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The effects of changes of membrane potential on amino acid transport through systems A, ASC and L was 
investigated in the Ehrlich cell and the human erythrocyte. Changes of membrane potential were produced 
by incubating cells whose K + permeability had been increased, either by valinomycin or by activation of 
Ca 2 +-dependent K + channels, in medium containing different K + concentrations. The changes in membrane 
potential were followed by measuring the distribution ratio reached by lipophilic indicators. Transport 
through Na+-dependent system A was sensitive to the membrane potential, the rate of amino acid uptake 
increasing 2.2-3.1-times for each 60 mV-hyperpolarization. The Na+-dependent system ASC was insensitive 
to membrane potential. The Na+-independent system L was not directly affected by membrane potential, but 
the steady-state accumulation of system L substrates was increased by hyperpolarization. 

Introduction 

It is generally accepted that Na+-dependent 
amino acid transport systems are coupled to the 
electrochemical gradient of Na ÷ to produce accu- 
mulation of the substrate [1]. Since membrane 
potential contributes substantially to this gradient 
its modification should affect amino acid trans- 
port. Such an effect has been reported many times 
[2-12]. However, the relationship between mem- 
brane potential and every particular transport sys- 
tem has not been investigated. 

In this paper we have studied the effects of 
membrane potential on amino acid transport by 
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Abbreviations: Hepes, 4-(2-hydroxyethyl)-l-piperazineethane- 
sulphonic acid; TPP, tetraphenylphosphonium; TPMP, tri- 
phenylmethylphosphonium; DIDS, 4,4-diisothiocyanostilbene- 
2,2'-disulphonic acid; BCH, 2-aminobicyclo(2,2,2)heptane-2- 
carboxylic acid. 

three different transport systems. The transport 
systems studied included the two principal N a t  
dependent pathways for neutral amino acid trans- 
port in the Ehrlich cell, namely systems A and 
ASC, and the Na+-independent system L [13,14]. 
The differential study of systems A and L was 
facilitated by the use of specific substrates for 
these pathways, but no model substrate is availa- 
ble for system ASC at present. We took advantage 
of the lack of transport system A activity in the 
human erythrocyte [15] to study system ASC in 
isolation from the other Na+-dependent transport 
system. Our results indicate that transmembrane 
potential strongly affects amino acid uptake 
through transport system A, but does not modify 
transport through system ASC. The initial rate of 
uptake of a model substrate of the Na+-indepen - 
dent transport system L was not modified by 
changes of the membrane potential, but the 
steady-state accumulation increased on hyper- 
polarization of the cells. 
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Methods 

Methods for collecting and handling of the 
Ehrlich cells were as described by Inui and Chris- 
tensen [16]. The cells were first incubated at 5% 
cytocrit and 37°C for 30 rain in standard medium. 
Then they were washed twice with ice-cold 0.15 M 
choline chloride solution and resuspended in the 
same solution at 50% cytocrit. The amino acid 
uptake experiments were started by adding 0.3 ml 
of the 50% cell suspension to 2.7 ml of incubation 
medium containing the test amino acid and tracer 
amounts of the appropriate 14C-isotope. After a 
measured interval at 37°C the incubation period 
was terminated by dilution with ice-cold medium 
and centrifugation as described before [16,17]. The 
processing of the cell pellets and supernatant solu- 
tions [17] and the counting of radioactivity [18] 
have been described previously. The values of 
total cell water and extracellular space in the cell 
pellet reported previously were used for calcula- 
tions [19]. The standard incubation medium con- 
tained (mM): NaC1, 135; KC1, 1; CaC12, 0.5; 
MgSO 4, 1.4; Na+-Hepes, 20 (pH 7.4). The Na +- 
free medium had the same composition except 
that NaC1 and Na+-Hepes were replaced by 
choline chloride and Tris-Hepes respectively. For 
the experiments in which different K + concentra- 
tions were used (Fig. 1) the incubation medium 
had the following composition (mM): NaC1, 120; 
KC1 + choline chloride, 30; CaC12, 0.5; MgSO4, 
1.4; Na+-Hepes, 20 (pH 7.4). In the experiments 
designed to measure the uptake of the norbornane 
amino acid (BCH), a model substrate for system L 
[20], the endogenous amino acid pool was first 
depleted by three consecutive 15-min incubations 
in standard medium [21]. This manoeuvre reduced 
the endogenous amino acid pool, measured by 
high-pressure liquid chromatography after dansy- 
lation of the cell extracts [22], to about 1 /3  of the 
original value. Additional incubations in standard 
medium did not deplete the endogenous amino 
acid pool further. 

Membrane potential was estimated from the 
distribution of either TPP [1,23] or TPMP [24]. 
The design of the experiments was similar to that 
described above for measurement of amino acid 
uptake except that 1 ~M TPP or 4.4 /~M TPMP 
and tracer amounts of the corresponding 14C-iso- 

tope were added to the medium. In the case of 
TPMP, 3.3 /~M tetraphenylboron was also added 
to accelerate the distribution of the lipophilic ca- 
tion [24]. The incubation was terminated by a 30-s 
centrifugation at 12 000 × g of 1-ml aliquots of the 
cell suspension, and the 14C content of the super- 
natant and the extracts of the cell pellets was 
determined as described previously. In some ex- 
periments the cells were treated with rotenone, an 
irreversible inhibitor of mitochondrial respiration 
[25], in order to avoid mitochondrial accumulation 
of the lypophylic cations. This manoeuvre sys- 
tematically decreased the distribution ratio reach- 
ed by the lipophilic indicator, but the results were 
not qualitatively different from those from un- 
treated cells. 

Red cells were obtained from fresh blood drawn 
into heparin. The cells were washed twice with a 
solution containing 75 mM NaC1, 75 mM KC1, 0.1 
mM EGTA and 10 mM Tris-HC1 (pH 7.7), and 
once more with standard incubation medium con- 
taining (mM): NaC1, 150; KC1, 5; CaCI 2, 0.5, 
MgC12, 0.2; Tris-Hepes, 10 (pH 7.5). Then the 
cells were suspended at 10% haematocrit in stan- 
dard incubation medium, and DIDS was added to 
give a final concentration of 20 /~M. After a 10 
rain incubation at room temperature, the cells 
were sedimented by centrifugation and washed 
twice with Na+-free medium. Na+-free medium 
had the same composition as the standard incuba- 
tion medium except that NaC1 was replaced by 
choline chloride. The cell pellet was resuspended 
at 10% haematocrit either in standard incubation 
medium or in Na+-free medium and transfered to 
a 37°C bath. Valinomycin, 2 #M, or A23187, 10 
~M, were added to aliquots of the cell suspensions 
and the experiment was started by addition of 
either [14C]alanine, 0.1 mM, or [14C]TPP, 1 ~M. 
After a measured period the incubation was 
terminated either by centrifugation at 12000 × g 
for 30 s (TPP uptake experiments) or by dilution 
with ice-cold medium and centrifugation over di- 
butylphthalate oil as described previously (alanine 
uptake experiments, Ref. 26). The original volume 
of cells was estimated from haemoglobin measure- 
ments in aliquots of the cell suspension [27]. 

The 14C-isotopes of alanine, TPP and TPMP 
were purchased from Amersham International, plc. 
BCH and [14C]BCH (b _+ isomer) were generous 
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gifts of  Dr. H.N.  Christensen, The University of 
Michigan, Ann  Arbor,  MI,  U.S.A. D I D S  was ob- 
tained from Calbiochem.-Behring Corporat ion and 
the ionophore  A23187 from Boehringer-Mann- 
heim. Other  chemicals were obtained either from 
E. Merck, Darmstad t  or f rom Sigma Chemical Co. 
Ltd., London.  

Results 

The effects of  changing the extracellular K + 
concentra t ion on the uptake of  T P M P  and a- 
aminoisobutyr ic  acid by the Ehrlich cell in the 
presence and in the absence of  propranolol  are 
shown in Fig. 1. Propranolol  was reported previ- 
ously to increase the membrane  permeabili ty to 
K ÷ by activation of the Ca2+-dependent K ÷ chan- 
nels [19]. The T P M P  distribution ratio was little 
modified by the external K ÷ in the controls without 
propranolol .  This finding is consistent with the 
evidence suggesting that the membrane  potential 
in the Ehrlich cell is not  a K ÷ diffusion potential 
[28,29]. Following treatment with propranolol  the 
T P M P  distribution ratio was increased by decreas- 
ing K ÷ concentra t ion indicating membrane  hyper- 
polarization (Fig. la).  A decrease of  external K + 
f rom 30 to 10 m M  increased the distribution ratio 

of  T P M P  2.9-times, a value which is 96% of that 
expected for a pure diffusion potential  for K +. At 
lower K ÷ concentrat ions the changes of mem- 
brane potential, estimated from T P M P  distri- 
bution, were smaller than those predicted from the 
Nerns t  equation, suggesting that the contr ibut ion 
of  other diffusing ions to the membrane  potential 
became significant. At  about  20 m M  K ÷ the dis- 
tr ibution of  T P M P  was not  affected by proprano-  
lol. In these cells the internal concentrat ion of  K ÷ 
was about  90 mM, a value that was somewhat  
lowered due to the previous treatment with 
rotenone (see Methods). Under  these condit ions 
the equilibrium potential  for K ÷, and hence the 
probable  value of  the membrane  potential  in the 
cells treated with propranolol ,  would be about  
- 39 mV. This value is similar to that reported by 
other authors [23,30-33] and considerably lower 
than that of  - 5 3  mV, which would be estimated 
by applying directly the Nernst  equation to the 
distribution ratio of  TPMP,  suggesting that the 
indicator is bound  to the intracellular content  to 
some degree. The treatment with propranolol  in a 
medium containing 1 m M  K ÷ increased the distri- 
but ion ratio reached by T P M P  by about  4-times 
relative to the control. This corresponds to a hy- 
perpolarization of  36 mV. 
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Fig. 1. Effects of the external K ÷ concentration on the uptake of [14C]TPMP (a) and a-aminoisobutyric acid (AIB) (b) by the Ehrlich 
cell in the presence (zx) and in the absence (O) of 0.5 mM propranolol. The uptake was measured during 8 min at 37°C in cells which 
had been previously treated with rotenone (100 #g/l). The concentration of a-aminoisobutyric acid was 1 mM and that of TPMP 4.4 
~M. Tetraphenylboron was added to a final concentration of 3.3 #M. Preliminary experiments showed that a steady-state 
distribution ratio of [14C]TPMP was reached and that the uptake of a-aminoisobutyric acid was linear during the 8-min incubation 
period chosen for the experiments. The uptake is expressed as the distribution ratio (D.R.) (cpm per ml cell water/cpm per ml 
incubation medium) reached by the end of the incubation period. Note the logarithmic scale on the ordinate. Panel c shows the 
correlation between the uptakes of a-aminoisobutyric acid and TPMP in double-logarithmic plot. 
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Fig. lb shows the uptake of c~-aminoisobutyric 
acid, a model substrate for system A [34], mea- 
sured in parallel experiments. The effects of exter- 
nal K + were similar to those described above for 
TPMP. The correlation between the distribution 
ratio reached by TPMP and the uptake of a- 
aminoisobutyric acid was linear when a double- 
logarithmic plot was made (Fig. lc). These results 
indicate that amino acid transport via system A is 
strongly dependent on membrane potential. 

Table I summarizes the effects of propranolol 
on the uptake of alanine by the Ehrlich cell. This 
amino acid is a good substrate for both systems, A 
and ASC [34,35]. The uptake of alanine was in- 
creased 37% by propranolol. In the presence of 
excess methyl c~-aminoisobutyric acid, which in- 
hibits competitively the transport through system 
A [34,36], propranolol did not modify the uptake 
of alanine. The membrane potential was assessed 
in parallel experiments using TPP. The treatment 
with propranolol increased the distribution ratio 
reached by TPP by about 2.9-times (28 mV hyper- 
polarization), and this effect was not significantly 
modified by the presence of excess methyl a- 
aminoisobutyric acid (data not shown). The third 
line in Table I shows the uptake of alanine in 
Na+-free medium. Under these conditions the 
contribution of both transport systems, A and 
ASC, is eliminated, and this allows the contribu- 
tion of each system to be calculated. In the control 
without propranolol 16% of the total uptake was 
Na+-independent, and 50 and 34% took place 
through systems A and ASC, respectively. The 
uptake through system A was increased by 72% as 
a result of the hyperpolarization, without signifi- 
cant modification of the other components of the 
uptake. 

The human erythrocyte shows Na+-dependent 
transport of alanine which takes place through 
system ASC [15,37,38]. Since system A is not 
present in these cells [15], the activity of system 
ASC can be directly estimated from the Na+-de - 
pendent uptake of alanine, without the need to use 
inhibitors of the transport system A. Fig. 2 shows 
the effect of hyperpolarization on the uptake of 
alanine by erythrocytes. Hyperpolarization was 
produced by increasing the membrane permeabil- 
ity to K + of cells incubated in low-K + medium. 
The increase of K + permeability was accom- 

TABLE I 

D E P E N D E N C E  ON Na + A N D  SENSITIVITY TO N- 
M E T H Y L A M I N O I S O B U T Y R I C  ACID OF THE STIMULA- 
TION OF THE UPTAKE OF [~4C]ALANINE BY PRO- 
P R A N O L O L  (0.5 mM) BY THE EHRLICH CELL 

The uptake of alanine (100 /tM) was studied during 1 min at 
37°C and it is expressed in m m o l / k g  cells. Other details are as 
in Fig. 1. Each value is the mean of two individual values 
differing by less than 10%. The uptake of [14C]TPP was 
measured in parallel experiments with the same batch of cells 
before and after the addition of propranolol. The distribution 
ratios reached by the lipophilic cation in Na+-containing, 
( N a + +  N-methylaminoisobutyric acid)-containing and Na +- 
free media were 32, 32 and 40, respectively, and they were 
increased to 85, 75 and 175 after the addition of propranolol. 

Condition Control Propranolol 

Na +-containing medium 0.93 1.27 
+ 25 mM methyl a-amino- 
isobutyric acid 0.47 0.48 

Na +- free medium 0.15 

plished either by treatment with the K+-selective 
ionophore valinomycin or with the divalent cation 
ionophore A23187 and Ca 2+, which activates 
Ca2+-dependent K + channels [39]. The cells were 
previously treated with DIDS to decrease the per- 
meability to C1- [40] in order to slow the net loss 
of K + produced by the treatment with ionophores. 
Results in cells not treated with DIDS were simi- 
lar to those shown in Fig. 2. The upper panel of 
Fig. 2 shows that the cell /medium TPP distribu- 
tion ratio increased with treatment with either 
valinomycin or A23187 + Ca 2 +. This demonstrates 
that hyperpolarization of the cells has been 
accomplished. The uptake of alanine, however, 
remained unmodified by the hyperpolarization 
even though a large part of it was Na+-dependent 
(lower panel of Fig. 2). This confirms the observa- 
tion described above for the Ehrlich cell, that the 
Na+-dependent system ASC is not sensitive to 
membrane potential. 

The effects of membrane potential on the Na +- 
independent system L were studied in the Ehrlich 
cell using the norbornane amino acid (BCH), a 
model substrate for this transport system [20]. 
Treatment with propranolol did not modify the 
uptake of BCH in Na+-free medium. In Na+-con - 
taining medium the uptake of BCH was not sig- 
nificantly modified by propranolol during the first 
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Fig. 2. The effects of increasing the membrane permeability to 
K ÷ on the uptake of []4C]TPP, 1 /tM (upper panel) or 
[]4C]alanine, 100 ~M (lower panel) by the human red cell. The 
cells were treated with DIDS prior to the uptake experiment as 
described in Methods, and resuspended at about 20% haema- 
tocrit and 37°C in either Na+-containing (open symbols) or 
Na+-free (closed symbols) medium. The concentration of K + 
was 5 mM in both media. Either 5 #M valinomycin (inverted 
triangles) or 10/~M A23187 (triangles) was added about 1 min 
before starting the experiment. No additions were made to the 
control (circles). The experiment was started at time zero by 
the addition of either alanine or TPP, and samples were taken 
after different incubation periods as shown. The uptake is 
expressed as the distribution ratio (D.R.) (cpm per ml original 
cells/cpm per ml medium) reached by the end of the incuba- 
tion period. 

2 min of incubat ion .  However ,  if the incuba t ion  
pe r iod  was pro longed ,  the s teady-s ta te  level re- 
ached by  BCH was higher  in p rop rano lo l - t r ea t ed  
cells (da ta  not  shown). 

Fig. 3 shows the result  of a typical  exper iment  
in which the add i t i on  of  p rop rano lo l  was de layed  
by  15 min with respect  to the beginning  of  the 
incuba t ion  with BCH. The  s teady-s ta te  level of 
B C H  reached before  the add i t i on  of p rop rano lo l  
was sys temat ica l ly  higher  in Na+-con ta in ing  than 
in Na÷- f ree  medium.  The  add i t ion  of p rop rano lo l  
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Fig. 3. Effects of propranolol on the uptake of TPMP (upper 
panel) and BCH (lower panel) by the Ehrlich cell. The cells 
were depleted of endogenous amino acids prior to the experi- 
ment as described in Methods. At zero time the cells were 
resuspended either in Na+-containing (closed symbols) or 
Na+-free (open symbols) medium containing 100 #M 
[]4C]BCH. At the time marked by the arrow, propranolol, 0.5 
mM, was added to aliquots of the cell suspensions (triangles). 
Other details are as in Fig. 1. D.R., distribution ratio. 

increased the d i s t r ibu t ion  rat io  reached by  BCH in 
Na+-con ta in ing  medium,  but  had  no  effect in 
Na+-f ree  m e d i u m  (lower panne l  of  Fig. 3). The  
upper  panne l  of Fig. 3 shows that  a m e m b r a n e  
hyperpo la r iza t ion ,  demons t r a t ed  by  the increase 
of  the d i s t r ibu t ion  ra t io  reached by  TPMP,  was 
accompl i shed  by  p rop rano lo l  t r ea tment  in bo th  
media .  Fig. 4 compares  the up take  of  BCH and 
the effect of  p rop rano lo l  in Na+-con ta in ing  
m e d i u m  with  and  wi thout  N-me thy lamino i sobu-  
tyric acid, added  in excess to sa tura te  t r anspor t  
sys tem A [34,36]. The  d i s t r ibu t ion  of BCH re- 
ached at the s teady-s ta te  was smal ler  when the 
m e d i u m  con ta ined  N-me thy lamino i sobu ty r i c  acid. 
On  the o ther  hand,  the presence of  N-methy l -  
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Fig. 4. Effects of propranolol on the uptake of TPMP (upper 
panel) and BCH (lower panel) in the presence (closed symbols) 
or in the absence (open symbols) of 25 mM N-methylaminoi- 
sobutyric acid. The incubation medium contained Na + in all 
cases. The time of addition of propranolol is marked by the 
arrow. Other details as in Fig. 3. D.R., distribution ratio. 

aminoisobutyric acid prevented the effect of pro- 
pranolol on the accumulation of BCH. The upper 
part of Fig. 4 shows that propranolol increased the 
distribution ratio reached by TPMP, and hence 
hyperpolarized the membrane, to about the same 
degree both in the presence and in the absence of 
N-methylaminoisobutyric acid. 

Discussion 

The finding that changes of the extracellular 
K + concentration do not modify the membrane 
potential in the Ehrlich cell supports the recent 
proposal that membrane potential in these [29] 
and other cells [41] could depend more on the 
activity of electrogenic pumps than on the passive 
diffusion of ions. It is worth noting that the 
activation of the Ca2+-dependent K + channels by 

propranolol shifts membrane potential towards a 
K + diffusion potential in the Ehrlich cell and 
could, therefore, be used as a tool to change the 
membrane potential as shown here. Attempts to 
achieve the same result with valinomycin were, in 
our hands, much less reliable. The activation of 
Ca2+-dependent K + channels, by the joint use of 
the ionophore A23187 and Ca 2+ and by the treat- 
ment with valinomycin, seemed to be equally reli- 
able manoeuvres to achieve membrane potentials 
set by the diffusion of K + ions in the human red 
cells. 

Only one of the transport systems for amino 
acids studied here, the Na+-dependent transport 
system A, was affected by changes in membrane 
potential. Hence this transport pathway would 
mediate the increases of amino acid transport 
observed with hyperpolarization [2-12] and the 
rheogenic effects of amino acid transport reported 
previously [21,28,31,42,43]. From the data of Fig. 
lc  and Table I it can be estimated that the uptake 
of a-aminoisobutyric acid and the N-methyl- 
aminoisobutyric acid-sensitive uptake of alanine 
would increase 2.2- and 3.3-times, respectively, by 
increasing the membrane potential by 60 mV. 

Changes in membrane potential did not modify 
amino acid uptake through the Na+-dependent 
system ASC in the Ehrlich cell and the human 
erythrocyte (Fig. 2 and Table I). This finding is 
consistent with the previous observation that, al- 
though amino acid uptake via system ASC in- 
creased the influx of 22Na+, this was balanced by 
an increase of Na + efflux so that the cell level of 
Na + did not change with amino acid accumula- 
tion [35]. The insensitivity to membrane potential 
should be expected if system ASC operated by 
compulsory exchange, as proposed by Christensen 
and coworkers [35,44-46]. 

The initial rate of uptake of BCH, a model 
substrate for the Na+-independent system L [20], 
was independent of membrane potential. How- 
ever, under steady-state conditions the accumula- 
tion of BCH was increased by membrane hyper- 
polarization when the experiments were per- 
formed in Na+-containing medium. The removal 
of Na + or the addition of excess of N-methyl- 
aminoisobutyric acid prevented the  effects of 
membrane potential on the transport of BCH, 
suggesting that the interaction takes place through 



t r a n s p o r t  sys t em A.  T w o  a l t e rna t ive  poss ib i l i t i es  

c o u l d  exp la in  these  f indings .  E i the r  B C H  re ta ins  

s o m e  res idua l  r eac t iv i ty  for  sys tem A [34], o r  the  

i n t e r n a l  a m i n o  ac id  pool ,  wh ich  seems imposs ib l e  

to e l imina te ,  r e m a i n s  h igher  in the  h y p e r p o l a r i z e d  

cells  due  to the  i nc rea sed  r e u p t a k e  via  sys tem A of  

the  a m i n o  acids  w h i c h  leak f r o m  the  cells; the  

e n d o g e n o u s  a m i n o  ac ids  cou ld  then  e x c h a n g e  for 

ex t r ace l l u l a r  B C H  a l lowing  a h igher  level  o f  this 

a m i n o  ac id  to be  r eached  in the  s teady-s ta te .  In  

a n y  case  it  is c lear  tha t  n o n e  o f  these  a l t e rna t ives  

i nc lude  d i rec t  e f fec ts  o f  m e m b r a n e  p o t e n t i a l  on  

the  N a ÷ - i n d e p e n d e n t  sys tem L. 
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