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Summary 

(1) (DL)-Propranolol and Ca 2÷ are shown to alter the transmembrane poten- 
tial difference of Ehrlich ascites tumor cells as measured by means of the cya- 
nine dye, 3,3'-dipropyl-2,2'-thiodicarbocyanine iodide, whose fluorescent 
intensity changes as a function of membrane potential. 

(2) The changes in membrane potential elicited by these agents are depen- 
dent  on the external K* concentration in a manner which suggests that  the 
potential changes result from a specific increase in the permeability of the 
plasma membrane to K*. 

(3) Na*-dependent amino acid transport in the presence of propranolol can 
be modulated by varying the external K* concentration (Ko). The initial rate of 
uptake is stimulated by propranolol at low Ko and inhibited at high K~. The 
change in transport rate is nearly directly proportional to the natural logarithm 
of [K÷]o in the presence of propranolol. 

(4) ATP depletion of the cells by preincubation with rotenone abolishes the 
changes in fluorescence and amino acid uptake seen with propranolol as a func- 
tion of K~. Restoration of cellular ATP with glucose in presence of Ca 2+ 
restores both fluorescence and amino acid transport changes which occur in 
response to propranolol. 

(5) The fluorescence changes and amino acid transport changes in response 
to propranolol are pH dependent,  with little effect seen at pH 6. 

(6) It is concluded that  the rate of Na*-dependent amino acid uptake is a 
function of membrane potential and is dependent  on the electrochemical 
potential difference for Na ÷. 

* P r e s e n t  a d d r e s s :  D i v i s i o n  o f  H e m a t o l o g y ,  R o y a l  V i c t o r i a  H o s p i t a l ,  M o n t r e a l ,  Q u e b e c ,  C a n a d a .  
** Please  a d d r e s s  al l  c o r r e s p o n d e n c e  t o  Dr,  R o s e  M. J o h n s t o n e  a t  t he  a b o v e  addres s .  
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Introduct ion 

Propranolol, an adrenergic /3-receptor blocking agent, induces human red 
cells to lose K ÷. The outf low of K*, which is enhanced when external Ca 2÷ is 
raised, is not  accompanied by an equivalent increase in Na ÷ uptake. In fact, the 
permeability change is highly specific for K ÷, while Na ÷ permeability is little, if 
at all, affected at low cellular Ca 2÷ levels [1--4]. At elevated Ca 2÷ levels (greater 
than 20 ~M) permeability to other ions such as Na* may be increased in the 
presence of propranolol [2]. The effect of propranolol on red cell K ÷ per- 
meability may be related to the drug's antiarrhythmic properties [2,5,6]. 
Propranolol has been shown in some cases to compete for negatively charged 
fixed sites on the internal aspect of cell membranes resulting in a release of 
bound Ca 2÷ [2] which, in turn, plays an important  role in the regulation of the 
membrane permeability to Na ÷ and K ÷ in red cells [7] and nerve cells [8,9]. 

The effects of propranolol on red cells bear a close resemblance to those of 
Ca 2÷ in ATP-depleted cells obtained by incubation with fluoride, iodoacetate 
and adenosine [10] or by prolonged starvation [11]. This mechanism has been 
extensively studied and it has been suggested that  the increase in K* permeabil- 
ity in cells depleted of ATP is a direct result of an increase of internal Ca 2÷ [7, 
12--14]. 

A further ramification of the effects of these agents should be an influence 
upon the electrical properties of the membrane. CaE÷-induced changes in mem- 
brane potential have been observed in HeLa cells [15] and Amphiuma red cells 
[16--18] as well as nerve cells [9], as determined by means of microelectrode 
impalement. 

This communicat ion describes studies on the effects of propranolol and Ca 2÷ 
on the membrane potential of Ehrlich ascites tumor  cells determined by means 
of the cyanine dye, 3,3'-dipropyl-2,2'-thiodicarbocyanine iodide and the con- 
sequent alteration of amino acid transport by propranolol under a variety of 
ionic and metabolic conditions. The fluorescence of several cyanine dyes has 
been shown to be sensitive to changes in membrane potential in a number of 
preparations including the Ehrlich ascites tumor  cell [19] and has been recently 
reviewed in detail [20]. 

A preliminary account of a portion of this work has been presented else- 
where [21]. 

Methods 

The procedures for maintenance and harvesting [22] as well as for prepara- 
tion of Ehrlich cells for use in measurements of fluorescence have been previ- 
ously described in detail [19]. Na*-Ringer solution contained 154 mM NaC1, 
6 mM KC1, 1.5 mM MgSO4 and 10 mM sodium phosphate, pH 7.4. In K*-free 
Na+-Ringer solution, NaC1 was substituted for KC1. K*-Ringer and choline-Rin- 
ger were prepared by substituting equivalent concentrations of KC1 and choline 
chloride for NaCl. In experiments with Ca :+, the Ringer solution contained 1.2 
mM CaC12 and was buffered with 3 mM sodium phosphate at pH 7.4. In some 
experiments the buffer employed was 10 mM morpholinopropane sulfonic acid 
(MOPS) or 10 mM N-2-hydroxyethylpiperazine-N'-ethanesulfonic acid 
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(HEPES) and brought to pH 7.4 with equimolar Tris (hydroxymethylamino 
methane) hydroxide or KOH, respectively. 

The fluorescent dye, 3,3'-dipropyl-2,2'-thiodicarbocyanine iodide (referred 
to as " the  dye")  employed in these studies was obtained from Dr. S. Parsons 
(University of California, Santa Barbara, Calif.) who synthesized it according 
to a method described by Sims, Waggoner, Wang and Hoffman [23]. The proce- 
dure for measurement of dye fluorescence in cell suspensions has been previ- 
ously described in detail [24]. The dye was added from a stock solution in 
ethanol (0.5 mg/ml) such that  its final concentration was always 3.0 • 10 -6 M. 
In general, results from fluorescence experiments are given in relative terms. 

DL-Propranolol hydrochloride, ouabain and rotenone were purchased from 
Sigma, St. Louis, Mo., and valinomycin from Calbiochem, U.S.A. 

The transport experiments were carried out  as described in previous publica- 
tions [25]. The conditions were similar to those for the fluorescence measure- 
ments except that  the cell density was about 1.6% compared to 0.3% for 
fluorescence. 

Results 

The addition of propranolol to cell suspensions containing dye results in 
rapid changes in fluorescence, the rates, magnitudes and directions of which 
are similar to those which occur upon the addition of valinomycin under the 
same conditions (see Fig. 1 here and Fig. I in ref. 19). The changes in the 
steady level of the fluorescence of the dye in the presence of propranolol are 
dependent  on external K ÷ concentration (Fig. 2), the cells becoming hyper- 
polarized (indicated by a decrease in fluorescent intensity) at low external K ÷ 
concentrations and depolarized (increase in fluorescent intensity) at high K~. 
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Fig. 1. Fluorescent intensity o f  the dye (3.0 - 10 -5  M)  w i t h  t ime in  a 0.3% suspension of Ehrlieh ascites 
t ~ o r  cells. M i x tu res  o f  Na+-Ringer and K+-Ringer were used to  give the ex te rna l  K + concen t ra t i on  shown 
on  the  f igure .  So l id  l ines,  p r o p r a n o l o l  a d d e d  w h e r e  i n d i c a t e d ;  d a s h e d  l ines ,  p r o p r a n o l o l  a d d e d  i m m e d i -  
a t e ly  b e f o r e  dye .  All i n c u b a t i o n s  we re  d o n e  in  air at 37°C.  
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Fig .  2. C o n s t a n t  l eve l  o f  f l u o r e s c e n t  i n t e n s i t y  o f  d y e  ( 3 . 0  • 1 0  - 6  M)  in  cel l  s u s p e n s i o n s  a t t a i n e d  i n  t h e  

p r e s e n c e  o f  1 . 2  • 10  -3 M C a  2+ ( o ) ,  5 - 10  -5  M p r o p r a n o l o l  (o )  a n d  1 • 1 0  -6  M v a l i n o m y e i n  (A) as  a f u n c -  

t i o n  o f  l o g  K + c o n c e n t r a t i o n  o f  t h e  m e d i u m .  M i x t u r e s  o f  N a * - R i n g e r  a n d  K + - R i n g e r  e a c h  c o n t a i n i n g  1 .2  

m M  CaC12 w e r e  m a d e  t o  g ive  t h e  e x t e r n a l  K + c o n c e n t r a t i o n s  s h o w n .  
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The magnitude of  the change in fluorescence of  cells in K*-Ringer is dependent 
(Fig. 3) on the concentration of  propranolol in the range 2--60 • 10 -6 M. Above 
10 -4 M propranolol, interactions are seen (an increase in fluorescent intensity) 
between propranolol and the dye. Hence the relation between fluorescence and 
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Fig .  3.  C o n s t a n t  l eve l  o f  f l u o r e s c e n t  i n t e n s i t y  o f  d y e  a t t a i n e d  i n  t h e  p r e s e n c e  o f  v a r i o u s  c o n c e n t r a t i o n s  
o f  p r o p r a n o l o l  i n  K + - R i n g e r  i n  a i r  a t  3 7 ° C .  
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p rop rano lo l  c onc en t r a t i on  could  no t  be s tudied over  a wider  range of  concen-  
t ra t ions.  The  da ta  in Fig. 3, however ,  suggest t ha t  the  p h e n o m e n o n  is a satur- 
able process.  

In addi t ion  to  p roprano lo l ,  Ca :÷ induces  changes in f luorescence  in response 
to  changes in K~. In the absence of  Ca 2÷, a l tera t ion of  extracel lu lar  K ÷ does n o t  
inf luence  the f luorescence  (ref. 19 and this co m m u n ica t i o n ) .  In con t ras t  to  
p roprano lo l ,  the  CaS÷-induced changes in m e m b r a n e  po ten t ia l  are slow and 
require  incuba t ion  with Ca :÷ for  5--10 min to  elicit  a full response.  The effects  
of  Ca :÷, p rop rano lo l  and va l inomycin  on f luorescence  as a func t ion  of  K~, are 
shown in Fig. 2. In these exper iments ,  va l inomycin  and p roprano lo l  were added 
to  cells in CaS÷-containing Ringer solut ions.  The same results with va l inomycin  
and p roprano lo l  are ob ta ined  with cells i ncuba t ed  in CaS÷-free Ringer  solut ions 
over  the  same range of  K ÷ concen t ra t ions ,  thus  showing tha t  extracel lular  Ca :÷ 
is no t  requi red  for  the response to  p roprano lo l  or va l inomycin  (results no t  
shown) .  Omission o f  Mg :÷ f rom the med ium does n o t  al ter  the response to pro- 
pranolol .  Lassen e t  ai. [26]  have r epo r t ed  tha t  a 15 rain incuba t ion  of  Ehrlich 
cells in Ca 2÷ conta in ing  all K÷-Ringer abol ished the t rans ient  peak po ten t ia l  
(which,  according to  Lassen e t  al. [26] ,  represents  the t rue m e m b r a n e  poten-  
tial) o f  a b o u t  25- -35  mV. When t rans fe r red  back to Ca:÷-contalning Na*-Ringer 
these cells again showed  the  t rans ient  peak potent ia ls  upon  impalement .  These 
observat ions  are compa t ib le  with o, lr f luorescence  da ta  and suggest that  the 
m e m b r a n e  po ten t ia l  in Ehrl ich cells may  or may  n o t  be a func t ion  of  ex terna l  
K ÷ depending  on the presence  or absence of  Ca :÷. In a recen t  paper ,  Burckha rd t  
[27] conc luded  tha t  Ehrl ich cells become  depolar ized  when  extracel lular  K ÷ is 
raised, unl ike our  original observat ions  [19] .  It  is interest ing to  no te  tha t  
Burckhard t ' s  expe r imen t s  were done  in presence of  2.5 mM Ca :÷. 

The  above observat ions  also suggest tha t  p roprano lo l  and to  a lesser ex ten t ,  
Ca 2÷ p r o d u c e  an increase in the  K ÷ permeabi l i ty .  A compar i son  of  the per  cen t  
change in f luorescence  upon  addi t ion  of  p roprano lo l  to  cells suspended in 
Ringer  solut ions  where  various m o n o v a l e n t  cat ions are subs t i tu ted  for  K ÷ sug- 
gests tha t  the e f f ec t  o f  p roprano lo l  on m e m b r a n e  potent ia l  is highly selective 
for  K ÷ and Rb ÷. Depolar iza t ion  in presence  o f  p roprano lo l  is seen when K + or 
Rb ÷ are subs t i tu ted  for  Na ÷, whereas with Na ÷, Li ÷ and Cs ÷ hyperpo la r i za t ion  
is seen. This observat ion  is cons is ten t  with increased K ÷ permeabi l i ty  in 
presence  of  p ropranolo l .  Using 86Rb ÷ as a K ÷ subs t i tu te  [28] ,  it may  be seen 
tha t  there  is an increase in 86Rb ef f lux  with p roprano lo l  (Fig. 4). {Note the 
d i f fe rence  in cell densit ies and higher  p roprano lo l  concen t ra t ions  for  these 
e f f lux  measu remen t s  than  for  f luorescence  changes.)  At  1 0 - 4 M  proprano lo l ,  
the  e f f lux  of  86Rb is double  the con t ro l  ra te  c o m p a r e d  to the 10-fold d i f fe rence  
seen with 10 -3 M propranolo l .  

Effect of pH 
T he  changes in f luorescen t  in tens i ty  r eco rded  u p o n  addi t ion  o f  e i ther  

p roprano lo l  or  Ca 2÷ are in f luenced  by the pH (range 6 .0--8 .0)  of  the med ium.  
I t  is appa ren t  t ha t  the  effects  of  p roprano lo l  and Ca 2÷ are r educed  (or absent)  
be low pH 7.0 (or  be low pH 8 for  CaS+). With va l inomycin ,  however ,  ne i the r  the 
leveling-off  po in t  fo l lowing the addi t ion  of  dye ,  no r  the change in f luorescence  
in tens i ty  varies appreciably  over  the same pH range (Table  I). 
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Fig. 4. Ac t ion  of  p r o p r a n o l o l  on  8 6 R b  ef f lux .  Cells were  i n c u b a t e d  wi th  8 6 R b  (1 pCi /ml  m e d i u m )  for  10 
rain in Na÷-Ringer con t a in ing  156 rnM NaCl,  4 m M  KC1, 1.5 m M  MgSO4,  1.5 m M  p h o s p h a t e  an d  10 m M  
Na+-HEPES b u f f e r  ( pH  7.4) a t  37°C. The  c y t o e r i t  was  8% dur ing  the  load ing  per iod .  A f t e r  10 rain,  ro te -  
none  (32  #g /ml )  was  a d d e d  to  one  flask and  the  i n c u b a t i o n  con t inued .  A f t e r  30  m i n  the cells w i t h o u t  
r o t e n o n e  ( m a r k e d  con t ro l )  were  cen t r i fuged ,  washed  once  in i so tonic  chol ine  ch lor ide ,  cen t r i fuged  and 
then  d iv ided in to  t w o  e~ual  po r t i ons  s u s pe nde d  in 1 ml  of  i so tonic  Ringer  solut ion.  The  cells were  in t ro-  
duced  in to  fresh m e d i u m  con ta in ing  148 m M  NaC1, 12 m M  KCI, 1.5 m M  MgSO4,  1.5 m M  p h o s p h a t e  and  
10 m M  HEPES b u f f e r  ( pH  7.4)  a t  37°C in the  p resence  (e)  an d  absence  (o) of  10 -3 M p roprano lo l .  Ro te -  
n o n e - t r e a t e d  cells were  h a n d l e d  in an ident ica l  wa y  e x c e p t  t h a t  the p re - incuba t ion  p e r i o d  was longer  
(40  rain).  R o t e n o n e  was p r e s e n t  a t  the  s ame  c o n c e n t r a t i o n  dur ing  ef f lux  which  was  m e a s u r e d  in the  pres- 
ence  ( s )  and  absence  (o)  of  10 -3 M p roprano lo l .  C y t o c r i t  was 1.0% dur ing  eff lux.  2-ml samples  were  
t a k e n  a t  in tervals  and  in jec ted  in to  10 ml  ice-cold chol ine  ch lor ide  to  s top  the reac t ion .  Th e  cells were  
e x t r a c t e d  wi th  5% t r i eh lo roaee t i c  acid a nd  the  s u p c r n a t a n t  f luid was c o u n t e d .  

Effect of A TP depletion 
Cells depleted of ATP by incubation with rotenone (32 ng/ml) at 37°C do 

not  exhibit changes in fluorescence upon the addition of propranolol. With 
time of exposure to rotenone, the change in fluorescence at low Ko (i.e., hyper- 
polarization) upon the addition of propranolol becomes progressively smaller 
and finally nonexistent  after 20--25 min in Ca2+-free Na÷-Ringer, and after 45-- 
50 min in Na÷-Ringer containing 1.2 mM Ca 2÷ (Fig. 5). The diminution in 
response to propranolol in rotenone-treated cells is not  due to depletion of cell 
K ÷ since neither the depolarizing action at high Ko nor the polarizing action 
at low K~ are seen. The former response would be expected to increase when 
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T A B L E  I 

I N F L U E N C E  O F  pH ON P E R C E N T  C H A N G E S  IN F L U O R E S C E N C E  OF  A 0.3% S U S P E N S I O N  OF  
C E L L S  W I T H  D Y E  IN T H E  P R E S E N C E  O F  Ca 2+, P R O P R A N O L O L  A N D  V A L I N O M Y C I N  

Cells were  s u s p e n d e d  in Na  +- or  K+-Ringer .  N o n - e q u i l i b r a t e d :  cells m a i n t a i n e d  at  1 : 20 d i l u t i on  at r o o m  

t e m p e r a t u r e  ( 2 1 - - 2 2 ° C )  and d i lu t ed  to 1 : 3 0 0  b e f o r e  dye  add i t i on .  P re -equ i l ib ra t ed :  cells d i lu t ed  1 : 300  

and  i n c u b a t e d  at 37°C fo r  30 m i n  b e f o r e  d y e  add i t i on ,  F luo re sc e nc e  m e a s u r e m e n t s  m a d e  at 31°C.  

M e d i u m  pH P e rcen t  change  in f l uo re scence  

N o n - e q u i l i b r a t e d  cells Pre-equi l ibr  a ted  cells 

P r o p r a n o l o l  Val  P r o p r a n o l o l  Ca 2+ Val  
(10  -4 M) (10  -6 M) (10  -4 M) ( 2 . 5 m M )  (10 -6 M) 

K+-Ringer  8.0 +57 +78  +44 +10  +26 

7.0 +47  +76 +35 +4 +26 

6.0 +13 +81 +2 0 +23 

Na+-Ringer  8.0 - -39  - -31  - - 2 8  - -31  - - 3 2  

7.0 - - 4 2  - - 4 5  - -26  - -5  - -39  
6 .0  - -6  - - 4 2  0 0 - -27  

cell K ÷ decreased. Control  cells incubated under the same conditions, but  with- 
out  ro tenone,  exhibi t  a rapid decrease in fluorescence (hyperpolarization) upon 
addition of  propranolol .  When ATP levels are restored to about  1/3 the original 
level by subsequent  addition of 10 mM glucose, and if Ca 2÷ is present, the 
response to propranolol  reappears. Ouabain (1 mM) did no t  have any effect  on 
the Ca 2÷- or propranolol- induced changes in membrane potential,  making it 
unlikely that  the Ca 2÷ or propranolol- induced fluorescence changes are asso- 
ciated with the (Na ÷ + K*)-ATPase. 

Action of  propranolol on amino acid uptake 
Since studies of  fluorescence intensity indicate that the membrane poten- 

tial is a funct ion of  medium K ÷ concentra t ion in the presence of propranolol  
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Fig.  5. I n f l u e n c e  of  r o t e n o n e  on  the  r e s p o n s e  t o  proprano loL R o t e n o n e  ( 3 2  n g / m l )  was  added  to  a 0 .3% 
s u s p e n s i o n  o f  cells  in  N a + R i n g e r  c o n t a i n i n g  1.2 m M  CaC12 at  zero  t ime .  Pe r iod ica l ly  the  suspens ion  was  
s a m p l e d ;  d y e  was  a d d e d  and  the  f l uo re scence  was  r e c o r d e d .  T h e  t i m e s  g iven  a b o v e  i nd i ca t e  t he  t i m e  w h e n  

p r o p r a n o l o l  (5 • 10 -5 M) was  added .  T e m p e r a t u r e s  o f  i n c u b a t i o n  and f luo rescence  m e a s u r e m e n t s  as in 

Table  I. 
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Fig.  6.  A c t i o n  o f  p r o p r a n o l o l  o n  a m i n o  ac id  u p t a k e .  Cells  we re  L- lcubated  a t  37°C  in Na+-Ringe r  c o n t a i n -  
i ng  2 .5  m M  CaC12 a n d  1 0  m M  K~-HEPES b u f f e r  ( t o t a l  K~) = 12  rnM ( too)  a n d  w i t h  cells  in  w h i c h  s o m e  of  
the  Na  + w a s  r e p l a c e d  b y  KC1 (K~) = 6 5  r aM;  Na~  = 9 7  m M )  (e ,o ) .  T h e  cells  w e r e  a l l o w e d  t o  e q u i l i b r a t e  
f o r  10  r a in  t h e n  p r o p r a n o l o l  ( 1 0  -3 M) w a s  a d d e d ,  f o l l o w e d ,  one  r a i n  l a t e r  b y  [ 1 - 1 4 C ] g l y c i n e  (1 r aM,  3 0 0  
c p m / n m o l ) .  S a m p l e s  we re  t a k e n  p e r i o d i c a l l y .  O p e n  s y m b o l s ,  w i t h o u t  p r o p r a n o l o l ;  c l o s e d  s y m b o l s ,  w i t h  
p r o p r a n o l o l .  

(hyperpolarization at low Ko and depolarization at high Ko), we examined 
whether  propranolol affected amino acid transport  in a manner dependent  on 
external K ÷. 

Propranolol at 10 -4 M was wi thout  effect  on amino acid transport. However, 
at 10 -3 M, particularly if 2--3 mM Ca 2÷ is present, propranolol affects glycine 
uptake in a Ko-dependent manner. A representative experiment  of  the action 
of  propranolol on glycine uptake at low Ko and high Ko levels is shown in 
Fig. 6. It  is clear that  at high Ko (depolarization) uptake is reduced, whereas at 
low Ko (hyperpolarization) uptake of glycine is increased. Although propra- 
nolol changes the ATP level, the decrease {about 30%) is the same at either K~, 
concentration.  

In contrast  to the data on fluorescence, exogenous Ca 2÷ had little effect  on 
glycine uptake. This observation confirms a much earlier one made by Riggs 
et al. [29] that  Ca ~÷ is not  required for amino acid transport.  The effect  of  
propranolol on amino acid uptake is enhanced by Ca 2÷. 

Earlier studies [19,30,31] have shown that during sodium-coupled amino 
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Fig.  7. G lyc ine  u p t a k e  as a f u n c t i o n  of  K~ c o n c e n t r a t i o n  in  the  P resence  of  p rop ra no lo l .  All  i n c u b a t i o n s  
were  ca r r i ed  o u t  in R i n g e r  so lu t i on  c o n t a i n i n g  95  m M  NaC1 and  2.0  m M  CaCl 2. O s m o l a r i t y  was  m a i n -  
r a ined  w i t h  cho l ine  ch lo r ide  or  KC1. The  b u f f e r  used  was  10 m M  K + H E P E S .  The  u p t a k e  w i t h  10 -3 M 

P r o p r a n o l o l  is e x p r e s s e d  as a p e r c e n t a g e  of  the  c o r r e s p o n d i n g  c o n t r o l  w i t h o u t  p r o p r a n o l o l  a t  the  equiva-  
l en t  K~ c o n c e n t r a t i o n .  U p t a k e  of  [ 1 - 1 4 C ] g l y c i n e  was  m e a s u r e d  at  37°C.  The  u p t a k e s  r e c o r d e d  d u r i n g  3 

d i f f e r e n t  e x p e r i m e n t s  are s h o w n  (© B ~). S a m p l e s  were  t a k e n  at  1, 2, 3, 4 and  5 m i n .  The  p e r c e n t a g e  

c h a n g e  c a u s e d  by  p r o p r a n o l o l  is g iven  af ter  e i ther  2 m i n  (oD~)  or  as an average  of  the f i r s t  4 ra in  (e )  o f  
the  e x p e r i m e n t  r e p r e s e n t e d  by  o p e n  circles.  

acid transport there is depolarization of the Ehrlich cell. In addition, studies 
with intact cells [32] and various vesicular preparations of mammalian cells 
[33--39] have shown that  imposition of a membrane potential (inside negative) 
increases Na*-coupled organic solute transport. If the rate of Na*-dependent 
amino acid transport is a function of the membrane potential,  and if with pro- 
pranolol the membrane potential tends to equal (RT/F) In ([K]o/[K]i) ,  
changes in K~ should be reflected by changes in transport as long as the mem- 
brane remains relatively impermeable to other ions. The relationship between 
membrane potential and In Ko (with K[ constant) may, of course, not  be a 
linear one at all levels of K~. If the rate of transport  is a function of the electro- 
chemical difference for sodium, however, one would predict some type of rela- 
tionship between K~ and the rate of amino acid transport. To ascertain whether 
such a relationship exists, we examined the initial rate of amino acid transport 
with and without  propranolol at a variety of K o levels (6--50 mM) with Nao 
maintained at 95 mM. Choline was used to maintain osmolarity. Since the rate 
of uptake of amino acid in absence of propranolol is also influenced by the 
external K ÷ concentration [40,41] we plotted the percentage difference of gly- 
cine uptake with and without  propranolol at a series of K~, concentrations. The 
data in Fig. 7 show that  between 6 and 50 mM K o there is a linear (or near 
linear) relationship between in K o and the percentage change in rate of glycine 
transport. 

Glycine uptake in metabolically altered cells 
We find that  in cells depleted of ATP by rotenone, amino acid uptake is not  
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Fig. 8. A c t i o n  of  propran o lo l  on r o t e n o n e - t r e a t e d  cells. Cells were  p r e t r e a t e d  wi th  32 ug /ml  r o t e n o n e  
(+R)  fo r  20 min .  T h e n  g lucose  ( t o  10 raM) was added  wh ere  ind ica ted  (+G). A f t e r  6- -7  ra in  p ro p ran o lo l  
( to  1 m M )  was added  (+P). 7--8 rain la ter  [1 -14C]g lyc ine  (1 raM, 300 c p m / n m o l )  was ad d ed  and  samples  
taken ,  o, Con t ro l  (no  add i t ion) ;  $, + p r o p r a n o l o l  alone;  o + r o t e n o n e  a lone;  =, + r o t e n o n e  an d  p rop ra -  
nolol ;  ~, + r o t e n o n e  and  glucose;  A + r o t e n o n e ,  g lucose  and propranolo l .  The  incubat ion  m e d i u m  was 
Na+-Ringer wi th  2.5 m M  CaC12 b u f f e r e d  wi th  K+-HEPES a t  pH 7.4. T e m p e r a t u r e  was 37°C. 

stimulated by propranolol at any Ko concentration (Fig. 8) despite the fact that  
K ÷ permeabili ty is still increased by propranolol. S6Rb efflux (Fig. 4) from Ehr- 
lich cells is increased by propranolol in presence or absence of  rotenone.  Rote- 
none is known to reduce or abolish the membrane potential in Ehrlich cells in 
absence of  glucose [19]. Restoration of  cellular ATP levels with glucose 
restores the stimulatory effect  of  propranolol on glycine uptake at low K~,. 
These data are in line with the observations on fluorescence changes in rote- 
none-treated and glucose-restored cells. 

That the action of  propranolol on amino acid uptake or fluorescence mea- 
surements is not  due to its ~-adrenergic blocking action is suggested by the ob- 
servations that (1} the action of propranolol is not  antagonized by isoprotere- 
nol, (2) isoproterenol has an effect similar to propranolol and (3) the concen- 
trations of propranolol required are orders of  magnitude greater than those 
required for the adrenergic response (results not  shown). 

Propranolol action at different pH values on amino acid uptake 
The action of propranolol on amino acid uptake appears to be pH depen- 

dent. While stimulation of glycine uptake by propranolol may be observed at 
pH values between 6.5 and 7.5, at pH 6.0 there is no effect  (not shown). The 
sensitivity to pH in this system is reminiscent of the effect  shown by Lassen 
et al. on Ca2*-induced hyperpolarization in Amphiuma red cells [ 18]. 

One of the problems encountered in this work is that the response to pro- 
pranolol, particularly on amino acid uptake,  is not  consistent. That is, in a siz- 
able percentage of  experiments,  propranolol at low Ko levels (below 20 mM), is 
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T A B L E  II  

S T I M U L A T I O N  OF G L Y C I N E  U P T A K E  BY P R O P R A N O L O L  IN P R E S E N C E  OF O U A B A I N  

The  cells were  i n c u b a t e d  at 37°C for  3 rain wi th  ouaba in  be fo re  add i t ion  of  p rop rano lo l ,  fo l lowed by  a 
p r e i n c u b a t i o n  for 2 rain wi th  p r o p r a n o l o l  b e f o r e  adding [ 1 -14C]g lyc ine  to s tar t  the  reac t ion .  I n c u b a t i o n  
was  at 37°C in n o r m a l  R inger  so lu t ion  con ta in ing  2 m M  CaC12 wi th  K+-HEPES b u f f e r  at  p H  7.4. K 0 con- 
c e n t r a t i o n  was 12 raM. [ 1 - 1 4 C ] G l y c i n e  c o n c e n t r a t i o n  was  1 mM at 300  c p m / m m o l .  A typ ica l  experi-  
m e n t  is shown .  

Glyc ine  u p t a k e  (mmol /1  cell wa te r )  at  

3 rain A 14 rnin A 

Cont ro l  1.9 4.7 
Ouaba i n  (10  -3 M) 1.7 2.8 
P roprano lo l  (10  -3 M) 3.3 1.4 7.0 2.3 
Ouaba in  (10  -3 M) P roprano lo l  (10  -3 M) 2.9 1.2 5.9 3.1 

either wi thout  effect or inhibitory to amino acid influx. In thirty experiments in 
which the effect of propranolol at low K~ was tested, an inhibition or absence 
of response was noted in eight experiments. The reason for this variability is 
not  known. It suggests, however, that  either propranolol has a variable effect 
on other cellular activities, possibly on the permeability of the cell to other 
ions or the cells themselves have variable conductances, which may counteract 
the hyperpolarizing effect of propranolol. 

Effect o f  ouabain on propranolol stimulation o f  amino uptake 
Ouabain has long been known to inhibit Na÷-dependent amino acid uptake in 

this system [44] as well as many others. In Ehrlich cells, ouabain has been 
shown to prevent repolarization of depolarized cells [19,30,31] suggesting that 
at least under some conditions (for example with elevated cell Na ÷) the (Na ÷ + 
K ÷)-ATPase is electrogenic. If the action of propranolol were associated with an 
effect on the (Na ÷ + K÷)-ATPase there should be no response or less response 
to propranolol in presence of ouabain. The data in Table II show that  propra- 
nolol overcomes the inhibition of amino acid uptake by ouabain indicating that  
the effect of propranolol does not  involve the (Na ÷ + K÷)-ATPase. 

Discussion 

The data presented above demonstrate that  propranolol alters the membrane 
potential in Ehrlich cells in a K÷-dependent manner. In conjunction with effects 
on the membrane potential, changes are seen on the rate of amino acid uptake 
which suggest that  hyperpolarization increases glycine uptake, whereas depolari- 
zation decreases glycine uptake. The data obtained are consistent with the con- 
clusion that  with propranolol, changes in K ÷ permeability are reflected in 
changes in membrane potential which affect amino acid uptake. The direction 
and extent  of the propranolol effect on fluorescence and glycine transport are 
dependent  on the K ÷ concentration in the medium. 

The data obtained argue for a causal relationship between the changes in 
membrane potential and changes in amino acid transport for the following 
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reasons. (1) The change in transport rate is nearly directly proportional to In 
Ko in the presence of propranolol, as would be predicted if transport responded 
to a membrane potential largely determined by the K ÷ gradient. A linear 
increase in uptake would be expected under conditions where only the electri- 
cal component  of the electrochemical potential for Na +, increased in a lin- 
ear manner by varying external K ÷. The influence of propranolol on fluores- 
cent intensity indicates that  this drug changes the membrane potential in a 
manner that  is dependent upon external K +. Unfortunately,  the exact relation- 
ship between fluorescent intensity and membrane potential is not  yet  known. 
(2) The fluorescence changes and the amino acid transport changes in response 
to propranolol with variable K~ are pH dependent,  with little effect seen at pH 
6. (3)Preincubation of the cells in rotenone abolishes the changes in both 
fluorescence and amino acid transport seen with propranolol at variable K +. 
This alteration in response to propranolol due to ATP depletion is not  second- 
ary to K + depletion for the following reasons. (a) Cells preincubated in high K ~ 
during rotenone treatment  maintain nearly normal K* levels. These cells do not  
respond to propranolol. (b) After rotenone treatment,  Ca 2÷ is required in addi- 
tion to glucose to restore the propranolol effect. Cell K + is the same with and 
without  Ca :÷. (c )Af te r  rotenone treatment,  incubation in high Ko does not  
bring about an increase in fluorescence of dye. Had cell K + been lowered, an 
increase in fluorescence (depolarization) greater than with control cells would 
occur (data not  shown). (4 ) In  rotenone-treated cells, restoration of cellular 
ATP (by addition of glucose) restores the fluorescence changes and the amino 
acid transport changes in response to propranolol. 

There is some difference, however, in the response to propranolol seen in 
the two systems examined, glycine transport and fluorescence. Ca 2+ alone 
elicits a change in dye fluorescence but has no effect on amino acid uptake at 
low or high K ÷ in the medium. Moreover, Ca 2+ alone does not  increase S6Rb 
efflux (not shown). The lack of consistency may be due to the different condi- 
tions required to execute these measurements, for example, the cell densities 
used to measure fluorescence changes are one fifth to one tenth those used for 
transport studies. Whether the use of a higher cell density means that  medium 
Ca 2+ is elevated due to leakage from cells is unknown. 

It is also difficult to explain the fact that  in rotenone-treated cells S6Rb 
efflux is still increased by propranolol, whereas the effects of propranolol on 
fluorescence (membrane potential) changes and amino acid uptake are abol- 
ished. A likely explanation for this difference may be that  the permeability of 
the cell to other ions is also increased by depletion of ATP. In the latter cir- 
cumstances the depolarizing or hyperpolarizing action of propranolol would 
not  be apparent, although increased S6Rb flux would nonetheless remain. 

Another  explanation is also possible. Simons [42] has shown that in red cell 
ghosts, Ca2÷-induced K ÷ flux is reduced by this dye. Therefore, the absence of 
fluorescence changes in response to propranolol in rotenone-treated cells, 
although S6Rb flux is still increased by propranolol, could be due to absence of 
the dye during S6Rb flux measurements. Experiments showed however that  the 
dye did not  affect S6Rb efflux in response to propranolol in rotenone-treated 
cells with or wi thout  glucose. 

Overall, there is agreement between the effect of propranolol on fluores- 
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cence changes and on amino acid uptake. Earlier experiments [19,30,31] 
showed that the membrane potential is changed during amino acid transport. 
The present experiments permit us to conclude that the rate of Na+-dependent 
amino acid uptake is a function of the membrane potential and support  the 
conclusion that amino acid transport  is dependent  on the electrochemical 
potential difference for Na ÷. This conclusion is consistent with the proposal 
originally made by Gibb and Eddy [43] for amino acid transport in this type 
of cell. Since the magnitude of the membrane potential is also a function of 
the metabolic state of the cells, the requirement for ATP in the transport pro- 
cess may be due to its role in maintaining a potential difference probably via 
the ion pumping mechanisms and/or control of  passive permeability. 

Acknowledgments 

The authors wish to thank Dr. A. Waggoner of  Amherst  College and Dr. S. 
Parsons, University of California at Santa Barbara for the gift of  the dye. This 
work was supported by grant number  Ca19234, awarded to P.C.L. by the 
National Cancer Institute, DHEW and grant number  MRC 1984 awarded to 
R.M.J. by  the Medical Research Council of Canada. 

References 

1 Ekman,  A., Manninen, V. and Salminen, S. (1969) Acta  Physiol. Seand. 75, 333--344 
2 Porzig, H. (1975) J. Physiol. Lond.  249, 27--49 
3 Knauf, P.A., Riordan,  J.R., Shuhman,  B., Wood-Guth, I. and Passow, H. (1975) J. Membrane Biol. 25, 

1--22 

4 Muller-Soyano, A. and Glader, B.E. (1977) J. Cell. Physiol. 9 1 , 3 1 7 - - 3 2 2  
5 Glynn, I.M. and Warner, A.E. (1972) Br. J. Pharmacol. 44 ,271 - -278  
6 Manninen, V. (1970) Acta  Physiol. Seand. 80, Suppl. 335, 1--75 
7 Romero,  P.J. and Whit tam, R. (1971) J. Physiol. Lond. 2 14 , 481 - -507  
8 Blaustein, M.P. and Goldman, D.E. (1966) J. Gen. Physiol. 49, 1043--1063 
9 Kmjevid, K. and Lisiewicz, A. (1972) J. Physiol. Lond. 225 ,363 - -390  

10 Gardos, G. (1958) Bioehim. Biophys. Acta  30, 653--655 
11 Hoffman, J.F. (1966) Am. J. Med. 4 1 , 6 6 6 - - 6 8 0  
12 Lew, V.L. (1970) J. Physiol. Lond. 206, 35P--36P 
13 Lew, V.L. (1971) Biochim. Biophys. Acta  233, 827--830 
14 Lew, V.L. (1974) in Comparative Biochemistry and Physiology of Transport ,  (Block K., Bolls, L. and 

Luria, S.E., eds.), pp. 311--316,  North Holland Publishing Co., Amsterdam 
15 Borle, A.B. and Loveday,  I. (1968) Cancer Res. 28, 2401--2405 
16 Lassen, U.V., Pape, L. and Vestergaard-Bogind, B. (1973) in Erytbxocytes,  Thrombocytes  and Leuko- 

cytes, (Gerlach, E., Moser, K., Deutsch, E. and Willmanns, W., eds.), Georg Thieme Verlag, pp. 33--36 
17 Lassen, U.V., Pape, L., Vestergaard-Bogind, B, and Bengston, O. (1974) J. Membrane Biol. 18, 125-- 

144 
18 Lassen, U.V., Pape, L. and Vestergaard-Bogind, B. (1976) J. Membrane Biol. 26, 51--70 
19 Laris, P.C., Pershadsingh, H.A. and Johnstone,  R.M. (1976) Biochim. Biophys. Acta  436 ,475 - -488  
20 Waggoner, A.S. (1976) J. Membrane Biol. 27, 317--334 
21 Pershadsingh, H.A. and Laris, P.C. (1976) Fed. Proc. Abstr. no. 2199, 35, 605 
22 Johnstone,  R.M. and Scholefield, P.F. (1961) J. Biol. Chem. 236, 1419--1424 
23 Sims, P.J., Waggoner, A.S., Wang, C-H. and Hoffman,  J.F. (1974) Biochemistry 13, 3315--3330 
24 Hoffman, J.F. and Laxis, P.C. (1974) J. Physiol. Lond. 239 ,519 - -522  
25 Potashner, S.J. and Johnstone,  R.M. (1971) Biochim. Biophys, Acta 233, 91--103 
26 Lassen, U.~r., Nielsen, A.-M.T., Pape, L. and Simonsen, L.O. (1971) J. Membrane Biol. 269--288 
27 Burckhardt ,  G. (1977) Biochim. Biophys. Acta  4 6 8 , 2 2 7 - - 2 3 7  
28 Mills, B, and Tupper,  J.T. (1976) J. Membrane Biol. 20, 75--97 
29 Riggs, T.R., Walker, L.M. and Christensen, H.N. (1958) J. Biol. Chem. 233, 1479--1464 
30 Philo, R.D. and Eddy,  A.A. (1975) Biochem. Soc. Trans. 3 ,904- -906  



3 7 3  

31 Heinz,  E., Geck,  P. and  P ie t rzyk ,C .  (1975)  Ann.  N.Y. Acad.  Sci. 2 6 4 , 4 2 8 - - 4 4 1  
32 Reid,  M., Gibb~ L.E. and  Eddy ,  A.A. (1974)  Biochem.  J. 1 4 0 , 3 8 3 - - 3 9 3  
33 Colombini ,  M. and  J o h n s t o n e ,  R.M. (1974)  J. Membrane  Biol. 1 8 , 3 1 5 - - 3 3 4  
34 Murer,  H. and  Hopfer ,  U. (1974)  Proc.  Natl.  Acad.  Sci. U.S. 7 1 , 4 8 4 - - 4 8 8  
35 Sigrist-Nelson, K., Murer,  H. and  Hopfer ,  U. (1975)  J. Biol. Chem.  250,  5 6 7 4 - - 5 6 8 0  
36 Quinlan,  D.C., Parnes,  J .R. ,  Shalom,  R.,  Garvey,  T.Q.,  Isselbacher,  K.J. and  Hochs tad t ,  J. (1976)  Proc.  

Nail. Acad.  Sci. U.S. 73,  1 6 3 1 - - 1 6 3 5  
37 Hami l ton ,  R.T. and  Ni lson-Hamil ton,  M. (1976)  Proc. Natl.  Acad.  Sci. U.S. 73, 1907 - -1911  
38 Lever, J.E. (1976)  Proc.  Natl.  Acad.  Sci. U.S. 73,  2 6 1 4 - - 2 6 1 8  
39 Fass, S.J. ,  H a m m e r m a n ,  M.R. and  Sacktor ,  B. (1977)  J. Biol. Chem. 252,  5 8 3 - - 5 9 0  
40 Eddy ,  A.A.,  Mulcahy,  M.F. and  T h o m p s o n ,  P.J. (1967)  Bioehem. J. 1 0 3 , 8 6 3 - - 8 6 6  
41 J o h n s t o n e ,  R.M. (1972)  Biochim. Biophys.  Acta  282,  366 - -373  
42 Simons,  T.J.B. (1976)  Nature  2 6 4 , 4 6 7 - - 4 6 9  
43 Gibb, L.E. and  Eddy ,  A.A. (1972)  Biochem.  J. 1 2 9 , 9 7 9 - - 9 8 1  
44 Bit tner ,  J. and  Hein~:, E. (1963)  Biochim. Biophys.  Ac t a  74,  3 9 2 - - 4 0 0  


