  ouabain-sens i t ive  2°4T1 inf lux in h u m a n  e r y t h r o c y t e s  
can be a t t a ined  a t  t race  c o n c e n t r a t i o n s  o f  T1 ÷ in Mg ~÷ iso tonic  med ia  free of  K ÷ 
and  Na ÷. The  m a x i m a l  in f lux  o f  T1 ÷ f r o m  i so tonic  Mg(NO3)2 a t  20°C and pH 
7.4 was 0 .45 mM • 1-1 • h -1 wi th  a Km of  0 .025  mM. In  con t r a s t  to  the  act ive 
inf lux  o f  T1 ÷, the  passive T1 ÷ f luxes  were  ne i the r  sa tu ra ted  no r  in f luenced  by  
ex te rna l  ca t ions  in the  range  o f  c o n c e n t r a t i o n s  o f  Tl* and  K ÷ s tudied .  The  ra te  
c o n s t a n t s  o f  T1 ÷ passive f luxes  in h u m a n  and cat  e r y t h r o c y t e s  can be re la ted  to  
pH by  the  e q u a t i o n  log k i n ( o u t  ) = - -A + B • pH,  where  A and B are empir ica l  
cons t an t s  fo r  pa r t i cu la r  cond i t ions .  The  a p p a r e n t  ac t iva t ion  energy  was 16 and  
11 k c a l / m o l  in su lpha te  and  n i t ra te  media ,  respect ive ly .  T1 ÷ and  the  alkali  me ta l  
ca t ions  seem to  o v e r c o m e  a c o m m o n  barr ier  in the  e r y t h r o c y t e  m e m b r a n e .  
Never the less ,  the  ra te  o f  the  passive p e n e t r a t i o n  of  T1 ÷ is a b o u t  t w o  orders  o f  
m a g n i t u d e  fas ter  t h a n  those  o f  K ÷ or  Rb  ÷. An ex t r a  n o n - C o u l o m b i c  in t e rac t ion  
b e t w e e n  T1 ÷ and  m e m b r a n e  l igands appea r s  to  be involved provid ing  an 
a c c u m u l a t i o n  o f  T1 ÷ s o m e w h e r e  in the  v ic in i ty  of  the  m e m b r a n e  barr ier  and 
increasing the  d i f fus ion  f luxes  o f  T1 ÷ in b o t h  di rec t ions .  

I n t r o d u c t i o n  

T1 ÷ has been  f o u n d  to  subs t i tu te  for  K ÷ in ac t iva t ing  b o t h  the  (Na ÷ + K+) - 
ATPase  in h u m a n  and rabb i t  e r y t h r o c y t e s  [1 - -3 ]  and  the  ouabain-sens i t ive  Na  t 
o u t w a r d  t r a n s p o r t  in h u m a n  e r y t h r o c y t e s  [2 - -5 ] .  An accura te  m e a s u r e m e n t  o f  
the  ouaba in-sens i t ive  T1 ÷ in f lux  p r e s u m a b l y  coup l ed  to  the  e f f lux  o f  Na  ÷ p roved  
to  be a d i f f icu l t  t a sk  because  o f  an e x t r e m e l y  high passive p e r m e a b i l i t y  o f  the  
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ery th rocy te  membrane to T1 ÷ compared to active T1 + influx [2,3,6].  The 
purpose of  this investigation was to throw further  light on the mechanism of 
the active and passive movement  of T1 ÷ across the e ry throcy te  membrane and 
to explore the conditions in which the relative propor t ion of  the ouabain- 
sensitive flux would be highest. 

Methods 

Fresh heparinized blood was centrifuged at 3000 × g for 10 rain to separate 
ery throcytes  from plasma and huffy coat. The cells were then washed 2--3 
times with two volumes of  the buffered saline described below, and the cells 
were subsequently resuspended in the same saline solution. The composi t ion of 
the incubation media was that  of Ringer-type buffered saline in which C1- was 
replaced by SO~- or NO~ in order to prevent the precipitation of T1C1 at a high 
chloride concentrat ion.  The media are referred to as Ringer-SO4 and Ringer- 
NO3. The composi t ion of  the base medium was as follows (as mmol/1): Na2SO4, 
80/MgSO4, 1.0/CaSO4, 0.5/K2SO4, 2.5; or: NaNO3, 140/Mg(NO3)2, 1.0/ 
Ca(NO3)2, 0.5/KNO3, 5.0. Appropriate amounts  of  acetate,  phthalate or Tris 
buffer  were added in order to adjust the pH of  the media from approx. 5 to 
approx.  9. The actual osmolarity of  the incubation media measured from 
freezing point  depression was approx. 290--300 mosM. 

Thallium unidirectional fluxes were measured by means of  the radioisotope 
2°4T1 [5].  The inward rate constants were calculated from the initial slope of 
the uptake curve during which 2°4T1 accumulation was linearly related to time, 
i.e. 

r 2 - -  F l  

kin = ~[ LT~ (I) 

where r l ,r2 : ce l l /medium d is t r ibu t ion  of  2°4T1 at t ime tL and t2, respectively. In  
some exper iments the inward rate constants were calculated f rom the equat ion 
k i n  = k o u t  " rss, where rss = stationary state cell /medium distribution. At 
stationary state the tracer rate constants are related to the cell /medium distribu- 
tion by the equation kin/kou t = rs~. The same procedure was used for the 
measurement  of  S6Rb influx. The outward rate constants were determined from 
a semilogarithmic plot: 

In A2/Al  
k o u  t . . . . . . .  (2) t~ - -  t, 

where A1 and A2 = cell radioactivity at t ime t~ and t2, respectively. 
The influx of  T1 + can be considered to consist of  two components :  

M i n  = k i n [ T l ] 0  = Ka[T1]0 + kp[T1]0 (3) 

where IT1] 0 = external concentra t ion of T1 +, ka and kp, the inward rate con- 
stants of the ouabain-sensitive (active) and ouabain-insensitive {passive) com- 
ponents  of the T1 ÷ influx, respectively. Accordingly, the ouabain-sensitive por- 
t ion of  the T1 ÷ influx can be expressed as a ratio: 

ka ka 
. . . .  t4) 
kin ka + k ,  
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This  ra t io  increases  wi th  increasing relat ive m a g n i t u d e  o f  the  ouabain-sens i t ive  
in f lux  o f  Tl ÷. I t  should  be  n o t e d  t ha t  the  ra te  cons t an t s  o f  t he  sa tu rab le  f luxes  
are c o n c e n t r a t i o n  d e p e n d e n t .  

Results 

The e f f e c t  o f  ex ternal  cat ions o f  the ouabain-sensi t ive in f lux  o f  Tl ÷ and R b  ÷ 
In an a t t e m p t  to  increase  the  ouabain-sens i t ive  p o r t i o n  o f  the  T1 ÷ inf lux the  

u p t a k e  o f  T1 ÷ in h u m a n  e r y t h r o c y t e s  was s tudied  in the  absence  o f  ex te rna l  Na  ÷ 
and  K ÷. A typ i ca l  e x p e r i m e n t  is shown  in Fig. 1. A m a x i m a l  ra te  o f  t racer  2°4T1 
inf lux  was o b t a i n e d  when  b o t h  Na ÷ and  K ÷ were  subs t i t u t ed  by  an i soosmot i c  
c o n c e a t r a t i o n  of  Mg 2÷. In the  K÷-free Mg(NO3)2 m e d i u m  the  m a x i m a l  ouaba in -  
sensi t ive in f lux  o f  T1 ÷ at  20°C was app rox .  0 .45 m m o l  ' 1 -I  • h -1 wi th  a Km as 
low as 0 .025  mM (Fig. 2). Similar  resul ts  (no t  p re sen ted  here)  were  ob t a ined  
in K*-free med ia  wi th  Tris or  chol ine  as ma jo r  cat ions .  Bo th  the  r e p l a c e m e n t  of  
Mg 2÷ by  Na ÷ or an add i t ion  of  K ÷ lead to  a great  r educ t ion  in the  ra te  o f  the  
ouaba in-sens i t ive  inf lux  o f  T1 ÷ (Fig. 1 and  Table  I) .  The  var iabi l i ty  in rss 
obse rved  a t  a p p a r e n t l y  ident ica l  cond i t ions  (Table  I) seems to  arise f r o m  an 
inevi table  increase in the  ex te rna l  c o n c e n t r a t i o n  o f  K ÷ los t  by  cells dur ing  the  
e x p e r i m e n t s .  The  K ÷ c o n c e n t r a t i o n  in the  " K  + f r e e "  med ia  increased f r o m  0.1 
up  to  0 .3 - -0 .5  mM dur ing the  incuba t ion .  

The  behav io r  o f  T1 ÷ was c o m p a r e d  wi th  t ha t  o f  Rb  ÷ in doub le  label exper i -  
men t s .  Table  I shows  t h a t  ex te rna l  ca t ions  a f fec t  the  ra tes  o f  the  ouaba in -  
sensi t ive inf luxes  o f  2°4T1 and 86Rb in a s imilar  way.  

14 
Q 
uJ 

;,o / 

2 

0 ~ " ' -  ~ [ I I 
0 3 0  6 0  90  

M I N U T E S  

F i g .  1.  I n f l u x  o f  2 0 4 T 1  + t r a c e r  ( a b o u t  1 • 10  - s  M)  in  h u m a n  e r y t h r o c y t e s  f r o m  m e d i a  o f  d i f f e r e n t  c o m -  

p o s i t i o n  a t  20°(2.  © o, K +, N a + - f r e e  i s o t o n i c  M g ( N O 3 ) 2 ,  1 0  m M  T r i s / n i t r a t e ,  P H  7 . 4 ;  • • K +. 

f r e e  R i n g e r - N O 3 : 1 4 0  m M  N a  ÷, 0 . 5  m M  Ca  2+, 1 . 0  m M  M g  2+, 1 0  m M  Tr i s ,  p H  7 . 4 ;  ~ A i s o t o n i c  

M g ( N O 3 )  2, 1 0  m M  K N O 3 ;  • • ,  R i n g e r - N O 3 ,  5 r a M  K N O 3 ;  n D R i n g e r . N O 3 ,  5 r a M  K N O 3 ,  
5 • 1 0  -5  M o u a b a i n .  T h e  e f f e c t  o f  o u a b a i n  w a s  i n d e p e n d e n t  o f  t h e  c o m p o s i t i o n  o f  t h e  m e d i u m .  
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Fig .  2. D o u b l e  r e c i p r o c a l  p l o t  o f  t h e  204T1 + o u a b a i n - s e n s i t i v e  i n f l u x  in  h u m a n  e r y t h r o c y t e s  a t  20~C f r o m  

t h e  K +, N a + f r e e  M g ( N O 3 )  2 i s o t o n i c  m e d i u m  c o n t a i n i n g  v a r i o u s  c o n c e n t r a t i o n s  o f  b u l k  T1NO 3. The  a c t u a l  

K + c o n c e n t r a t i o n  in  t he  m e d i u m  was  0 . 1 - - 0 . 3  m M  i n c r e a s i n g  i n  t h e  c o u r s e  o f  t h e  e x p e r i m e n t  d u e  to  a loss  
o f  t h e  cel l  K +. K m = 0 . 0 2 5  m M ,  ra te  o f  i n f l u x  = 0 . 4 5  m M  • 1-1 • h -1. 

The ouabain-insensitive fluxes of  Tl ÷ 
The effect o f  external cations. In o rder  to  s tudy  passive fluxes of  T1 ÷, h u m an  

e r y t h r o c y t e s  were incuba ted  in the  presence  o f  1 0 -S M ouabain  in inf lux 
exper imen t s ,  while the  e f f lux  o f  T1 ÷ was insensitive to  ouabain  (Table  I, 3rd 
co lumn) .  In con t ras t  to  the  ouabain-sensi t ive inf lux o f  T1 ÷, its passive f luxes 
were f o u n d  to be ne i ther  sa tura ted  by  bulk T1 ÷, nor  inf luenced  by  externa l  K* 

T A B L E  I 

T H E  E F F E C T  O F  E X T E R N A L  C A T I O N S  O N  T H E  2 0 4 T 1  A N D  8 6 R b  F L U X E S  IN H U M A N  E R Y T R O -  

C Y T E S  

Trace  c o n c e n t r a t i o n s  o f  t he  c a t i o n s  were  a p p r o x .  10 6 M T1 ~ a n d  10 -5 M R b  + , o u a b a i n  was  10  -4  M. T h e  

e x p e r i m e n t s  were  m a d e  in  t r i p l i c a t e ,  t h e  e x t r e m e  v a l u e s  o f  t h e  s t a t i o n a r y  c e l l / m e d i u m  r a t i o  are s h o w n  in  

p a r e n t h e s e s .  20"C,  n i t r a t e  m e d i a ,  h a e m a t o c r i t  0 . 2 5 .  

N i t r a t e  m e d i a  c o m p o s i t i o n  204T1  8 6 R b  

( raM)  t¢in 

rss = [ T l ] i  / k o u t  k i n  = k a ka/kp (h -1) 
[T1]o  = ( h - l )  rss . k o u  t (h -1) ( h - l )  

kin/kout ( h - l )  

Na  + 1 4 5 ,  K + 5 2 .0  ( 1 . 8 - - 3 . 2 )  0 .9  1 .80  0 . 4 5  0 . 3 3  0 . 0 6 2  
Na  + 150 ,  K + 0 . 1 - - 0 . 3  6 .5  ( 4 . 2 - - 7 . 1 )  0 .9  5 . 8 5  4 . 5 0  3 .33  0 . 2 9 5  

Na  + 1 5 0 - - 1 4 0 ,  K + (Y-10,  1 .5  ( 1 . 1 - - 1 . 8 )  0 .9  1 . 3 5  0 . 0 0  0 . 0 0  0 . 0 0 9  

+ o u a b a i n  

Mg 2+ 115 ,  K + 0 . 1 - - 0 . 3  28 ( 1 6 - - 4 2 )  0 .6  1 6 . 8  1 5 . 9 6  1 9 . 0  2 . 5 5  
Mg 2+ 105 ,  K + 10  3 .6  (3 .1  4 .2 )  0 .6  2 .16  1 . 3 2  1 .57  0 . 1 2 4  

Mg 2+ 115 ,  K + 0.1 0 .3 ,  7 .4  ( 5 . 9 - - 8 . 1 )  0 .6  4 . 4 4  3 . 6 0  4 . 2 8  0 . 4 2 4  
T l  + 0 .1  

Mg 2+ 115 ,  K + 0 . 1 - - 0 . 3 ,  2.1 ( 1 . 9 - - 2 . 3 )  0 .6  1 .26  0 . 4 2  0 . 5 0  0 . 0 4 6  

TI  + 1 .0  

Mg 2+ 115 ,  K + 0 . 1 - - 0 . 3 ,  1 .4  ( 1 . 1 - - 1 . 9 )  0 . 6  0 . 8 4  0 . 0 0  0 . 0 0  0 . 0 1 0  
T1 + 0 - -1 ,  + o u a b a i n  
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T A B L E  I I  

T H E  E F F E C T  O F  T E M P E R A T U R E  A N D  M E D I U M  C O M P O S I T I O N  O N  T H E  R A T E  C O N S T A N T S  O F  
2 0 4 T 1  + E F F L U X  M E A S U R E D  F R O M  H U M A N  E R T H R O C Y T E S  

Ce l l s  w e r e  l o a d e d  w i t h  t r a c e  c o n c e n t r a t i o n s  o f  2 0 4 T 1  in c o l d  f o r  12  h.  

T h e  a p p a r e n t  a c t i v a t i o n  e n e r g y  in  n i t r a t e  m e d i u m  is  a p p r o x .  11 k c a l / m o l  a n d  in  s u l p h a t e  m e d i u m  a p p r o x .  
16  k c a l / m o l  i n d e p e n d e n t  o f  t h e  c a t i o n .  

T e r n -  k o u t ( h  -1) 
p e r a -  

t u r e  M g ( N O 3 ) 2  N a N O  3 M g S O  4 N a 2 S O  4 
(°C) 

R a t i o s  o f  t h e  o u t w a r d  r a t e  c o n s t a n t s  

N a ÷ / M g  2+ N i t r a t e / S u l p h a t e  

N i t r a t e  S u l p h a t e  M g  2+ N a  + 

0 0 . 1 4 7  0 . 2 5 0  0 . 0 5 4  0 . 1 2 1  1 . 4 7  2 . 2 4  2 . 7 2  2 . 0 7  

20  0 . 5 9 3  0 . 9 0 0  0 . 4 3 5  1 . 1 9 0  1 . 5 1  2 . 7 3  1 . 3 6  0 . 7 5  

3 8  1 . 7 7  3 . 0 2  2 . 3 4  4 . 1 7  1 . 7 0  1 . 7 8  0 . 7 6  0 . 7 2  

in the range of  concentrat ions studied (Table I, lines 3 and 8). 
There was a decrease of  the ouabain-insensitive influx of  T1 ÷ in Mg(NO3)2 

media as compared to that  in NaNO3 (Table I, kp = 1.35 and 0.84 h -1, respec- 
tively). The inhibi tory effect  of  Mg 2÷ on the passive permeabili ty of T1 ÷ could 
also be observed in efflux experiments (Table II). The rate constants of  2°4T1 
efflux from the ery throcytes  preincubated in magnesium-containing media 
were about  60--70% of  those observed in sodium-containing media. This differ- 
ence was similar in both sulphate and nitrate solutions. 

2 0 4 T I  
.,E 5 0 0 - -  

~ 2 0 0  

I 0 0  
x ~  x x 

50 - ~ ' - . .  "~ ~.~ .~ 

1 0 -  

5 
3 8 ° C  2 0 ° C  Ooc  
I I I [ I I 

3.2 3.4 3.6 
(1 /T ) IO  3 K -1 

F i g .  3,  A r r h e n i u s  P l o t  o f  t h e  o u t w a r d  r a t e  c o n s t a n t s  o f  2 0 4 T 1  m e a s u r e d  in  h u m a n  e r y t h r o c y t e s  i n c u b a t e d  
in  t h e  f o l l o w i n g  m e d i a :  R i n g e r - N O  3 (~  . . . . . .  ~ ) ,  i s o t o n i c  M g ( N O 3 )  2 ( e  . . . . . .  e ) ,  R i n g e r - S O  4 (~  o ) ,  
i s o t o n i c  M g S O  4 ( e  o) .  Ce l l s  w e r e  l o a d e d  w i t h  2 0 4  T1 in  c o r r e s p o n d i n g  m e d i a  d u r i n g  a p r e i n c u b a t i o n  
i n  c o l d  f o r  a p p r o x .  1 2  h .  
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Fig. 4. pH d e p e n d e n c e  of  i nward  ra te  cons t an t s  of  the  204Tl  and  4 2 K  passive f luxes into cat  e r y t h r o c y t e s  
i n c u b a t e d  in Ringer-SO 4. No oua ba in  was added  since there  is prac t ica l ly  no  ouabain-sens i t ive  ion 
t r a n s p o r t  in ea t  e r y t h r o c y t e s  [7 ] .  

The effect of temperature. The  a p p a r e n t  ac t iva t ion  energies  o f  T1 + ef f lux  in 
n i t ra te  and in su lpha te  med ia  were  11 and  16 kca l /mo l ,  respect ive ly ,  and 
i n d e p e n d e n t  o f  the  subs t i t u t ion  of  Na  + b y  Mg 2+ (Table  II ,  Fig. 3). This differ-  
ence  in the  ac t iva t ion  energies in n i t ra te  and su lpha te  med ia  leads to  a shif t  in 
t he  ra t io  of  the  T1 ÷ o u t w a r d  ra te  cons t an t s  in these  med ia  at var ious  t empe ra -  
tures  (Table  I I ) .  F o r  ins tance ,  at  0°C the  e f f lux  o f  T1 ÷ in n i t ra te  so lu t ion  is 
fas ter  t han  in su lpha te  so lu t ion .  The  reverse is t rue  at  38°C. 

The effect of pH. The  in f luence  o f  pH on  the  passive T1 ÷ f luxes  was s tudied  
in h u m a n  e r y t h r o c y t e s  t r ea t ed  wi th  ouaba i n  and  in ca t  e r y t h r o c y t e s  w i t h o u t  
ouaba in .  In the  l a t t e r  case the re  are prac t ica l ly  no  Na ÷ and  K ÷ gradients  and no 
ouabain-sens i t ive  ion t r a n s p o r t  [7 ] .  The  ra te  o f  the  2°4T1 passive inf lux was 
f o u n d  to  increase wi th  increasing pH o f  t he  incuba t ion  m e d i u m  (Fig. 4). The  
42K passive inf lux  was also acce le ra ted  b y  increasing pH.  The  ra te  cons tan t s  of  
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T A B L E  III  

pH D E P E N D E N C E  OF T R A C E R  R A T E  C O N S T A N T S  OF 204T1 A N D  4 2 K PASSIVE F L U X E S  IN CAT 
A N D  H U M A N  E R Y T H R O C Y T E S  I N C U B A T E D  IN K+-FREE R I N G E R - S U L P H A T E  M E D I U M  

Cat ion  C o n c e n t r a t i o n  T e m p e r -  pH d e p e n d e n c e  of  Ra te  cons t an t s  
( m M )  a tu re  the  log k (h - l )  (h -1) at pH 7.4 

( ° C )  

Cat e r y t h r o e y t c s  
204T1 t race 22 log kin = - - 0 . 9 6  + 0.13 pH 1.0 
204T1 t race  38  log k in  = - - 1 . 0 9  _+ 0 . 2 6 p H  6.76 
204T1 t race  38  log kou  t = - - 0 . 4 0  + 0 .16  p H  6 .03  
42K 5.0 38  log k in  = - - 2 . 7 6  + 0 . 1 9 p H  0 .044  

H u m a n  e r y t h r o c y t e s  
204T1 20.0  

4 2 K  * a usual  h u m a n  

e r y t h r o c y t e  
c o n c e n t r a t i o n  
( a b o u t  100 raM) 

3 8  
27 

log kou  t = - -1 .73  + 0 .34  pH 6 .03  
log h o u t  = - -3 .66  + 0.59 p H  4 .90  

* These  o u t w a r d  ra te  co ns t a n t s  were  ca lcu la ted  by  us f r o m  the  da t a  of  by  Passow [ 15] on h u m a n  e ry th ro -  
cy tes  at a low ionic s t r eng th  (8.3 mM NaCl in incuba t ing  m e d i u m ) .  

T1 ÷ and  K ÷ passive f luxes  could  be  re la ted  to  pH by  the  equa t ion :  

l o g  ] ~ i n ( o u t )  = - -A + B .  p H  (5) 

where  A and B are empir ica l  cons t an t s  for  the  par t icu la r  cond i t ions  (Table  I I I ) .  
At  a given pH the  kin/]gou t r a t io  fo r  T1 ÷ seems to  be ma in ly  d e t e r m i n e d  by  an 
electr ic  p o t e n t i a l  d i f fe rence  across  the  e r y t h r o c y t e  m e m b r a n e .  In acco rdance  to  
Ussing's  c r i te r ion  [8 ,9 ] :  

E = - - R T / F  In ] ~ i n / k o u t  ( 6 )  

F o r  e x a m p l e ,  the  m e m b r a n e  po t en t i a l  o f  the  cat  e r y t h r o c y t e  i ncuba t ed  in 
Ringer-SO4 at  38°C can be re la ted  to  pH,  using the  equa t ions  of  Table  I I I :  

E = - -61 .7  (log kin - -  logkout  ) = 42.5  - -  6 .17 • p H  (7) 

A t  pH 7.4 this gives E = - -3 .1  m V  and at  pH 6.88 E = 0. 

Discussion 

The  resul ts  p resen ted  here  can be basical ly a c c o u n t e d  for  by  a m o d e l  sug- 
gest ing t ha t  T1 ÷ in f lux  consis ts  o f  t w o  c o m p o n e n t s :  the  sa turab le  ouaba in -  
sensi t ive " a c t i v e "  inf lux  o f  T1 ÷ and  the  ouabain- insensi t ive ,  "pas s ive"  inf lux of  
T1 ÷ which  is m u c h  less sa turab le  and  is n o t  in f luenced  by  K ÷. An increase o f  the  
ex te rna l  K + c o n c e n t r a t i o n  leads to  a great  decrease  in the  ouabain-sens i t ive  
c o m p o n e n t  o f  the  T1 ÷ inf lux  w i t h o u t  a f fec t ing  the  passive T1 ÷ inf lux.  (Fig. 1, 
Tab le  I).  The  i nh ib i t o ry  e f f ec t  o f  K ÷ can be a t t r i b u t e d  to  a c o m p e t i t i v e  inter-  
ac t ion  b e t w e e n  K ÷ and  Tl* at  the  ex te rna l  sites o f  the  Na ÷ p u m p  [4] .  

A f u r t h e r  increase  o f  the  ouabain-sens i t ive  inward  ra te  c o n s t a n t  o f  T1 ÷ could  
be ach ieved  b y  the  r e p l a c e m e n t  o f  ex te rna l  Na  ÷ by  an i soosmot i c  c o n c e n t r a t i o n  
o f  Mg 2÷ (Fig. 1, Table  I) .  This e f f ec t  is cons i s t en t  wi th  the  f indings t ha t  Na  + 
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decreases the ability of  T1 + to activate the ouabain-sensitive Na ÷ efflux from 
human ery throcytes  [5].  A similar interdependence between external Na ÷ and 
K ÷ has been described [ 10,11].  The similarity in affecting the ouabain-sensitive 
influxes of  T1 ÷ and K ÷ by external cations can be fur ther  illustrated by the 
results obtained with 86Rb and 2°4T1 in the double label experiments (Table I). 
It is evident that  the behavior of  86Rb is similar to that  of  2°4T1 in spite of a 
great difference in the rate constants of the cations. The difference between T1 + 
and the alkali metal cations can to some extent  arise from the difference in 
electronic structure of  the cations. Being equal to Rb ÷ in charge and size, TV 
unlike alkali metal cations possesses 6s electrons and is capable of a more 
appreciable association with anions and of  complex formation [12].  A decrease 
in temperature  caused a fall in both the active and passive fluxes of  T1 ÷ without  
changing significantly their relative magnitudes. The activation energies of both 
are of  the same order  (Q10 is about  2) [13].  

The ouabain-insensitive fluxes of  T1 ÷ have also much in common with those 
of  K +. Both T1 + and K ÷ passive fluxes have about  the same temperature  
sensitivity. The apparent  activation energy for the linear componen t  of  the K + 
influx in human ery throcytes  is 15.6 kcal/mol [14].  The activation energy for 
the ouabain-insensitive efflux of  T1 ÷ ranged from 11 kcal/mol in nitrate media 
to 16 kcal/mol in sulfate solutions (Fig. 3, Table II). In the stationary state 
both the 2°4T1 and 86Rb rate constants could be related to the pH of  the incuba- 
t ion media by equations of  the same type  (Table III). 

At decreased ionic strength the loss of  K ÷ from human ery throcytes  was also 
stimulated by increasing the pH of  incubation media. The approximate 
outward rate constants calculated by us f rom the data of  Passow [15] can be 
related to pH by a similar equat ion (Table III). Moreover [ 16],  the S6Rb passive 
flux in human ery throcytes  increased 6--8 times when pH changed from 6.0 to 
8.7 following a funct ion of  pH equivalent to that  expressed by Eqn. 5. 

The general conclusion is that  T1 + and alkali metal cations seem to overcome 
the same membrane barrier which is temperature  dependent  and governed by 
pH. According to the fixed charge model  [8,17] the e ry throcy te  membrane 
barrier contains positively charged R-NH~ groups repelling cations. An increase 
of pH would thus decrease the number  of  positive fixed charges in the barrier 
facilitating cation penetrat ion in both  directions. At a given pH and tempera- 
ture the kin/kou t ratio appears to depend on the membrane potential.  The 
stationary-state distribution of T1 +, i.e. rss = k i n / k o u t ,  in the ouabain-treated 
human ery throcytes  ranged [1--6] from 1.2 to approx. 2 corresponding to 
membrane electric potential  of  5--18 mV, negative inside. These values seem to 
be in a reasonable agreement with those determined in human erythrocytes  
[18].  In cat e ry throcytes  this value, calculated at pH 7.4 from the data of 
Table III, is as low as --3.1 mV. The difference between the two mammalian 
species is no t  surprising since the membrane potential  may depend on various 
factors including cell ion composit ion,  membrane permeabili ty and haemoglobin 
acid-base properties.  The e ry th rocy te  membrane can thus be considered as a 
pH-dependent  anion-exchanging barrier with a hydrophobic  core. The penetra- 
t ion across the hydrophobic  plane of the membrane seems to be a limiting step 
for both T1 ÷ and K ÷. The activation energy for K ~ fluxes across a synthetic 
phospholipid membrane (15 kcal/mol) [19] is about  the same as for the K ÷ and 
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T1 + passive fluxes through the erythrocyte  membrane [14] (Fig. 3, Table II). 
The properties of  an anion-exchanging barrier are expected to depend on the 
nature of  anions neutralizing positively charged groups within the membrane. 
This could be an explanation of the effect of anions on the Tl* permeability 
and activation energy (Fig. 3, Table II). A decrease of the T1 ÷ permeability after 
Mg ~÷ t reatment  might be accounted for by the interaction between Mg 2÷ and 
the acid groups of phospholipids [20]. The fixed charge hypothesis, providing a 
satisfactory explanation of the influence of pH, fails to explain the surprising 
difference between the rates of  penetration of the TI* and alkali cations. Tl* 
and K ÷ or Rb ÷ being close in their crystal and hydrated radii [13,21] could not 
conceivably be discriminated by pure electrostatic repulsion forces to a great 
extent.  It must therefore be assumed that  the high permeability of the 
erythrocyte  membrane to T1 ÷ is based upon specific and favourable interactions 
between T1 + and membrane ligands. Such interactions would to a greater extent 
than in the case of  alkali cations increase the T1 ÷ concentration in the vicinity 
of  the membrane barrier, consequently increasing the diffusion fluxes of T1 + 
across the membrane. The well known increase of K ÷ permeability caused by 
valinomycin is caused by such specific interaction between K + and the 
ionophore and it is interesting to note that  gramicidin channels in artificial 
phospholipid membranes [22] show a high preference for T1 ÷. The possibility 
of naturally existing sites interacting with T1 ÷ in the erythrocyte membranes 
must be entertained. 
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