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Abstract--The membrane potential of L1210 murine leukemia cells was assessed by use of the tritiatcd 
lipophilic cation probe triphenylmethylphosphonium bromide. The potassium equilibrium potential of 
the cells was found to be -71 _+ 7mV. The resting membrane potential was partly dissipated by 
the protonophore m-chlorocarbonylcyanidephenylhydrazone (10 ~LM), but was unaffected by ouabain 
(1 mM) and apparently by the calcium ionophore A23187 (2.5pM). Monensin (20~lM) caused a 
hyperpolarization which, since it was blocked by ouabain, was presumed to be brought about by activation 
of the Na'K--ATPase via an elevated cytoplasmic Na+ concentration. Adriamycin at concentrations as 
high as 5 x 10-4M brought about no change in the resting potential of the cells. Also, cytotoxic 
concentrations of adriamycin, unlike ouabain, had no effect on rubidium-86 transport into k 1210 cells, 
nor upon a monensin-induced increased in rubidium-86 uptake. The results suggest that although 
adriamycin is capable of interaction with the plasma membrane, and may exert its cytotoxicity at this 
locus, changes in ion flux mediated by Na*K+-ATPase or thosc capable of changing the mcmbrane 
potential do not appear to be implicated in its mechanism of action. 

The nature of the cellular locus of action of the 
antineoplastic drug adriamycin is controversial. It is 
capable of physical interaction with both DNA and 
membranes [1, 2]. Powerful evidence that its cyto- 
toxicity is expressed through a membrane-mediated 
effect comes from studies using polymer-immobi- 
lized adriamycin, which does not enter the cell. It 
was shown that the polymer-drug complex was more 
potently cytotoxic than free drug [3]. Numerous 
reports have been made of the biophysical effects of 
adriamycin on cellular or model membranes [2] but 
few studies have attempted to address the question of 
what consequences may ensue from an adriamycin- 
membrane interaction which could account for cyto- 
toxicity. Early changes in the order-parameter of the 
plasma membrane of murine $180 sarcoma cells, 
induced by concentrations of adriamycin as low as 
10-7M and measured by electron spin resonance, 
were suggestive of profound effects on the function 
of integral membrane proteins such as sodium- 
potassium ATPase (Na+K+-ATPase) which controls 
alkali metal ion flux [4]. Growth control may be 
mediated through changes in ion flux [5] and mem- 
brane potential [6] and it is possible, therefore, that 
adriamycin could disrupt these regulatory controls. 
It is also possible that adriamycin-induced changes in 
membrane function could alter calcium homeostasis 
and this may be responsible for cell death. Calcium 
is cytotoxic if concentrations of above 5 ~tM are main- 
tained in the cytoplasm [7] and changes in calcium 

* Abbreviations used: TPMP ÷, triphenylmethyl- 
phosphonium bromide; CCCP, rn-chlorocarbonylcyanide- 
phenylhydrazone; PEG, polyethylene glycol; 86Rb, rubid- 
ium-86. 

homeostatis in the heart have been implicated in 
adriamycin-induced cardiac toxicity [8] and, less con- 
vincingly, in its cytotoxicity [9]. Changes in cardiac 
function brought about by adriamycin have also been 
related to its ouabain like effects, although a claim 
of the potent inhibition of Na+K+-ATPase activity 
by adriamycin [10] has been disputed [11, 12]. 

We report here the determination and charac- 
terization of the membrane potential (Em) of L1210 
leukemia cells using the lipophilic cation probe 
TPMP* and the effects of adriamycin on this poten- 
tial. Phosphonium probes have been used in studies 
of membrane potential changes occurring in bio- 
logical events mediated at this level of the membrane 
such as mitogenesis [13] and receptor ligand binding 
[14]. The membrane potential of the cell reflects the 
consequences of the complex traffic of ions across 
cellular membranes, and we considered that any 
perturbation of this ion traffic by adriamycin may 
be reflected in changes of potential. We have also 
attempted to determine whether the activity of 
Na-K--ATPase is affected by adriamycin, as pre- 
dicted from the early-induced changes in order para- 
meter brought about by low concentrations of drug 
[41. 

MATERIALS AND METHODS 

Materials. Analytical grade chemicals were 
obtained from BDH Ltd. (Poole, U.K.) unless other- 
wise stated. Ouabain octahydrate, monensin and m- 
chlorocarbonylcyanidephenylhydrazone (CCCP)* 
were obtained from Sigma Chemical Company (Lon- 
don, U.K.). [3H]H20 (5 mCi/ml) [3H[PEG 
(1.6mCi/g) and rubidium-86 chloride ( l .77uCi /  
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1.17rag) from the Radiochemical  Center  (Amer-  
sham, U . K ) .  [3H]TPMP- (41 .5Ci /mmole )  and 
N E N  260 scintillation cocktail were obtained from 
New England Nuclear  (Southampton,  U.K.) .  Un- 
labelled T P M P  ~ was purchased from K & K Lab- 
oratories (via Kodak,  Liverpool) .  Adriamycin and 
amiloride were gifts from Farmital ia  (Milan, Italy) 
and Merck Sharp and Dohme Ltd, ( t toddesdon,  
U.K. )  respectively. Media and serum were obtained 
from Gibco Ltd. (Glasgow, U.K.) .  

Cell culture. Murine L1210 leukemic cells obtained 
from Flow Laborator ies  (Glasgow) were maintained 
as a suspension culture in RPMI 1640 medium with 
10o~ horse serum. The cells were cultured at 37 ° in 
9 0 ~  air 10% C O ,  with a doubling time of 12 14 hr. 
Exper iments  were per formed with cells in mid to late 
log phase. 

Assays of evtotoxicitv. 2 × l l )  a L1210 cells/ml in 
log phase were incubated with various concentrat ions 
of adriamvcin for 1 and 2 hr. The cells were centri- 
fuged at 600 g. washed once with Dulbecco 's  phos- 
phate buffered saline (pH 7.4), and resuspended in 
RPMI 1640 media with 1()<} horse serum, incubated 
at 37 ° and counted 3 days later. The inhibitory con- 
centration to prevent  90c~ of the increase in cell 
number  observed in the controls was estimated. Dur- 
ing the course of incubation of L1210 cells with 
ionophores and various drugs viability was deter- 
mined by estimation of exclusion of a solution of 
0. l~7~ Trypan Blue dye in saline. 

Estimatiot~ of El210 tnembrane potentials. Cells 
were harvested and washed in either high or low 
concentrat ion solutions of potassium (see below) and 
l(/0 ul of a suspension of 2 x I(P washed cells was 
added to 900 ul of solutions containing either a high 
or low concentrat ion of potassium at 37 ° which were 
gassed with 95% air 5c4 CO, .  The low potassium 
solution contained l l S m M  NaC1. 5raM KCI, 
1.27 mM CaCI: ,  25 mM N a H C O s ,  1.18 mM MgSOa, 
1 .17mM KHePO4 and 5 .5 raM glucose (pH7 .4 ) .  
The high potassium solution contained 123 mM KC1, 
1.27 mM CaC1,. 25raM K H C O >  1.18raM MgSO4, 
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Fig. 1. Accumuhuion, with time. of the lipophilic cation 
[3H]TPMP into L1210 cells. Cells at 2 x 1( %'ml were 
incubated in high and low K" medium with 2!~M [~H] 
TPMP Samples were removed at intervals and processed 
as described in Materials and Methods: high K (O) and 
low K- (A) medium. A typical result with each point 

representing the mean of triplicate determinations. 

1.17raM K H : P O a  and 5 .5raM glucose (p t t7 .4 ) .  
These solutions contained 2-30 HM of [~t t lTPMP- 
(0.2-3 uCi/ml) .  After  certain times (see results) of 
incubation at 37 °, witll continuous gassing, 2()0!d 
aliquots were removed in triplicate and centrifuged 
at 9000g for 1 rain in a Beckmann microfugc through 
a mixture of 5 parts of Dow-Corning 550 silicon oil 
with 1.5 parts of corn oil (Mazola),  which was layered 
on top of 50!d of 98Q formic acid. The centrifuge 
tubes were then frozen in liquid nitrogen and cut 
through the oil layer. The pellet and supernatant 
were placed separately into glass x ials. thawed. N FN 
260 scintillation cocktail added and counted on a 
Packard Tricarb 2606 scintillation counter. In each 
of these assays intracellular volume was calctflatcd 
by determinat ion of the vohunc of the pellet with 
[3H]HzO and extracelluhtr space with [3HIPEG 1151. 

Calculation of Em from /~H/TPMP- distrit~uti(,n. 
The concentrat ion of [~H]TPMP" accumulated by 
the cells was calculated by using values for intra- 
cellular volume and Em calculated as follows {151: 

E,, = 2.3 RT  log [TPMP + Ill; '~'~~*':d : [ T P M t "  [ ..... 

in which 
2.3 RT is equal to (~l m\" at 37 ,0 

and 
[ T P l D I P +  ] q°rrectcd = [TPMD + linl°W K + 
l . . . . . .  j ln 

- [TPMP + 11~ gh ~:'. 

E,/j~'crs otl rubidium-SO uptake. LI21{I cells were 
washed and suspended at 2 x l(Y'/ml in low K- buffer 
and then added to the same buffer containing 5 !42i/ 
ml ~ R b  with or without drugs. The cells were incu- 
bated at 37 ° with continuous gassing for given times 
and aliquots centrifuged and processed, as described 
above. S~Rb was counted on an I( 'N Tracerlab,  
Gamma  Set 50(1 gamma counter.  

R E S t  I. ' l 'S 

In suspension culture the II),/u for adriamycin incu- 
bated for 1 hr with LI210 cells was 2.6 × 1() rM.  
The effects of 5 × 10 4 M adriamycin on membrane  
potential  were also investigated as this concentration 
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Fig, 2. Accumulation ol [~tt]IPMP in L1210 cells alter 
1 hr incubation in high and low K at various [ ' t l ]TPMP 
concentrations. Cells at 2 × l(l~'/ml were incubated with 2 
30uM[~tt]TPMP in high andlo~ K lor 1 hrat37": high 
K (@) and low K" (A) medium. Lath point r c p r c s c n t s  

the mean of two experiments assayed in triplicate. 
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was previously shown to affect ion transport in 
bladder epithelia [16]. 

The time course of  the accumulat ion of 2/~M [3H]- 
TPMP + is shown in Fig. 1. The accumulation in 
El210 cells incubated in low K + medium,  equivalent  
to physiological concentrat ion,  was rapid for 
approximately 20 rain and then reached a plateau 
phase, reaching steady-state by 45 min. In high K + 
medium both the initial rate of accumulation and the 
level of the steady state accumulat ion were 
depressed. Figure 2 shows that concentrat ions from 
2 to 20 uM of [3H]TPMP ~ were accumulated linearly, 
a process suggestive of passive equil ibration with the 
membrane  potential  via a non-saturatable process. 
At  the low potassium concentrat ion the accumu- 
lation of [3H]TPMP+ reached steady state equilib- 
rium, whereas  at a high potassium concentrat ion 
accumulat ion cont inued to be linear up to 30 aM 
[3H]TPMP*. 

The potassium equil ibrium potential  of L1210 cells 
(Em) was calculated by subtracting the accumulation 
of [3H]TPMP + in high potassium medium from that 
in low potassium medium,  as described above,  and 
entering the concentrat ion of the lipophilic cation 
present at equi l ibr ium into the Nernst equat ion.  In 
experiments  which measured  the t ime taken to reach 
equil ibrium (Fig. 3), the potassium equil ibrium 
potential  at 45 min was calculated to be - 7 4  ± 4 mV 
(N = 3). Data  accumulated at a single 60-rain time 
point gave a value of 71 -+ 7 m V  (N = 14) (Table 
1). [3H]TPMP* had no effect on cell viability as 
measured by exclusion of trypan blue. 

The sod ium-pro ton  exchanger / ionophore  monen-  
sin (20/~M) induced a profound hyperpolarizat ion of 
L1210 cells as reflected by increased accumulation 
of [3H]TPMP- (Table 1). This hyperpolarizat ion was 
blocked by coincubation with l mM ouabain,  
strongly suggesting that, in common with other  
studies [17], the monensin- induced sodium influx 
activates Na*K+-ATPase .  This was confirmed by the 
observat ion of a ouabain-sensit ive increase in 86Rb 
uptake after monensin (Fig. 4). This enhanced 86Rb 
uptake was completely  unaffected in cells co- 
incubated with adriamycin 2.6 × 10-7M for 1 hr 
(Fig. 4), a concentrat ion which kills 90% of the cells, 
and at which Murphree  et al. [4] had shown changes 
in the order  parameter  of tumour  cell membranes .  
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Fig. 3. The potassium equilibrium potential of L1210 cells 
at 37 °. The equilibrium potential of LI210 cells (Em) was 
calculated by subtracting accumulation of 2 uM [3H]TPMP+ 
in high K* from that in low K- and by entering the con- 
centrations of [3H]TPMP- at equilibrium into the Nernst 
equation. Each point represents the mean + S.E. of three 

experiments. 

Figure 5 shows the effects of ouabain (1 mM) and 
adriamycin (2.6 x 10 7 M) on S6Rb uptake over  1 hr 
into L1210 cells. Ouabain had a profound effect 
(P = <0.02) on the initial rate of uptake whereas 
adriamycin had an insignificant effect (P = <0.05) at 
this concentrat ion or  at 5 x 10 -4 M (data not shown). 

The pro tonophore  CCCP (10#M) significantly 
decrease the accumulat ion of the lipophilic cation 
under conditions of both high and low potassium 
indicating depolarization.  The former  result suggests 
that in cells equil ibrated with potassium [3H]TPMP- 
accumulation may be related to the mitochondrial  
membrane  potential  generated by a proton gradient 
in a manner  similar to that suggested for neuro- 
blastoma-glioma hybrid cells [15]. 

In order  to assess what effect changes in intra- 
cellular Ca 2" have on L1210 cell membrane  poten- 
tial, the cells were incubated with the calcium ion- 
ophore  A23187 (2.5 uM). At  this concentrat ion of 
A23187 there was no change in the cell viability. 
The lack of effect on E m (Table 1) is a somewhat 
surprising result given that normal mouse lympho- 
cytes were observed to hyperpolarize after induction 
of a calcium influx [18] and the result is discussed in 
detail below. At  concentrat ions of A23187 above 

Table 1. Membrane potentials (Era) of L1210 cells incubated at 37 ° for 1 hr 
with various membrane-active agents 

Treatment E m (mY)* ?4 Control 

Control -71 ± 7 100 (N.S.J~- 
Adriamycin (5 x 10 aM) -72 + 16 101 (N.S.) 
Ouabain (1 raM) -61 _+ 2 86 (N.S.) 
Monensin (20,uM) -91 _+ 1 128 (P < 0.025) 
Monensin + ouabain -75 ± 5 106 (N.S.) 
A23187 (2.5 u M) -70 ± 1(1 99 (N.S.) 
CCCP (10/~M) -25 _+ 13 35 (P <//.02) 

L1210 cells at 2 x 106/ml were incubated at 37 ° for 1 hr with 2 uM [3H]- 
TPMP- in high and low K- in presence of the indicated drugs. Em was 
calculated using the Nernst equation as described in Materials and Methods. 

* Membrane potential for control represents the mean ± S.E. of 14 inde- 
pendent experiments. For the rest it is mean ± S.E. of at least 3 experiments. 

+ P > 0.05 was judged to be not significant (N.S.). 
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Fig. 4. The effects of ouabain and adriamycin on monensin 
induced S~Rb uptake into L1210 cells. Cells at 2 × 10~/ml 
were coincubated at 37 ° at time zero with S~'Rb (5 uCi/ml) 
with and without drugs: O, control; A, 20/aM monensin: 
A,  20M monensin + 2.6 x 10 7M adriamycin; Q, 20uM 
monensin + 1 mM ouabain. A typical result with each point 

representing the mean of triplicate determinations. 

2.5 #M loss of cell viability was observed.  Adr iamy-  
cin, after a 1 hr incubation at concentrat ions of 
2.6 x 10 -7 M and up to 5 × 10 -4 M had no significant 
effect on the membrane  potential  of L1210 cells 
(Table 1). Ouabain  (1 raM) was also without  effect 
on [3H]TPMP ÷ accumulat ion,  suggesting that the 
sodium pump contributes little to the maintenance 
of the resting membrane  potent ial  of L1210 cells. 

D I S C U S S I O N  

The plasma membrane  of tumour  cells represents 
to the exper imental  chemotherapis t  an attractive 
locus for the targeting of drugs. It is here that many 
of the functions which control cell proliferation are 
expressed, and which are aberrant  in the neoplastic 
state. We are a t tempting to establish whether  the 
well documented  effects of the cytotoxic drug adri- 
amycin on the physical propert ies  of membranes  may 
lead to cell death through the disruption of important  
events occurring at the level of the membrane  and 
in the present  study we address those involving ion 
flux, as reflected in changes in membrane  potential  
and the activity of Na -K+-ATPase .  The charac- 
terization of the potential  and of those ion fluxes 
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Fig. 5. The effects of ouabain and adriamycin on S"Rb 
uptake into k1210 cells. Cells at 2 x 10"/ml were coin- 
cubated at 37 ° at time zero with S"Rb (5 !~Ci/ml) with and 
without drugs: O. control: &, 2.6 x 10 ' M adriamycin: 0 ,  
1 mM ouabain. A typical result with each point representing 

the mcan of triplicate determinations. 

responsible for it in g121(I cells is thus important in 
such a study. 

The profiles of accumulation of I~tflTPMP ~ by 
L1210 leukemia cells (Figs. 1 and 2) are sinlilar to 
those observed for murine spleen lymphocytes [13], 
and this accumulat ion is accomplished in the same 
way by a passive transport of the probe (Fig. 2). 
As with the normal lymphocytes,  accumuhition is 
inhibited by about 50~; ~ when the cells are incubated 
in a high concentrat ion of extracellular potassium 
(Fig. 2), presumably because they arc depohtrized 
to the extent of the potassium equilibrium potential.  
The residual accumulation of I3H]TPMP - observed 
at a high potassium concentrat ion may represent a 
mult i tude of mechanisms whereby the cell continues 
to take up the cation. In parli'cular there is the 
contribution of organelle potentials such as the mito- 
chondria,  the contribution of electrogenic equilibria 
other  than the potassium dependent  potential,  which 
are generated at the plasma membrane ,  such as 
proton equilibria 119], and finally non-specilic 
binding. 

Est imation of the potassium equilibrium potential 
of L1210 cells by the method  outlined above gave a 
value of - 7 1  -+ 7 mV (N = 14). This is slightly higher 
than values obtained for normal mouse spleen 
lymphocytes obtained bv this method (-- 65 -- 2 mV) 
[13] or by the use of fluorescent dyes ( - 6 0  mV} 
[181. In a study of normal and transformed hamster 
lymphocytes the malignant counterparts  had a low- 
ered membrane  potential  [2{}]. 

Ouabain  was found to be without effect on thc 
resting membrane  potential  of L1210 cells and it thus 
appears that electrogenic pumping of ions by Na-  K -- 
ATPase  makes little contribution to the resting 
potential .  This lack of effect was shown not to be the 
result of ouabain insensitivity of these murine cells. 
a common problem,  since the uptake of '~'Rb was 
inhibited under the same conditions (Fig. 5). Ele- 
vation of intracellular sodium by use of the ionophore 
monensin,  which exchanges Na ~ for t t - ,  is known 
to activate N+K+-ATPase  [17] and indeed the hypcr- 
polarisation observed here was blocked by ouabain 
(Table 1). Adriamycin at its ID,,u to 1.121(i cells had 
no effect on ~ ' i b  transport nor upon the monensin- 
induced increase in S(~Rb transport (Fig. 4), strongly 
suggesting that N a ~ K - - A T P a s e  activit \  is not a 
target for the drug. This latter restllt is ',l linding 
similar to that of Landolph et al. who showed adri- 
amvcin to have minimal activity against the N~t" K--  
ATPase  of C3t t /10T{ cells at concentrat ions \~hich 
were cvtotoxic I21]. 

Adr(amvcin alone, at concentrat ions up to 
5 × 10 a M for 1 hr had no significant effects on the 
resting menlbrane potential of L121(I cells (Tablc 
1). If. as in the heart,  calcium concentrat ions arc 
increased by adriamvcin it might bc expectcd that. 
as in normal lymphocytes,  the cells \~oukt h xper- 
polarize its potassium efflux is activated {lS]. 
However ,  tire calcium ionophore A231 X7 also appar- 
ently had no eflect on the resting membrane  potential 
(Table 1). Further  studies suggest that indeed there 
is a hyperpolarizat ion induced b\  A23187 but that it 
is not easily detected by changes in I~lf lTPMP - 
accumulation its it is accompanied bx a population 
of cells undergoing depohlrization so that the overall.  
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popu la t ion  ave raged  change  in po ten t ia l  appears  to 
be minimal  [22]. In p re l iminary  expe r imen t s  using 
a l te rna t ive  t echn iques  capable  of detec t ing A23187- 
induced  changes  in Em, th rough  a l te red  Ca 2÷ 
homeos tas i s ,  adr iamycin  also had  no effect. 

In conclus ion,  a l though  adr iamycin  has been  
r epo r t ed  to in terac t  with  p lasma m e m b r a n e s  and  
produces  early changes  in m e m b r a n e  proper t ies  
(<1  hr)  at  concen t r a t i ons  within the  cytotoxic dose 
range used here  [4] and  the range  achieved clinically 
[23] there  appea r s  to be no early,  p ro found  effect on  
m e m b r a n e  permeab i l i ty  as reflected in changes  of 
m e m b r a n e  potent ia l .  The  p resen t  s tudies also sup- 
por t  p rev ious  results  which showed  that  the drug 
does not  inhibi t  N a + K - - A T P a s e  activity [11, 21]. It 
t he re fo re  r emains  to d e t e r m i n e  wha t  specific effects, 
if any, are exer ted  by the d r u g - m e m b r a n e  in terac t ion  
and  how they rela te  to cytotoxicity.  The  observa t ion  
of the  lack of effects of adr iamycin  at cytotoxic 
concen t r a t i ons  on  Na- -K÷-ATPase  and  m e m b r a n e  
po ten t i a l  are of posi t ive value  inasfar  as this suggests 
tha t  changes  in r a the r  genera l  p h e n o m e n a ,  such as 
o rde r  p a r a m e t e r ,  do not  necessari ly have  general  
consequence ,  and  tha t  an  agen t  br inging abou t  these  
changes  may  in terac t  with  the  m e m b r a n e  in subtle  
ways to br ing  a b o u t  specific effects. Thus ,  fur ther  
s tudies are n e e d e d  to ident ify these  effects. 
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