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(1) A method is presented for continuous and simultaneous monitoring of the 'in sita' mitechondrial 
membrane potential (A~m) and respiration rate of Ehdieh asc|tes tmnor cells. The method involves 
pormeabilizatioa of the plasma membrane, achieved by Irealment with low dighonia otmoentratio~ and the 
t~,~ ,~¢ ~ TPP + selective decn~le ~ 1 ~ 1 ~  to an oxygraph vessel. Binding of the probe inside ~ cells was 
analyzed assuming a propoctional relationship between the amount of bound TPP + and file free concentra- 
tion of the lipophilie cation. (2) Evidence is reported that tha edd|tion of glucose to d ig l lon la -~ba ized  
Ehrlieh ascites minor cells causes a decrease of mitodmagkial memblane potential that coiadded with a 
transient enhancement of the respiration rate and remained unchanged dm~mg the subsequent Crablree 
effect. We have characterized the effect of glucose on A~k, by determining its dependent on the glycolylk 
pathway and its senslfivRy towards aligomydn. The mutual relationships between glucose and ADP effects 
on the mitochondrial membrane potential were also studied. A piausiMe mechanism tmdedying the 
depolarization of mitochondrial membrane induced by glucose is presented. 

Introduction 

The measarement of the membrane potential 
(A~ra) in preparations of isolated mitochondria is 
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of cdtical importance to verify the role of chem- 
iosmotic proton circuits on several membrane-fin- 
ked energy-dependent processes, such as oxidative 
phosphory]ation or activo transport across the 
mitochondrial membrane [I-3], In the case of 
more complex systems, i.e.. synaptosomes or in- 
tact mammalian ceils, the quantification of the 'in 
situ' mitochondrial membrane potential can give 
valuable information on the functional relation- 
ships between the mit~hondria and their sur- 
roundings in a particular metabolic slate or under 
the influence of a given extracellular signal [4-7]. 

The quantitative estimation of A~.~ in isolaled 
rnilochondria fTom the equilibrium distribution of 
an ionic probe, for instance iiponhilic cations, is 
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very well documented [8-13]. In conuast with 
isolated mitochondria, the uptake of lipophilic 
cations by several intact manunalian cells is a very 
slow process, and either long incubation periods 
or the addition of a lipophilic anion such as 
tetraphenylberate are required to achieve the equi+ 
librium distribution of the mitochondrial mem- 
brane probe [14-17]. On the other hand, the dis- 
tributioo of these ionic probes between the cell 
and the incubation medium is determined by the 
mitochondrial membrane potential as well as by 
the plasma membrane potential. Hence, it is not 
possible to calculate Aft m without an adequate 
analysis of the compartmentation inside the ceil. 
When this factor was taken into account, it be- 
came feasible to calculate the mitoehondrial mem- 
brane polential of several mammalian cells from 
the equilibrium distribution of lipophilic cations 
[4,18,19]. Nevertheless, it should be noted that the 
amount of bou,~d !ipophitic c~|lion wa~ iiot accu. 
rately estimated in these papers and hence the 
reported values are probably overestimated [9], 

Much effort has been devoted in the past to the 
biochemical  characterization of tumor 
mitoehondria in order to find some explanations 
for the high aerobic glycol2/sis usually present in 
tumors, as well as to ascertain the relative roles of 
glycolysis and respiration in the biocnergetics of 
cancer cells [20]. Since it is very well known that 
the addition of glacus¢ to a tumor cell suspension 
oxidi.fing endogenous substrates causes significant 
changes of the respiration rate [21,22 I, it seemed 
interesting to study with more detail the 
mitoehondrial membrane potential of tumor cells 
during aerobic gly¢olysis. At present [ew data are 
available on the magnitude of the ' in situ' 
mitochondrial membrane potential of tumor cells 
and its modification in different metabolic condi- 
tions. In the case of EMlieh aseites tumor cells, 
safr+mine has been used as an optical probe of 
Afire, but only qualitative estimations of the 
mitochondrial membrane potential were reported 
1231. 

In this paper we present a simple procedure for 
the continuous measurement of the ' in situ' 
mitochondrial membrane potential of Ehrlich 
aseites tumor cells that avoids the above-men- 
tioned difficulties mostly caused by the plasma 
membrane. The method is characterized by (1) 

specific plasma membrane permeabBiz_~tion by 
digitoniu+ (2) the use of a TPP+-selective electrc~de 
that detects the uptake of the lipophilic cation by 
digitonin permeabilized cells, and (3) correction 
fur TPP ÷ binding assuming a model similar to 
that described for isolated rat liver mitochondria 
[91. The method has been applied to measure Afire 
during aerobic glycolysis in tumor cells. The re- 
sults reported in this paper indicate that glucose 
specifically induces a depolarization of the 
milochondrial membrane. The effect of ADP and 
oligomycin on the mitoehondrial membrane 
potential change brought about by glucose have 
also been examined. 

Materials and Methods 

Tumor cells. Ehrlich ascites tumor cells, hyper- 
diploid Lettr~, were mamtained by weekly trans- 
plantation in the peritoneal cavity of female Swiss 
albino trace aged two months. Ascitic tumors were 
centrifuged and the cells were washed twice with 
cold 154 mM NaCI, and suspended up to a den- 
sity of 30.10 + cells/ml in a medium of the follow- 
ing compositions: 6.16 mM KCk 154 mM NaCl, 
1.65 mM N'aH2PO 4, 9.35 mM Na2HPO 4 (pH 7+4) 
[241. 

Oxygen and TPP ÷ uptake by tumor cells. A 2 
ml ihermostated vessel+ equipped with a stirring 
device, a Clark-type oxygen electrode, a TPP +- 
sensitive electrode [251 and a reference electrode, 
was used to measure the oxygen and TPP ÷ uptake 
by intact or permeabUized cells. The signals from 
the oxygen and TPP+-selective electrode were 
amplified and monitored in a dual.channel re- 
corder. TPP + electrode was calibrated before the 
beginning of each experiment by suc,:esive ad- 
ditions of TPP + (0.25, 0.5 and 1.0 ~M) to the 
Chance and Hess medium. 

TPP + uptake by intact tumor cells was de- 
te.nrtined in long-term incubations carried out at 
25oc in a metabolic shaker. Ascites tumor cells 
were suspended in the above-mentioned medium 
containing 1 ~M TPP + up to a cell density of 
15-106 cells/ml and incubated in 25 ml flasks' 
under air atmosphere. At fixed times, 2 ml sam- 
ples were withdrawn and transferred to the oxy- 
graph vessd and the TPP + remaining in the 
medium was measured. 
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For the measurement of respiration and TPP + 
uptake by permeabilized cells, incubations were 
carried out in the same oxygraph vessel thermo- 
stalized at 25°C. 30.10 ~ cells were incubated in 
Chance and Hess medium containing TPP" (1 
~tM) and dig, itonin (7.5-10 I~M). Oxygen and TPP + 
upt::ke were measured continuously as before. 
TPP ÷ uptake by permeabillzed cells was steady 
1,ntil oxygen level in the incubation medium 
dropped to near zero. Catalase and limiting 
amounts of H202 were added when needed to 
maintain the oxygen level in the incubation 
medium. 

Mitochondrial membrane potential recast#re- 
meres. Mitochondrial membrane potential of dig- 
itonin-permeabilized cells was calculated from the 
accumulation of the lipophilic cation after cor- 
recting for the binding of the probe essentially as 
described for isolated rat liver mitochondria. Due 
to the fact that in our experimental system the 
plasma membrane is per,:aeabilized by digitonin 
treatment, a two-compa~,ments model, intrarai- 
tochondrial (I) and extramitochondrial (O), is as- 
sumed. The intramitochondrial compartment in- 
cludes the matrix and the matrix side of the inner 
mitochondrial membrane, whereas the extramito- 
ehondfial compartment consists of the incubation 
medium, the eytnsolic fraction and the rest of 
cellular membranes. The concentration of free 
TPP + in the inlrarnitochondrial compartment, Ci, 
and in the extramitochondrial compartment, C o, 
are related to the mitoehondriai membrane poten- 
tial according to the Nernst equation. Co is the 
observable parameter in our experimental system 
and is continuously monitored with the TPP +- 
sdective electrode. C i can be evaluated from the 
mass conservation equation for TPP + which states 
that the total amount of TPP + in the incubation 
vessel, NT, iS the sum of the free and bound forms 
of the lipophific cation in both compartments. 
This equation can he expressed in several ways, 
depending on ~he procedure used to evaluate the 
binding of the potential probe to cellular con- 
stituents. 

In this paper a proportional binding of the 
lipophitie cation has been assumed [9,13], the 
amount of bound TPP + in each compartment 
being proportional to the concentration of free 
TPP + in the same compartment. The proportion- 

nifty constant. K, can be considered as an ap- 
parent partition coefficient of the lipophilie cation 
between the membrane and the aqueous phase in 
contact with it. If K i and Ko are the partition 
coefficients for the intramitochondrial and ex- 
tramitochondrlal compartments, respectively, then 
the equation for TPP + conservation is: 

N T = Co( V. + Ko)-~ C i (V  i + Ki) (1) 

where V o and V i are the volumes of the extra- and 
intramitochondrial compartments, respectively. 

From Eqn. 1 it is possible to calculate Ci: 

Ci= NT-C~(Vo + K~} 
Vi i + Ki (2) 

and therefore, 

t . k , . - - ~  tn Nr°C°(V°+g") 
~C~ + gi) t3) 

where P. is the gas constant, T the temperature 
and F the Faraday constant. 

We have assumed that the binding of the 
potential probe in the intra- and extramito- 
chondrial compartments in our system can be 
considered similar to the binding to the internal 
and external side, respectively, of the inner 
mitochondrial membrane in Rottenbc~g's model. 
For rat liver mitoehondria and TPP +, Ks = 7,9 IAI 
per mg protein, and Ko = 14.3 Id pet mg protein 
[9]. In order to express these apparent partition 
coefficients in units of ttl per 30.106 cells, the 
mitochondrial and cellular protein content of 
Ehdich ascites tumor cells should be considered. 
According to available data [26], 30-10 e cells con- 
tain 4.86 mg protein, of which 0.66 mg correspond 
to mitoehondfial protein. From these values the 
partition coefficients are: K i =, 5.21 ttl per 30-106 
cells, and Ko~60.06 FI per 30.106 cells. An 
intramitochondrial volume V i ~ 1.62 I~1 per 30.106 
cells was used in the calculation of the 
mitochondrial membrane potential [27]. 

Plasma membrane permeabilization by digitonin. 
Selective plasma membrane permeabilization of 
digitonin-treated cells was checked in parallel ex- 
periments by erythrosin staining of the cells and 
by measurement of the release of lactate dehy&o- 
genase and citrate synthase, cytosolic and 
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mitochondriai marker enzymes respectively. 30. 
106 ceils wen; aerobically incubated in 2 ml of 
Chance and Hess medium containing different 
digitonin concentrations (0, 5 and 10 pM) at 25 ° C. 
At fixed times, 03 nil samples of the incubation 
mixture were used to test the ability of the cells to 
exclude erythrosin. Different aliquots of 0.25 ml 
were centrifuged at 12000 r.p.m, for 2 rain in an 
Eppendod centrifuge, and the supernatants were 
assayed for the presence of marker enzymes. En- 
zymatic activities released in the supematant were 
compared with those found after treatment of the 
cells with 1% Triton-X-100 in 0.33 M sucrose 
under similar incubation and centrifugation condi- 
tions. Lactate dehydrogenase 128] and citrate syn- 
thase [29] activities were measured in a Shimadzu 
Graphicord spectrophotometer at 25 ° C. 

Aerobic g/Fcolysis in digitonin.permeabilized 
Ehrl!ch ascites tumor cells. Ehrlich ascites tumor 
cells were aerobically incubated at 25°C in the 
Chance and Hess medium eonialning 5 mM 8iu- 
case and various digitonin concentrations. 0.5 ml 
samples were withdrawn at different times and 
deproteinized with cold HCIO4. Neutralized per- 
chloric extracts were used for the measurements of 
glucose and lactate by standard enzymatic proce- 

dures {30|, 
Chemicals. Glucose oxidase, dthydroxyacetone 

phosphate, 2-deoxyglucose, 2-dcoxy-glucose-6- 
phosphate, malate~ glutamate glutamine, ADP and 
digitonin were obtained from Sigma (St. Louis, 
USA). Peroxidase, lactate dehydrogenase, NAD +, 
e~.etyl-coenzyme-A, oxaloacetic acid, 5,5'-d~thio- 
bis-(2.nitrobenzoic acid) (DTNB) and the glyco- 
lyric intermediates were purchased from Bach- 
ringer (Mannhcim, F.R.G,). TPP + was supplied 
b~ Fluka AG (Buchs, Switzerland). Erythrosin, 
~lucose, tactat¢, suet,hate and citrate were ob- 
tained from Merck (Darmstad, F.R.G.). 

Results 

TPP + uptake by intact aacites tumor cells 
The rm,asu~'ement of mitoehondrial membrane 

potential by ion distribution techniques involves 
the estimatiort of the chemical probe concentra- 
tion at both sides of the membrane after the 
thermodynamic equilibrium has been reached. 

X o.5 
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Fig. I. TI~P " accumulation by intact F.hrlich aseit~ tumor 
ceils, 30,106 cells were aerob~ally incubated at 2SoC in 
Chance and H~,s medium containing l ttM TPP +, either in the 
ab.~ence (El) or in the presence (O) of 5 mM glucose. At the 
indicated times, ~diquots of the incubation mlxtuse were trans- 
feffed to the ox)graph vessel and the TPP ÷ remaining in the 
incubation medium was measured with the TPP + selectiv~ 

decimate, 

Therefore, a rapid distribution of the lipophilic 
cation across the membrane is a prerequisite to 
monitor the membrane potential and its modifi- 
cations in different experimental conditions. Ex- 
periments were done to test the ability of intact 
Ehrlieh ascites tumor cells to take up TPP + from 
the incubation medium. As it is shown in Fig. 1. 
TPP* uptake by intact aseites tumor cells is a very 
slow process and it takes longer than 1 h before an 
apparent equilibrium distribution is observed. 
Glucose (5 raM) affected neither the kinetics nor 
the inaptitude of TPP + uptake, the accumulation 
of the lipophilic cation in glycolysing celts being 
similar to that of cells respiring endosenous sub- 
strate~. Different experiments showed that in cells 
incubated in the Chance and Hess medium for 2 
h, the addition of glucose did not modify the 
equilibrium distribution of the lipophilic cation 
(results not shown). From these re.suits it is not 
possible to exclude an effect of glucose on A~m, 
since the total TPP ÷ accumulation in the cell 
depends on the magnitude of both mitochondrial 
and plasma membrane potential, besides the con- 
tribution of binding. On the other hand, any pos- 
sible effect of glucose on the mltochondrlal mem- 
brane potential wouM be difficult to observe due 
to the slow rate of equilibrium of the cationic 
probe between the medium and the cells. 
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TPP + uptake by Ehrl'wh ascites tumor cells in the 
presence of digitonin 

To avoid these J.nterferences of the plasma 
membrane on TPP + uptake and its distribution 
inside the cells, we decided to permeabilize the 
plasma membrane, without damaging the 
mitoehondfia, by using digitonin. In order to de- 
termine the digitonin concentration needed to per- 
meabilize the plasma membrane, we measured the 
release of eytosolic and mitochondrial marker en- 
zymes and the degree of erythrosin staining in 
cells incubated with different digitonin concentra- 
tions. As it can be seen in Fig. 2, the extent of cell 
permeabilization depends on both the digitonin 
concentration used and the length of the incuba- 
tion period. Typically, after 15 rain treatment with 
10 I~M digiton)n, nearly 100,~ of the cells took up 
the erythrosin dye and the lactate dehydrogenase 
released after centrifugation at 12000 r.p.m. 
accounted for 80% of the total activity in the cells. 
In these conditions, chrate synthase in the 12000 
r.p.m, supernatant was less than 5~ of the activity 
released by treatment of the cells with Triton 
X-100. It should be pointed out that the high 
percentage of lactate dehydrogenase released in 
the incubation medium in the experiment depicted 
in Fig. 2 is due to the technique used for the 
separation of the cells Irom the medium. A minor 
percentage of the enzyme was detected in the 
medium when the cell suspenswn was filtered 
througb Whatman glass microfibre filters (Results 
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Fig. 3, "IPP + and oxygen uptake by dJgitonin-p,--'~rmenbilized 
Ehdich ascitas tumor cells. 30.106 cells were incubated in 
Chance and H~s medium ~ontaining 2.5 mM 8uo.:inale, 1 pM 
TPP + and 8 pM di~tonln, ADP (40 pM) was added where 
indicaled. TPP + upt~c (solid line) and oxygen upt~e (dotted 
line) we~ monitored b~ means of specific eleetr~les. 
Mitoehonch'ial membrane potential values, expressed in mV, 

ate indicated on the 'I"PP + electrode record. 

not shown). On the basis of these results we 
decided to use approx. 10 pM digitonin to per- 
me~bilize the plasma membrane. Nevertheless, the 
actual concentration u~ed in the experimenis re. 
ported in this paper slightly variul for different 
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F~g. 2. P!asma membrane per'meabili2a~ion by dig~toain. (A) Time-course of c¢}1 pen'neabilizatiOn by 10 itM digilonin. (B) Effect of 
di~tonin Concentr,~.tlon 0n ceG permeahilization after 15 rn~n incubation. ,x, ~ erythrosin stained cells: o, lactate dehydrogenas¢; t:3, 
cilrate sy~thase. Enzyme aclicitius released in the supernatant after ccntritugation at 12000 r.p.m, are expressed as percentage of Ihe 

total cellular activities, 
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cell batches, but always ranged bctw~n 7.5 and 
10 IIM. 

Permeabihtion of the plasm~ membrane by 
digitonln allows for uptake of charged substrates 
into the cell Thus, it is possible to assess and to 
compare the mitochondrial membrane potential of 
cells respiring on different substrates and its mod- 
ification by ADP. In Fig. 3 it is shown that TPP + 
accumulates very qvicldy in digitonin-permeabi- 
lized cells respiring succinate. Addition of 40 ~M 
ADP inducc~ a partial and reversible TPP + efflux 
and a transient increase of the respiratory rate. 
The same pattern was observed after a second 
addition of am equivalent amount of ADP. The 
dfects of ADP on TPP + accumulation and oxygen 
uptake by digitonin-permeabilized cells are similar 
to those observed in isolated mitochondria during 
state 4--state 3 transition induced by ADP phos- 
phorylafion. These results also prove the sel~tive 
permeabilization of the plasma membrane 
achieved by digitonin, since the chlmges caused by 
ADP are known to require the intactness of the 
mitochondrial inner membrane. 

Change of the mitochondrial membrane potential 
induced by glucose 

in digitonin-permeabilized cells respiring en- 
dogenous substrate~ the uptake of TPP + from the 
medium is a rapid process as well (Fig. 4). 
Mitochondrial membrane potential, calculated 
from the equilibrium distribution of the lipophific 
cation, was -161.7 inV. The addition of 5 mM 
glucose caused a rapid effiux of TPP ÷ that coin- 
tided with a transient enhancement of the respira- 
tion rate. In comparison with the effect brought 
about by ADP, the effiux of TPP + induced by 
glucose was :~ot reversible. On the contrary, a new 
dist~bul[~n of the: lipophilic cation was obtained 
simultaneous with the onset of the inhibition of 
oxygen uptake (Crabtree effect). Mitochondrial 
membrane potential in these conditions was 
-133.8 inV. The depolarization of the mitochon- 
d."i~s! m~mhrr~n~ ;.¢l,~e~l b: '  g q ' ~ P  wa~ a highly 
repetit ive phenomenon. G lu¢o~  induced a similar 
change of A~m ~ altho]Jlg.]l smaller, in ceils incubated 
with glu~mine, a good respiratory substrale for 
tumor ceils (Table I). It should be noted that 
aerobic glycolysis was not modified by digitonin 
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Fig. 4. Changes of TPP + and oxygen uptake induced by 
~]u¢O.~ m ~bilized tumor cells. Experimenlal conditions 
were simil~r to those described in the legend of Fig. 3 with the 
exception that no exogenous ~spiratory subsuate was present 
i. the incubation medium at the l~glnnln 8 of the experiment. 
Where indicated, 5 mM glucose and 40 ~M ADP were added. 

permeabilization of the cells, since no significant 
differences oi' glucose consumption and lactate 
production were found between control and per. 

TABLE i 

MITOCHONDRIAL MEMBRANE POTENTIAL OF PER. 
MEABIL1ZED TUMOR CELLS INCUBATED IN DIFFER- 
ENT EXPERIMENTAL CONDITIONS 

Elutich aselte~ mraor cells (30.I0 ~ cells) were incubated in 
Chance .and Hes~ medium containin$ TPP + (1 FM), dig/tonin 
(7.5-10 pM) and di[feteat sebstra~s and ¢ffcclors as indicaled 
(5 raM), Ghtamine was assayed al 2.3 raM, Mitocl',ondnal 
membrane polenfial values ~¢ the mean of at least four 
independent experiments-J- S.E.M. 

Addition A~, 
{my) 

None 160.3 ~: 5.0 
Glucose 133.04- 1.7 
Fcacm~e 142.6 ± 2.4 
2-Deo~yS]uc~e 135.3 + 7.3 
Glucose + KF 140.6 + 14 
Glucose + atanine 132.6 :[: 2.2 
Glutamine 157.8 4- 3.8 
Glutamine + glucose 148.3 :t: 4.7 
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mcabilize.d cells along 30 rain incubation period 
(results not shown). 

On the mechanism of mitochondrial membrane 
potet2tial change caused by ~lucose 

We have characterized the effect of glucose on 

A~,m, mainly its relationship to the glycolyfic 
pathway, from the measurement of the mitochon- 
drial membrane potential in cells incubated with 
different sugars and giycolytie intermediates. Data 
shown in Table ! indicate that other sugars such 
as fructose or 2-deoxyglucose, that induce respira- 
tion rate changes similar to those induced by 
glucose, also caused a significant depolarization of 
the mitochondria~ membrane. On the other hand 
fluoride or alanine, inkibitors of enolase and 
pyruvate kinaso respectively, did not reverse the 
effect of glucose. 

To identify the enzymatic steps involved in the 
effect of glucose, permeabilized cells were 
incubated in the presence of different glycolytic 
intermediates and the mltochondfia] membrane 
pot~tial was calculated from the distribution of 
TPP +. In addition, the effects of 2-deoxyglncose 
and 2-deoxyglueose-6-phosphate were compared. 
The re.suits, shown as a crossoveT plot in Fig. 5, 
indicate that intermediate metabolites preceding 
phosphorylatioa steps in the glycolytic pathway, 
i.e., glucose-6-phosphate and fructose.6-phos- 
phate, induced a change of mitochondrial mem- 
brane potential similar to that induced by glucose. 
Under the same experimental conditions, AC, r. 
was not affected by the remaining glycolytic inter- 
mediate.s, with the exception of pyruvate that 
probably was used as a respiratory substrate. On 
the other hand, it is clear that 2-deoxyglucose 
caused a considerable depolarization of the 
mitochondrial membrane, whereas its phoshory- 
lated derivative, 2-deoxyglucose-6-phosphate, did 
not modify the mitochondrial membrane poten- 
tial. 

The results in Fig. 5 strongly/ suggest that the 
phosphorylation of the sugar or glycolytic inter- 
mediate is a necessary step to observe the change 
of the mitochondd~_l membrane potential. Iience, 
it was assumed that the ADP produced in the 
phosphorylation reaction was translocated to the 
intramitochondfial compartment and used as a 
substrate of ATP synthase, ATP being used for 
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Fig. 5, Mituchondrial membrane potential of Ehtlich ascites 
tumor cells incubated with different suRars and 8lycolytl¢ 
intermediates. Mitachondrial membrane potential was calcu- 
lated from Ihe TPP + aceamalation in fells permeaI~lized by 
disitonin treatng'al (7.5-10 itM) incubated in the presence of 
different sugaff,, All the compounds were assayed at I rnM in 
the incubation medium, except 2.deoxyglucose that was pre- 
sent at 5 raM, VaIues of mitochondrial membrane potential are 

the mean of at least three different experiments 4- S.E.M., 

the continuous phosphorylation of the sugar. To 
verify this hypothesis, we tested the sensitivity of 
glucose effect to o|igomycin, an inhibitor of the 
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Fig. 6. Suppression of glucose effect by oligomycin. 30-I06 
cells were incubated in Chance and Hess medium containing 1 
~.M TPP* and 8 FM digitonin, TPP + uptake (solid ]ine) and 
oxygen uptake <dotted line) by penneabilized cells were mea- 
sured with selective electrodes. Where indicated, 3 FM 

oligorayein and 5 raM glucose were added. 
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mitocbondrial ATP symhase. In Fig. 6 it is shown 
that the addition of oligomycin to cells oxidizing 
endog~ous substrates slightly increased the accu- 
mulation of TPP + and caused an inhibition of 
oxygen uptake by the cells. In these conditions. 
glucose did not modify either the distribution of 
the lipophilic cation or the respiration rate. 

Additional evidence [avo,~ring the proposed 
mechanism was obtained by testing the effect of 
ADP on raitochondriai membrane potential after 
the depolarization caused by glucose. The experi- 
ment depicted in Fig. 4 shows that the addition of 
40 I~M ADP to permeabilized ceils incubated in 
the presence of 5 mM glucose did not change 
either the oxygen consumption or TPP + uptake. 
Similar results were obtained at higher ADP con- 
centrations (up to 400 ~M). 

Discussion 

Measurement of 'in situ' mitochondrial membrane 
potential 

The estimation of mitoehondriai membrane 
potential in mammalian cells by ion distribution 
methods is a much more complex task than in 
isolated organelles. Lipophilic cations have been 
used sometimes as indicators of the membrane 
potential in tumor cells, but without an adequate 
analysis of the compartmentation and/or  binding 
of the probe inside the cells I14,18,31,32]. Ab 
though several ¢xpcrimantal approaches have been 
used to solve the problems posed by the existence 
of multiple membranes in cukaryotic ceils, most of 
them do not allow a continuous measurement of 
the distribution of the probe. It must be stressed 
that rapid and transient changes of mitochondrial 
membrane potential can only be measured if the 
equilibrium distribution of the ionic probe is at- 
tained and eva]uatcd i,i a ~hor~ ~imc. Se!~tive 
dectrodes for lipophilic cations are suitable in the 
case of isolated mitochondria, where the equi- 
librium distribution of the probe is attained in a 
very short time. This is not the situation in the 
case of intact Ehrlich ascites tumor cells and TPP ÷, 
as shown in Fig. 1. Until now these drawbacks 
have limited the application of ion distribution 
methods, particularly those using selecuve elec- 
trodes for lipophilic cations, to very few mam- 
malian cells [7]. 

It is clear from the above considerations that in 
order to evaluate the mitochondrial membrane 
polential in tumor cells by ionic probes as TPP+, 
an experimental approach should be sough1 ihat 
overcome those difficulties, mostly caused by the 
presence of the plasma membrane. Selective 
plasma membrane permeabilizalion by dig~toain 
is an interesting method that has been previously 
used by different authors to test several 
mitochondrial processes 'in situ', i.e., calcium 
tra~sporl [26,33,34] or respiratory co~trol [35,36i. 
This approach, in combination with the use of a 
TPP + selective electrode, allows the continuous 
measurement of TPP + uptake from the medium 
driven by the membrane potential of ' in situ' 
mitochondria without any interference of the 
plasma membrane. Moreover, digitonin treatment 
does not disturb the activity of the metabolic 
pathway+ i.e., aerobic glycolysis, which effect on 
A~,, is c,:der study. 

The selective effect of digitonin relies upon the 
different cholesterol Io phospholipid ratios in 
plasma and mitochondrial membraaes. Experi- 
mental conditions must be carefully checked in 
the case of tumor cells because the cholesterol 
content of the mitochondrial mer0brane in there 
cells is higher than in normal cells [37]. At the 
digitonin conoentmtions used in this paper (be- 
tween 7.5 and 10 ILM) specific permcabilization of 
the plasma membrane is achieved while the 
mitochondrial functions are preserved. This has 
been inferred from different approaches: erythro- 
sin staining of the cells, release of marker enzymes 
after centrifugatiou of the cell suspension, and 
also from the changes of oxygen consumption and 
TPP + uptake following the addition of ADP. 

In digitoain-permeabilizcd cells, TPP* is ex- 
pected to be distributed according to the 
mit0chondrial membrane potential. In addition. 
the binding of TPP* to cellular constituents must 
be considered. In this paper we have assumed that 
the amount of bound TPP ÷ in each compartment, 
intra- and extramitochondriai, is proportional to 
the concenrration of the fipophilic cation in that 
compartment, the corresponding proportionality 
constants being K i and K o. This correction proc.e- 
dure has been applied to isolated rat liver 
mituchoudria, and the &rm values obtained with 
TPMP* and TPP + were in very good agreement 
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with the mitochondrial membrane potential 
calculated from SrRh distribution, particularly at 
membrane potentials higher than 120 mV (nega. 
tire inside) [9]. 

The experimental system used in this study is 
more complex than isolated mitochondria. Hence, 
several simplifications and assumptions were made 
in order to calculate Aft,, from the accumulation 
of TPP +. Presumably, the binding of this lipo- 
philic cation in the intramitochondrial compart- 
ment does not depend on the complexity of the 
extramitochondrial compartment and, therefore it 
can be reasonably described by the same partition 
coefficient K, as used for isolated mitochondria. 
The evaluation of binding in the extramitoehon- 
drial compartment is more difficult to ascertain 
but if it can be also described by an apparent 
partition coefficient, the question arises of whether 
the Ko va!,ae used in this paper is the appropriate 
one for this purpose. However the accuracy in the 
value of K,, is not decisive for the calculation of 
Affr.. In fact it can be shown that a 4-fold increase 
of Ko changes the calculated A~km by about 3 rnV. 
The reason for the small influence of go on ~'~r~ 
values is that, according to Eqn. 1, the contri- 
bution of binding to the total accumulation of 
TPP + in each compartmem is determined by the 
respective values of K and V. It is clear that m 
most experimental conditions K o < V,,, but K i > 
V i. That means that the binding of the probe in 
the eatramitochondrial compartment is minor 
compared to the amount of free TPP ÷ in this 
compartment, whereas for the intramitoehondrial 
eompartment the binding is much more im- 
portant. Hence, the calculated A~b m is less sensi- 
tive to a variation of Ko than to a change of K i. 
The uncertainty of K~ sets therefore certain limits 
to the reliability of the absolute values of mem- 
brane potential. In a similar way ;t can be shown 
that the value of V~ has a small effect on the 
calculated A~m. As Rottenherg [9] pointed out 
this offers an advantage in experimental systems 
where the accurate measurements of intramito- 
chondrial volume is not possible. 

Change of/a¢/,, induced by glucose 
The results presented in this paper prove that 

glucose causes a decrease of the mitochondrial 
membrane potential in permcabilized Ehrlich 

ascites tumor cells respiring endogenous sub- 
strates. Indeed, the rapid efflux of TPP + from 
permeabili~ed cells observed in the presence of 
glucose could be due to different causes, i.e., re- 
lease of endogenous substrates from the cells, with 
the consequent inhibition of respiration, or even 
to the permeabilization of the mitochondrial inner 
membrane caused by a possible excess of dig- 
itonin. The first alternative explanation was ruled 
out because digitonin did not modify the oxygen 
uptake of cells respiring endogenous substrates. In 
addition, the experiment in Fig. 4 indicate that 
TPP + efflux from permeahilized cells solely took 
place after the, addition of glucose: no change of 
the distribution of the lipophilie cation along the 
incubation time was noticed in the absence of 
added ghicose. Moreover, glucose also induced a 
similar decrease of TPP + accumulation in cells 
incubated with glutamine, which i~ a good respira- 
tory substrate for these tumor cells (Table !). The 
fact that aerobic glycolysis was not modified by 
digitonin treatment also eorraborates that dig- 
itonin.permeabilized cells can maintain high levels 
of cofactors and low-molecular.weight metabo- 
lites, confirming previous data obtained by Cock- 
fell [261. Finally, the kinetics of TPP + release 
brought about by glucose differed of the slower 
efflux of lipophilic cation that is observed after 
damaging the mitochondrial membrane with high 
disitonin concentrations. We therefore attributed 
the TPP + movement noted in the presence of 
glucose to a specific effect on the mitoehondrial 
membrane potential. 

The mechanism whereby glucase induces a de- 
polarization of the mitochondrial membrane ha~ 
been inferred from the measurement of ' in situ' 
A~, m in calls incubated in the presence of different 
susar~ and glyeolytie intermediates, as well a~ 
from the absence of any glucose effect in 
oligomycin-inhibted cells. The results reported here 
indicate that: (1) the flux through the complete 
glycolytic pathway is not necessary to induce the 
mitochondrial membrane potential change, but 
only a phosphorylation reaction of the sugar (as 
those catalyzed by hexokinase or phosphofruc- 
tokinase) is a requisite, This fact explains the lack 
of sensitivity of the glucose effect to fluoride or 
alanine, since the respective target enzymes do not 
use ATP as substrate; and (2) the decrease of ~ r *  
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is caused by the mitochondrial phosphorylation of 
ADP previously produced in the cytoso!ic com- 
partment, the newly formed ATP being used for 
further phosphorylation of the sugar. 

Thus, according to our view, the change of 
mitochondfial membrane potential induced by 
glucose in permeabi!ized cells is similar to the 
depolarization caused by ADP phosphorylation in 
i~olated mit~hondria. In fact, a rapid increase of 
cellular ADP following glucose addition to intact 
F_.hdich ascites tumor cells was previously reported 
[30]. Moreover, an initial burst of oxygen uptake 
[22] paralleled the depolarization of mitoeho~drial 
membrane induced by glucose (Fig. 4) as would bc 
expected if protonmofive force controlled the res- 
piration rate in the form predicted by the chemi- 
osmotic coupling mechanisms. Nevertheless, the 
stimulation of oxygen uptake was transient (1-2 
rain) because the Crabtree effect was quickly set 
up. 

Part nf the results presented in this paper are of 
some interest concerning *.he mechanism underly- 
ing the inhibition of respiration caused by glucose, 
which is a very common feature of many glycolys- 
ing tumor and normal cells. After the classical 
work by Chance and Hess [22], the view that the 
Crabtree effect is dee to a deficiency of 
mitochondrial phosphate azceptor has been main- 
talned by several authors [38,391. If Ibis hypothesis 
were correct, then the addition of ADP should 
reverse the inhibition of respiration rate caused by 
glucose in permeabilized cells. Our results do not 
support such possibility but, on the contrary, they 
suggest that there is an adequate supply of phos- 
phate acceptor to the mitochondria of glycolysing 
cells. Recent experiments in our lar~oratory dem- 
omtrate that several respiratory ',ubstrates par- 
tinily reverse the Crabtree effect r, nd the change of 
mitoehondrial membrane potential caused by glu- 
cose in digitonin-permeabilized tumor cells. These 
results would susgest that the availability of re- 
spiratory substrates, instead of ADP, is a limiting 
factor during the Crabtree effect. 
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