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SUMMARY 

I. Ca 2+ transport by both intact ascites tumor cells and ascites cell mitochondria 
was studied spectrophotometrically using murexide, a metallochromic indicator 
of C#  + concentrations. 

2. Ascites tumor cells can accumulate in vitro up to 30/ ,moles  of Ca ~+ per 
g dry wt within 3-4 min. The accumt~lation occurs when endogenous or added mito- 
chondrial substrates provide for a coupled respiration. By contrast, glycolysis is 
unable to support Ca ~+ uptake. 

3. In the presence of succinate and rotenone, ascites tumor cells are able 
to accumulate and retain significant amounts of Ca 2+. In the presence of endogenous 
or added NADH-linked substrates, the uptake of Ca 2. was less and in a few minutes 
all the Ca 2+ accumulated by the cells is released into the medium. This release is 
specific for Ca 2+ and does not .gccur with Mr 2+ and Sr 2+, which are accumulated 
and retained by the cells. 

4. Respiration of ascites cells was stimulated by the addition of Ca ~-. In the 
presence of rotenone and succinate, the rate of respiration returns to basal levels 
after the Ca ~+ has been transported into the cell. However, with other substrates, 
Ca 2+ causes a stimulation of the respiration which continues even after the accumula- 
tion and subsequent release of Ca 2+. 

5. Ca 2+ uptake by ascites cells was only slightly affected by the variation 
of monovalent cations, pH or osmolarity of the medium. It was completely inhibited 
by the addition of IO mM Mg ~+ or 15/,M ruthenium red. 

6. The results obtained indicate that ascites tumor cells possess a plasma 
membrane permeable to Ca 2~- and that  the Ca ~+ uptake by mitochondria inside the 
cell accounts for the entire cellular Ca 2+ accumulation. The use of ascites cells as a 
model for studying mitochondrial Ca z+ uptake in "~ivo and the metabolic aspects 
involved in Ca z+ transport are discussed. 

Abbreviation: MOPS, morpholinopropane sulfonate; TTFI3, 4,5,6,7-tetrachloro-2-trifluoro_ 
methoxybenzimidazone. 

* Present address: Universita' Cattolica Sacro CuGre, Istituto di Patologia Generale, Roma, 
Italy. 
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INTRODUCTION 

The role of Ca s+ in controlling properties and functions of mammalian cells 
is well established. Permeability, excitability, deformability, adhesiveness and 
multiplication exemplify cellular properties for which Ca 2+ is considered as an 
important  regulator 1-4. Evidence is ~dso accumulating which shows that  metabolic 
functions of the cell such as rates of  respiration, glycolysis and gluconeogenesis 
can be modified by the level and the compartmentation of the intracellu!ar Ca ~+ 
(ref. 5)- 

In recent years, the availabili ty of advanced  techniques for the separation 
a.-.d pvrification of subcellular fractions ha~: generated much interest in the transport 
and the interaction-of Ca ~+ with isolated mitochondria, microsomes, plasma mem- 
branes. In these fractions the mechanism of Ca 2+ transport, Ca ~+ binding and the 
changes of cellular properties reduced by Ca t+ have been investigated in great 
detail. In contrast,  the transport  of Ca "-+ in whole cell,~ has been studied with modesty 
of experimental design and some lack of sophistica'tion. And there is little known 
about the mechanism of Ca ~+ tran:iport and its effect on the metabolic states of 
the cell. 

The understanding of the above-mentioned problem is of even greater im- 
portance in the case of tumor cells l:ecause the presence of Ca 2+ may be inherently 
related to the biological characteristics of these cells: particularly with respect to 
their uncontrolled and self-governin~ growth, cell adhesiveness and contact pheno- 
mena, and their  specific metabolic regulation (i.e. high rate of glycolysis, Crabtree 
effect). 

The purpose of the present work is to elucidate the mechanisms of transport 
and/or interaction of Ca 2+ with tumor cells. Ehrlich ascites tumor cells were chosen 
for this s tudy because they live suspended in the ascites fluid from which they can 
be separated in large amounts without significant contaminants and with a minimum 
of damage to their  plasma membranes. Ca z+ exchange or Ca 2+ transport has already 
been studied in ascites tumor  cells by Thomason and Schoeffield e, Bygrave 7,s and 
Levinson and ]31umenson 9. The gem ral conclusion was that  aseites tumor cells are 
unable to accumulate Ca 2+ both in rive and in vitro. All these studies, however, 
were carried out with 45Ca2+ and with long-term observations which were inadequate 
to follow the relatively rapid movement of Ca s+ under specific metabolic conditions. 
For this reason, we have chosen a m~.~thod which allows the kinetic detection of Ca 2+ 
transport under short-term metabolic states. This condition was obtained by the 
spectrophotometric detection of chang'es in absorbance of the dye murexide. This 
metallochromic indicator is sensitiw.~ to Ca z÷ concentration in the medium and its 
ase for the detection of Ca ~+ trans:ents in the presence of biological :-~tems has 
been well established ~°-13. In the cas~ of asci~es tumor cells, the exclusion of r,  urexide 
from the intracellular space has already been demonstrated and its use for kinetic 
mea:,urement of Ca 2+ movement successfuUy employed ~3,1, 

The results obtained show that  intact ascites tumor cells are able zo take up 
significant amoants  of Ca 2+ from the medium under some metabolic conditions. 
The mitoehondria are the most probable candidates for such transport and evidence 
has shown tl:a1: the Ca ~* accumulated exerts a regulatory function on the mito- 
chondrial res!,i~atory chain. In addition, we would like to introduce ascites tumor 
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cells as a simple system in which mitochondria can be studied for their Ca ~+ transport 
ability in their physiological environment, the cyto~ol. 

MATERIALS AND METHODS 

The ascites tumor cells (Ehrlich-Lettre' hyperdiploid strain) were grown in 
albino mice (ICR-Swiss) by weekly intraperitoneal injection of o.2 ml of a 7-day 
ascites fluid. The cells were harvested 6-8 days after inocnlation, then washed and 
resuspended at a concentration of about 70-9 ° mg dry wt/ml in either of the follow- 
ing media: (I) I54 mM NaC1, 6.2 mM KC1, Io mM morpholinopropane sulfonate 
(MOPS), pH 7-4; (21 zz5 mM mannitol, 75 mM sucrose, ro mM MOPS, pH 7-4. In 
saline medium, MOPS was used as buffer instead of the Pi buffer to avoid any 
possible interference of this anion with Ca 2+. 

Mitoclaondna were prepared trom isolated ascites cells according to the method 
of Kobayashi et al. is with slight modifications t~ and suspended at  a concentration 
of about Io mg protein/ml in *,he mannitol-sucrose-MOPS medium. Mitochondrial 
protein was measured by the biuret method. 

Ca ~+, Sr 2+ and Mn 2+ movements were followed in the above-mentioned media 
using murexide (ammonium purpurate) as indicator. Changes in absorbance of the 
dye were monitored by the dual-wavelength Aroinco-Chance spectrophotometer 
at 540-507 nm as described before ~a, ~4. The same instrument was used for the mea- 
surement of cytochrome c content of intact cells and isolated mitochondria at 

550-540 nm. 
Oxygen consumption was measured polarographically with a Clark-type 

electrode in a stirred vessel and ~ecorded. 
All the experiments were performed at room temperature except where indi- 

cated. The 4,5,6,7-tetrachloro-z-trifluoromethoxybenzimidazone (TTFB) was a gift 
from Dr B. Beechey, Shell Research, Sittingbourne (England). Murexide and La 3+ 
were purchased from K and K Chemicals, Plainview, N. Y., ruthenium red (tetra- 
aminoruthenium hydroxychlorochloride) from Alfa Im,rganics, Beverly, Mass., 
and was purified by recrystallization. 2o ppm of such m~.terial, dissolved in o.r M 
ammonium acetate (pH 6.9) gives absorbance of r.47 at 533 nm (i-cm light path). 
All the other chemicals were of analytical grade. 

RESULTS 

Ca *+ uptake by ascites tumor cells 
The addition of CaC12 to buffered saline solutions containing ascites tumor 

cells produced a rapid downward deflection of the trace due to the formation of 
Ca2+-murexide complex which absorbs less light at 540 am than does the free murex- 
ide (Fig. r). When the cells were oxidizing endogenous substrate, the subsequent 
slow increase in absorbance indicates that Ca *+ is disappearing from the medium 
and therefore being taken up by the ceils. TbJs accumulation occurs during the 
first z-3 rain and is followed by the reappearance of the Ca 2+ in the medium. After 
6 min, all the Ca 2+ previously accumulated by the cells is released. If the medium 
was supplemented with glutamate and malate the amount of Ca 2+ taken up by the 
cells was twice as much and the following release was slower. In the presence of 
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rotenone and succinate a further enhancement of the Ca *.+ accumulation was observed 
and there was no Ca *.+ release during the first io  min. However, if the cells were 
incubated in the presence of rotenone alone, the straight line after addition of Ca z+ 
indicates tha t  none of the Ca *.+ added has been taken up by the cells. 

2oo~'vw co 2. 

200/zM .-~lmin~-- 5~0-507nm 
__~ / / / / .-- A~orbonce 

Ca~:ium Ol~.e l 

S 3 

O.OOt~ A 

": ', ~ ~ ~ - T - ~  T 

Fig. I. A and ]3. Ca ~+ up take  by  in tac t  ascites t u m o r  cells under  different metabolic  conditions. 
The med ium contained 154 mM NaCI, ~.2 mM KCl, zo mM MOPS buffer, p H  7-4, 4 ° pM mure~ide,  
x5.6 mg d ry  wt /ml  ascites t u m o r  cells and the subst ra tes  and inhibitors indicated in the fi,,rure. 
In ]3, the  exper iment  was carried out  i a the same medium saturated with nitrogen. 

Similarly, Fig. IB  shows that  in the absence of oxygen no measurable., Ca ~+ 
accumulation takes place. Under anaerobic conditions, glucose, which induces a fast 
and great production of ATP, in these cells 17 was unable to support_ the uptake of 
Ca 2*. This rerult clearly indicates that  the ATP produced by glyc¢ *, sis cannot be 
utilized by ascites tumor cells for the transport  of Ca 2+. Moreover, Ft~ 2 shows tha t  
the ATP produced by respiration is not necessary for the accumulat ,  a of Ca z*. The 
percentage of Ca *.+ accumulation induced by the addition o * succina- and rotenone 
in tumor cells was plotted as a tunction of the amounts of oligom ~:in present in 
the medium. Oligomycin at  an amount 3 times higher than tha t  req~ red  to i Maibit 
by 9 ° % the respiration of ascites tumor cells 1;, is, 19 did not inhibit  tt.~ accumulation 
of Ca *.~. 

Fig. 3A shows the results of an experiment in which the osn )larity of the 
medium was changed in order to achieve a different cell volume. Almost no differ- 
en"es in Ca ~+ transport were observed between osmolarities of 0.08 and 0.35. Fig. 3B 
shows tha t  the pH of the medium had only a limited effect on the Ca *.+ transport,  
the rate of which was not proporational to the H + or OH-  concentrations. While 
in sucrose-mannitol media the rates of Ca 2+ uptake by ascites cells was 5o % higher 
than tha t  in NaC1, no effect was observed by substituting NaC1 with either KCI or 
LiC1. 

All these data indicate tha.t experinaental conditions acting extra-cellularly 
and leading to dramatic changes in the properties of the plasma membranes have 
very little effect on Ca *.+ uptake by these ceils. 
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Fig. 2. Effect of ol igomycin on the ra te  of Ca ~+ uptake  b y  ascites t umor  cells. The  medium con- 
tained I54 mM NaCI, 6.~ mM KC1, io mM MOPS buffer, p H  7.4, 4 ° pM murexide ,  9.t  mg d ry  
wt /ml  ascites t u m o r  ceils, 6 pM toter.one and 5 mM sodium succinate. The amoun t s  of oligomycin 
indicated in the  figure were then added. The reaction was s tar ted  b y  addi':ion of 2oo igM Ca 2+ 
and the percent  of initial rates of Ca ~+ accumulat ion (with respect  to the ra te  in the absence of 
oligomycin) were p lo t ted  versus oligomycin concentrations.  

Fig. 3- A and B, the effect of osmolar i ty  and p H  of the med ium on Ca ~+ up-,~ke b y  ascites cells. 
In  A, the med ium contained IO mM MOPS buffer, p H  7.4, 4 ° pM murexide and a mixture  of 
mann i to l - suc rose  (3: I, by  vol.) to  achieve the osmolarit ies reported in the  figure. In  B, the 
medium contained 225 mM mannitol ,  75 mM sucrose, 4 ° pM murexide and zo mM MOPS a t  
the p H  repor ted in the figure. In  all the  experiments,  cells were incubated with  5 mM 'mccinate 
and 5 pM rotenone and the reaction was initiated by  2oo pM Ca 2+. The initial ra te  values of 
Ca 2+ accumula t ion  are reported. Cells were 9.8 mg dry  wt /ml .  
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Fig. 4" A, B and C, C@* uptake  by  ascites cells and the effect of Mg 2+ and ru then ium red. Experi-  
mental  conditions as in Fig. 2, except  for the amount  of cells which was 9.o mg dry  wt/ml.  
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Inhibitors of Ca s+ transport 
The inhibitory effects of Mg l+ and ruthenium red on the Ca e+ traxlsport in 

ascites tumor cells are shown in Fig. 4. Fig. 413 shows that MgC1 z at a concentration 
of 8.3 mM is able to inhibit Ca 2+ tlransport by more than 80 %. The same amount 
of Mg v~ is without effect on Ca ~+ transport by mitochondria isolated from these 
cells (data not shown) or from other tissues 2t, =e. 

Fig. 4 C shows that ruthenimn red, at a concentration of IO pM is able to 
produce similar inhibition. Ruthenium red and La s+ have been widely used as 
markers in staining techniques for extracellular spaces in plasma memuranes 2s.u 
and, in addition, their use has been successfutly applied for the inhibition of the Ca ".+ 
transport in isolated mitochondria ~ , ' e  

Fig. 5, A and B, compares the inhibitions by ruthenium red and La s+ on the 
process of Ca s+ uptake by both whole ascites tumor cells and mitochondria isolated 
from these cells. Fig. 5A shows that nearly identical concentrations of ru.thenium 
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Fig. 5- A and B, the effect of ru thenium red and  La  3+ on Ca =+ uptake  by  ascites cells and by  
mitochondr ia  f rom ascites cells. Exper imenta l  condit ions as in Fig. 3B, except  for the presence 
of ru then ium red or LaCI a when  indicated• Percentage~ of initial rate  of Ca "°* up take  with respect  
to the ra te  in the  absence of inhibi tor  were plot ted.  Prote in  concentrat ions were 1.5 mg/ml  and  
9.8 mg dry. wt /ml  for mi tochondr ia  and ascites cells, respectively. 

Fig. 6. Inh ib i t ion  constants  of Mg ~+ And ru then ium red on Ca 2+ t ranspor t  by  ascites t umor  cells. 
The exper iment  was carried ou t  in a medium identical  to tha t  of Fig. 3B, v:ith the addit ion,  
when indicated,  of 5 pM ru then ium red or 2 mM MgCI= or 2 mM MgC12 plus 4 juM ru thenium red. 
The  react ion  was s~axted b y  the  Ca ~+ addit ion in va ry ing  amounts  and  the initial rates are re- 
ported.  Cells were IO.I mg d r y  wt/ml.  
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red are required to inhibit the energy-linked Ca* + uptake by both intact  cells and 
isolated mitochondria. In contrast (Fig. 5B), La*+, while producing the known 
inhibitory effect on the isolated mitochondria, was unable to significantly impair 
the uptake by the whole cells even at  large concentrations. 

Of the two inhibitors, Mg '.+ inhibits only Ca* + transport by the whole cell, 
whereas ruthenium red inhibits transport, both of intact  cells and of isolated mito- 
chondria. Ruthenium r2d can therefore inhibit Ca *+ transport in the intact cell 
through two mechanisms: (a) either by diftusing into the cytosol and blocking the 
mitochondrial uptake inside the cell, or (b) by acting at  both, the same site of Mg ~+ 
in the case in intact cells and at  the same site of La 3+ in the case of isolated mito- 
chondria. 

The experiment shown in Fig. 6 was designed to investigate whether ruthenium 
red" and Mg '.+ possess the same site for inhibiting the transport of Ca ~+ by ascites 
tumor cells. Based on the assumption that  the velocity of Ca '.÷ uptake is proportional 
to ti~e concentration of Ca "+ bound to binding sites of either fixed charges or carriers, 
tlke formula for competitive inhibition: 

V - "  

VNr 

Kca, ÷ Kc.2 ÷ [RR] Kca, ÷ [Mg 2 + ] 
l +  ~ +  + 

[Ca 2 + ] [Ca 2 + ]KRR [Ca 2 + ]KM,, ÷ 

(where NT = total  number of sites) was used to calculate the inhibition constant for 
Mg '.+ and ruthenium red (RR) from the intercepts on the abscissa. These values are 
43.5, 360 and 0.93 pM for Ca '.+, Mg '.+ and ruthenium red, respectively. Velocities 
were then measured at different Ca 2+ concentrations in the presence of both inhibitors. 
The intercept on the abscissa, 0.0250, was compared to a value of o.o212 calculated 
from the inhibition constant obtained independently The mutual intercepts on the 
ordinate and the close agreement with the equation mean that  the Ca '.~ site must 
contain only one of the ions, either Ca '.+, Mg 2+ or ruthenium red at  any time and 
that  Mg '.+ and ruthenium red do not influence Ca '.+ uptake except by binding at 
this site. 

Transport of Sr 2÷ and Mn '.÷ 
As previously observed (Fig. IA), Fig. 7A shows that  ascites tumor cells are 

able to accumulate only limited amounts of Ca 2+ with endogenous substr~tes and 
when 3 min have elapsed the Ca '.+ taken up is released into the medium. This effect 
was specific for Ca '.+ and it could not be reproduced ill the presence of other divalent 
cations. The uptake of Sr '.+ and Mn '.+ by ascites cells oxidizing endogenous substrates 
is shown in Fig. 7]3 and 7C, respectively. It  is evident that  both cations are accu- 
mulated by the cells in an energy-linked process. Sr 2+ and Mn 2+ were accumulated 
at a slower rate but to a larger extent than was Ca '.+. In addi:ion, even after long 
periods of time, the cations accumulated were not released into the medium unless 
the uncoupler, TTBF, was added. 

Fig. 8 shows the uptake of Ca '.+ (A), Sr 2+ (B) and Mn 2+ (C) by ascites tumor 
ceils in the presence of succi,~late-rotenone (left) and glutamate-:;uccinate (right). 
In the presence of succinate and rotenone the cells were able to take up and retain 
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large amounts of divalent cations: the extent of accumulation was similar for all 
the cations and some differences were seen on the rate of uptake (Ca s+ > Sr 2+ > Mn2+). 
However, in the absence of rotenone, a phenomenon similar to tha t  in Fig. 7 was 
observed: Ca 2+ was taken up and then released, whereas all the S#  + of Mn 2+ added 
was taken up and retained Tht~ results indicate that  the release of Ca z+ with both 
endogenous of added substrates is not due to exhaustion of substrate but rather deals 
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Fig. 7. ; B and C, the uptake of Ca 2+, Sr 2÷ and Mn z* by ascites cells oxidizing endogenous sub- 
strates. The medium contained 225 rm~,{ mannitol, 75 mM s,crose, ]o mM MOPS. pH 7.6, 4 °/,. ',I- 
nmrexide and 9.8 mg dry wt/ml of ascites cells. 

with specific irreversible interac;ion of Ca 2÷ at the level of the energy production 
of the cells. These findings are confirmed bv the data reported in Fig. 9. Fig. 9 A 
shows that  the addition of Ca 2+ to the cell,~ is followed by the above described uptake 
and release of Ca 2+ When the Ca 2÷ was rCeased, the cells were unable to accumulate 
added Mn z+. By contrast, Fig. 9B shows that  the cells maintained their ability 
to transport Ca 2+ after they were preloaded with large amounts of Mn 2+. If any 
effect could be ascribed to the Mn 2+ inside, then this wou]d be an ~nhancement 
rather than inhibition of the Ca 2+ transport. 
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Effea of Ca =* on respiration 
Fig. to  shows the recording traces of the respiration of ascites tumor cells 

under different metabolic conditions. The left trace shows tha t  the addition of Ca =+ 
produced an increase in the oxygen utilization which remained unchanged for more 
than 5 min (until anaerobiosis occtu-red~. By  contrast, the right trace shows tha t  
when the cells were incubated in the presence of rotenone, the increase in respiration 
by Ca= + was followed by a decrease in respiration which could be further stimulated. 

200~,M Co z* 
6,7/=M Rotenone~ T 
*SmM~Succ~note~!~ 

ZOOaM Co z+ 

..r-,! _s. . . . . . .  l ...... 7 - /  / 

. ::v:__ .:'.- L__-:_:.-:_': ',, \ _  \ 

2OC)/~Vl Sr z+ 2OOeA1 Sr z+ Sucdnote [ J. ÷Glulornole .1. 
Rotenone _~--.~-- ~" ................... ~ .... 7 i- =~---i, "~-- - ~ ~ - - - 7 - ~  

7 - ;  _ ...- - ~ ~ -  _-i/_'___. "- - _ ~ . ~  , ~ , " -  

_ ~ / , . . . . .  , . . . . . . .  - 4 -  . . . .  ~ . . . . . . .  ~ - -  . ~ ~--~,-~- ~ . . . . .  

. . . . . .  4 - -  '~ ...... x-- ,_ ~ i - _ - _ ~  

.i_ 
0.0035 A 

200/IM Mn 2+ -"i- 200/.dVI Mn z+ 
_ . ! _ _ .  • _ . . . . . . . .  T - - - l , T - - ~  

- - - _ - _ z  S.ccin=~__.F_____/__ / __/ .+ $ucclnnte'(~, ~~--~-" -- - / I _~/ - [ ÷GlutomoM. _[ _ ~ ~  I ~~. \ 

Fig. 8. A, B and C, the uptake  of Ca 2÷, Sr a÷ and Mn ~+ by  ascites ceils.in the presence of added 
substrates.  Exper imenta l  conditions as in I~ig. 7. Addit ions are reported in the figure. 

Comparison of the traces of respiration anc  those ef Ca 2 '- measurements shows 
that  when Ca 2+ is taken up by endogenous or added substrates, an increase of respira- 
tion occurred which was not depressed even when the C #  + was entirely released by 
the cells. In the presence of rotenone, however, the respiration rate was increased 
only for the time in which Ca z+ was taken up by the cells and then returned to steady- 
state levels after Ca= + was accumulated. 
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Fig. 9- A and B, the  effect of Ca ~+ on Mr. 2÷ accumulat ion.  Exper imenta l  conditions as in Fig. 7, 
except  for the cell concentrat ion which was 8.9 mg dry  wt/nfl.  
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2+ Fig. Io.  The  effect of Ca on the  ra te  of oxygen utili:~ation b y  ascites cells. Exper imenta l  med ium 
as in Fig. ~. All the  addit ions are reported.  The nmnbers  in the  figure are the value of oxygen  
utilization a t  the respective point  (nmoles/min). Cells were 2o.5 mg dry  wt/ml.  
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DISCUSSION 

Ca 2+ accumulation by intact tumor cells 
The results presented in this paper clearly show that  intact  ascites tumor 

cells are able to take up significant amounts of Ca ~+ from the surrounding medium. 
The accumulation of Ca '̀ + occurs when endogenous or added mitochondrial substra~es 
support cellular respiration. The lack of Ca "̀ + accumulation in the presence of the 
uncoupler, TTFB, indicates tha t  coupled respiration is required. The lack of Ca 2+ 
transport in the presence of glucose, where ATP is synthesized, and the inabili ty of 
oligomycin to block aerobic Ca 2+ transport suggest tha t  ATP as such is not involved 
in the uptake of Ca 2+ by ascites tumor cells. We do not have an explanation of why 
ATP, while supporting Ca '̀ + uptake in isolated mitochondri.'t by  energization of a 
high energy intermediate '̀ 7, is unable to produce Ca ~+ accumulation when present 
in the cytosol. This once again brings into question the specificity of the adenine 
nucleotide translocator or the existence of a compartmentation of ATP in ascites 
tumor cells ~a,2a,a°. On the other hand, glycolysis could induce changes in Ca ~+ 
permeability of ascites cells and therefore further studies are required to clarify 
the problem. 

Contrary to our observations, previous studies available in the literature 
conclude that  Ca "+ is not accumulated by intact ascites tumor cells. Tl fs  is the case 
of Bygrave 7,a who states that  ascites tumor cells are unable to take up Ca 2+ in vitro 
and of Levinson and Blumenson a who describe different compartments for the 
exchangeable 45Ca'`+ and conclude that  ascites tumor cells do not have an energy- 
dependent accumulation of Ca 2+. However, such a discrepancy can readily be ex- 
plained by their experimental conditions. The longer times for incubation and sam- 
pling and the use of glycolytic substrates, easily accounts for the lack of accumulation 
observed by previcus authors. Even under our conditions, no Ca '̀ + uptake was 
detectable in the pTesence of glucose. Moreover, our data, which show that  Ca 2+ is 
taken l:p and then released, are in line with the results of Levinson and Blumenson a 
who measured *SCa~+ distribution after I h and showed no ('a 2+ uptake, only Ca '̀ + 
exchange. 

The role of mitochondria in the Ca 2+ uptake by ascites tumor cells 
The requirement of a coupled respiration for 'Ca 2+ transport by intact ascites 

tumor cells indicates that mitochondria are required for the process. The involvement 
ef mitochondria can, however, be of two different types: the mitochondria can either 
supply the energy for an unidentified energy-dependent transport of Ca 2+, or they 
can accumulate Ca 2+ themselves such that  the observed cellular transport of Ca 2+ 
can be confined to a simple mitochondrial uptake. All the evidence reported here 
suggests that  the entire Ca 2+ accumulation by ascites tumor cells can be accounted 
ior by an uptake of Ca 2+ by mitochondria inside the cells. This interpretation is 
based on the following considerations: 

(i) Ca 2* uptake by ascites tumor cells preser.ts characteristics similar to that  
of mitochondria isolated from the same cells or other sourc~.s: it is supported by 
oxidation of mitochondrial substrates, it is blocked by inhibition or uncoupling of 
respiration; and it is insensitive to oligomycin 27. 

(2) As in t1:e case of i~olated mitochondria al, the addition of Ca ~+ to the cells 
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stimulates oxygen utilization. Even more specifically, the rmtochondrial cytochrome 
b of ascites cells responds to changes of the extra-cellular Ca s+ concentrations with 
yclic oxidation-reductionlL in a way similar to that reported for isolated mito- 

chondria ~. 
(3) Ca'+, Sr'+ and Mn ~+ have been reported to be accumulated by isolated mito- 

chondria at different rates'~,at,~; a similar order for the initial rates of divalent 
cations accumulation has also been found in ascites tumor cells. 

(4) If the mitochondria of ascites tumor cells are involved in cellular Ca ~+ 
translocation simply for making the energy for the process available, then this energy 
cannot be in the form of ATP. This is demonstrated by the inability of ATP produced 
by glycolysis to support the uptake of Ca ~-+ and by the lack of effect of oligomycin on 
the cellular uptake of Ca ~+ induced by mitochondrial substrates. Once again, cellu~r 
Ca ~÷ uptake resembles Ca 2+ uptake by isolated mitochondria which, in contrast 
to that occurring in other membranes ~, is supported by a tdgh energy intermediate 
which is not ATP "7. 

Our conclusions therefore suggest that Ca 2+ uptake by mitochondria inside the 
cells accounts entirely, or at  least to a major extent, for the accumulation of Ca 2+ 
by the whole cells. Two requirements must be satisfied to draw these conclusions: 
the capability of mitochondria to entirely accumulate the amounts of Ca 2+ taken up 
by the cells, and a plasma membrane freely permeable to Ca '+. The first point can be 
solved by comparing, on the basis of c~ochrome c content, the rates and e-cents of 
Ca ~+ uptake in ascites tumor cells and in mitochondria isolated from these cells. In 
intact cells Ca ~+ uptake expressed per #mole of cytochrome c was 17. 5 nn,oles. In 
mitochondria isolated from ascites cells, it was 34o nmoles per pmole of cytochrome c. 
These results imply that mitochondria, when isolated, have the ability to accumulate 
an amcunt of Ca 2+ which is about twenty times greater than that accunmlated 
by whole cells containing the same amounts of mitochondria. 

Plasma membranes and Ca 2+ transport 
Evidence for a plasma membrane permeable to Ca 2. can be drawn from 

previou~ results showing a metabolically independent compartmentation and ex- 
changeability of Ca 2+ in ascites tumor cells 9. These findings are in agreement with 
our evidence which shows that changes in pH, monovalent cation and osmolarity 
of the medium slight? affect ithe process of Ca ~+ translocation. The inhibition of 
the transport by Mg ~, and ruthenium red can be explained through their capacity 
of blocking the channels for Ca ~÷ or through combination with fixed charges, there- 
fore inhibiting Ca 2+ diffusion through the plasma membrane. ]'he location of ruth- 
enium red on the plasma membrane has been widely documented and ample evidence 
has bcan forwarded by Luft ~4 that ruthenium red does not penetrate the plasma 
membranes of a variety of cells unless the membrane is broken. 

An alternative argument is that plasma membranes of ascites tumor cells 
possess wide and aspecific permeability, either due to the intrinsic properties of the 
cells or induced by the damage of the plasma membrane during isolation, tlowever, 
this possibility can be excluded by the minimum of manipaiation of the ceils during 
isolation, by the reported impermeability to other cations u~der the same con- 
ditions 3., ~ and by the inhibition by Mg ~+ on the cellular (and not the mitochondrial) 
Ca *+ transport. 
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In summary, our results indicate that  plasma membranes of ascites t nmor cells 
are permeable to Ca ~-+. Externally added Ca '.+ distributes at equilibrium between 
surrounding medium and ¢ytosol. In the presence of coupled respiration, mito- 
chondria accumulate cytosolic Ca 2+ against a gradient and the uptake of Ca'-+ by the 
cell is simply the result of the passage of Ca 2+ through the plasma membrane to 
achieve a new equilibrium within the cytosol modified by the mitochondrial uptake. 

Model for the study of rnitochondrial Ca 2+ uptake in vivo 
Mitochondria, isolated in vitro from different sources, contain relatively large 

amounts of Ca 2+ and are able to accumulate Ca ~-+ under various experimentalcircum- 
stances. However, these findings do not allow extrapolation to in vivo conditions 
where the environment surrounding the mitochondria differs from any in vitro 
conditions. Indirect evidence has already indicated that  mitochondria are able to 
accumulate Ca ~+ in vivo. This is the effect of mitochondrial inhibitors and the function 
of cells in the presence and in the absence of Ca '.+ (ref. 36), and the ~'~a 9-+ distribution 
after separation of mitochondria from cells under different metabolic conditionsSL 
However, these observations, which have been criticized on the basis of the experi- 
mental approach or on the uncertainty of the conclusion drawn 3s, are very indirect 
and lack circumstantial evidence. 

The ability of ascites tumor cells mitochondria in situ to accumulate amounts 
of Ca 2+ in a way similar to that  observed tn the mitochondria isolated from these 
cells, could be used as a proof for a mitochondrial Ca ~+ uptake in vivo. Furthermore, 
ascites tumor cells should prove a useful model for the study of Ca '.+ accumulation 
by mitochondria and its effects in the whole cell. The above-mentioned charac- 
teristics (easy preparation, constant characteristics, well-studied metabolic properties 
and absence of contaminants) make the ascites tumor cell an ideal model for Ca ~-+ 
transport in which the uptake of Ca 2+ by mitochondria in situ cannot only be demon- 
strated but also studied in great detail. 
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