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+ 2+ 2+ • • • A Na /Ca exchange activity for Ca efflux has been identlfxed in isolat~ 
Ehrlieh ascites tumor mitochondria. Further, under conditions favoring cycling of Ca"- 
across the mitoehondrial inner membrane, extramitoehondrial [ CaZ+q also was shown to 

+ + ~ +  . . . .  ~ . 

be N+a -dependent .  The Na /Ca  exchange showed#tgmoldal  kmeUes w,th a mean (_+SD) 
[ Na ] required for h a l f . m a x ~ a l  s t imula t ion  of Ca ~" eff lux of 8.4 _+ 3.8 mM and a H~,I~ 
coef f ic ien t  of 1.6. N a - / C a  ~' exchange was very sensi t ive to linhibition by the Ca ~' 
antagonis t  d i l t iazem (56% inhibition at  7.5 nmoles • mg prote in-  ) whereas  a number of 
o ther  compound~#ineluding verapamil ,  nupereaine,  and t r i f luoperazine  were less e f fec t ive  
in inhibiting Ca" efflux.  These da ta  demons t ra te  g~r the  f i rs t  t ime the l~resence of a 
pathway in tumor mitoehondria  for unidirect ional  Ca ~-  eff lux induced by ~ a - ,  and provide 
a mechanism for regula t ion of tumor  in t ra -  and ex t rami tochondr ia l  [Ca~+ * ] .  Results  of 
the present  stud4r.support the  need for fur ther  s tudy of in t raee l lu lar  Na and its role in 
regula t ion of C a "  homeostas is  in tumor  cells .  

Ca 2+ is recognized as playing a key role in the t ransduet ion of diverse metabol ic  and 

hormonal  signals (1,2). Consequently,  the mechanisms of Ca 2+ t ranspor t  across  

biomembranes and of regula t ion of in t raee l lu lar  Ca 2+ become of g rea t  impor tance  in 

understanding the messenger role of Ca 2+. 

In this communicat ion we repor t  the re lease  of Ca 2+ from EAT mitoehondria  by 
\ .  

physiological  concentra t ions  of Na +. These findings have not been repor ted  here tofore  

and have a d i rec t  bearing on the previously held concept  of an impai rment  in Ca 2+ re lease  

from tumor mitoehondria  (3) and subsequent a l t e red  abi l i ty  to regula te  in t raee l lu lar  

[ Ca 2+ ] (4,5). Results  from the present  s tudy also suggest  that  Na+-induced re lease  of 

mitochondrial  Ca 2+, e i ther  under s t eady - s t a t e  condit ions of Ca 2+ cycling across the 

membrane,  or during unidirect ional  efflux,  is not r e s t r i c t ed  solely to mitoehondria  from 

"excitable" cells. 

*To whom reprint regues~mhou~e~s ~ 

Abbreviat_jions: ~AT, E h ~ a c i ~ e s  t um~.jCCCP, carbonyl cyanide m-ehlorophenyl 
hydrazone; RR, ~ ~ r e d ;  T ~ u o p e r a z i n e ;  FCCP, earbonyl cyanide p'  
trifluorome thoxyphenylhydrazone. 
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MATERIALS AND METHODS 

Arsenazo III (sodium salt, grade i), rotenone, Hepes, EGTA, CCCP, succinic acid, 
and RR were obtained from Sigma. RR was purified according to Luft (6). Nupercaine 
was obtained from K and K Laboratories, calmodulin and A23187 were obtained from 
Calbiochem-Behring Corp.; TFP was a gift from Smith Kline and French; verapamil was a 
gift from Knoll Pharmaceuticals; and diltiazem was a gift from Marion Laboratories. 

EAT cells (hyperdiploid Ehrlich-Lettr~ ascites carcinoma, originally from Dr. 
Leonard A. Sauer) were maintained in male Swiss-Webster mice (Charles River Breeding 
Laboratories) by weekly intraperitoneal injection of 0.2 ml of undiluted ascites fluid. 
Cells from five to six mice were harvested approximately one week following injection 
and washed twice in 150 mM NaCI, 6 mM KCI, and I0 mM Hepes (pH 7.4). Mitochondria 
were isolated as described by Sauer and Dauchy (7) using a Dounee homogenizer, but 
omitting4a~bumin and EDTA. 

Ca "' movement and extramitochondrial [Ca 2+] were determined speetrophoto- 
metrically as described previously (8). A standard solution of CaC19 was used for 
calibration. The basic incubation medium contained: I mg mitochondrial~)rotein, 250 mM 
sucrose, 3 }aM rotenone, 15 mM succinate, 0.5 mM K phosphate, 58 IJM arsenazo Ill, and 10 
mM Hepes (pH 7.4) in a total volume of 1 ml. Additions to the incubation medium ag~ 
noted in the figure legends; temperatk~.e was maintained at 30°C. Endogenous free Ca ~ 
was measured as the amount ,P2[ Ca"* released from an aliquot of mitochondria upon 
addition of CCCP (or the~±Ca ~ ionophore A23187) followed by chelation with EGTA 
(3.2+raM). Exogenous Ca ~ was added to a final Ca ~ load of approximately 50 nmol 

z . -i z+ • Ca ' mg protein . The rate of Ca efflux was determined followlng the addition of 
1.6 I~M RR. Mitochondrial swelling was monitored by following the decrease in 
absorbance at 520 nm as described previously ( 9 ) .  Protein was determined 
colorimetrieally using the Folin-phenol reagent with BSA as standard (10). 

RESULTS 

Charaeterization of Ca 2+ Movement. It has been reported previously that isolated, 

energized EAT mitochondria readily take up Ca 2+ from the medium and retain it (4, 11- 

16). Fig. 1 shows representative tracings of the time course of Ca 2+ uptake by EAT 

Ca ~+ 

\ 
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NN 
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F~g. I. Na-induced release of Imltochondrial Ca 2+. Ca 2+ (to give a final 
c~entration of 50 nmol-mg protein- ), RR (1.6 ~M) and NaCl (or KCI) were added 
where indicated; all other conditions were as described under Materials and methods; (a) 
no further additions and in the absence of RR; (b) with 25 mM NaCl (3.4: 11.2); and (c) 

2+ with 25 mM KCI (2.3; ~.8). The values in parentheses are initial Ca efflux rate~ 
expressed as nmol • rain -~. mg- ; the first value being the rate prior to addition of Na 
(or KT), and the second^value, following the addition of Na + (or K+). A downward 

--Z deflection reflects Ca uptake. The figure represents reproductions of typical 
recordings. 

431 



Vol. 115, No. 2, 1983 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

15 

~ ~ I0 _J 
E 

ta~ 

E 

uJ E 

cE ~ 5. 
LD 

0"0. 5. 1'0 15 2~0 25 
[N,mQ/ ] mM 

Fig. 2____. Dependenee of Ca 2+ efflux on [Na+]. Ca +2 efflux rates were determined as 
in Fig. i. Data were obtained from eight separate experiments and plotted as means. 
The curve shown was obtained by fitting the data to the Hill equation using our 
modification (J.R.D. and J.W.L., unpublished) of a n~nlinear least squares regressio~ 
analysis (17) and inclusion of a y-intercept. The Na concentrations include the Na 
contributed by the arsenazo III (0.3 mM). 

mitochondria and its subsequent release by the addition of Na + (Na+-induced Ca 2+ efflux). 

Uptake of Ca 2+ was blocked with RR, indicating influx by the electrophoretie uniporter 

for Ca 2+ (not shown). From a series of experiments, the Na+-induced increase in the rate 

of efflux was approximately 4 times the rate observed in the absence of Na + (Na +- 

independent Ca 2+ efflux). As shown, K + could not substitute for Na +. These data provide 

the first evidence for Ca 2+ release from EAT mitochondria by Na +. 

The effect of Na + on Ca 2+ efflux was concentration dependent and saturable, and 

displayed a sigmoidal relationship (Fig. 2). The mean (_+ S.D.) concentration of Na + 

required for half maximal stimulation of Ca 2+ efflux was 8.4 + 3.8 raM. Fitting of the 

data to the Hill equation yielded a Hill coefficient of 1.6. The data also show that in the 

absence of Na + (Fig. 2, y intercept) a slow rate of Ca 2+ efflux was obtained (3.2 nmoles • 

rain -1 • mg-1). This is similar to the rate shown in Fig. 1 b (initial rate) which was not 

corrected for the small amount of Na + associated with arsenazo Ill. Thus, Ca 2+ release 

from EAT mitochondria occurs as: (i) a slow basal Na+-independent Ca 2+ efflux; and (2) a 

significantly faster Na+-induced Ca 2+ efflux, designated as a Na+/Ca 2+ exchange. 

A Na2+-independent Ca 2+ efflux from EAT mitoehondria previously has been 

described (18,19); however, release was elicited with uncoupler (FCCP) making it difficult 
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Fig. 3. Na+indueed inerease in _tl}e extra~itoehondrial ECa 2+ ]. Ca 2+ (to give a 
fin--a]concentration of 50 nmol • rag- ) and Na were added where indicated; all other 
conditions were as described under Materials and methods; (a) no further additions and 
in the absence of added NaC]; (b) with 10 mM NaCI; (c) with 15 mM N~]; and (d) with 
20 mM NaCI. EGTA (3.2 raM) was added to achieve zero free ECa- ]. The figure 
represents reproductions of typical recordings. 

to interpret whether efflux occured by reversal of the uniporter, or by a separate pathway 

(also see from (20)). 

Ha+Induced Increase in Extramitoehondrial  Ca 2+ Concentration. In the absence of 

RR, the Na+/Ca 2+ exchange activity of energized EAT mitochondria resulted in an 

increase in extramitochondrial Ca 2+ (Fig. 3) which could be maintained constant for the 

time period studied (usually 5 min.). The addition of 20 mM Na + increased the 

extramitochondrial Ca 2+ from a mean (+ S.D.) of 0.50 _+ 0.06 laM to 1.96 _+ 0.64 pM. Ca 2+ 

cycling across the mitochondrial inner membrane occurred in the absence of RR resulting 

in a Na+-dependent change in the steady state concentration of extramitochondrial Ca 2+ 

(Fig. 3; compare curves b-d). Little or no mitochondrial swelling was observed under the 

conditions of Ca 2+ cycling (not shown). Taken together, these observations support the 

conclusion that the Na+/Ca 2+ exchange activity of EAT mitochondria is physiologically 

relevant. 

F.ffeet of Various Agents on Release of Mitoehondrial Ca 2+ Since both a Na +- 

independent efflux, as well as a Na+/Ca 2+ exchange was exhibited by EAT mitochondria, 

the question arose as to whether these were two distinct pathways. Thus, to further 

characterize the release of Ca 2+ from EAT mitochondria, a variety of agents known to 

affect Ca 2+ efflux in other systems was studied. The presence of both Na+-independent 
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TABLE I THE EFFECT OF VARIOUS AGENTS ON RELEASE OF MITOCHONDRIAL Ca 2+ 

Addition 

Ca 2+ Efflux Inhibition 

(nmol. min -1. mg -1) (%) 

-Na + +Ha + _Na + +Na + 

a 
none 2.7 +_ 0.5 13.1 + 0.9 -- -- 

Mg 2+ (0.5 mM) 1.8 + 0.2 9.6 + 0.6 26.9 _+ 4.2 42.2 _+ 4.2 

2+ 
Mg (i.0 raM) 1.6 + 0.2 6.2 + 0.3 38.9 + 2.5 62.9 +_ 2.0 

nupercaine (200 pM) 1.7 +_ 0.2 10.3 + 0.7 33.2 + 1.3 38.0 + 4.9 

verapamil (201} ~M) 1.6 +_ 0.I 10.3 + 1.5 36.6 +_ 4.8 38.6 _+ 9.6 

TFP (60 laM) 2.3 +_ 0.7 8.4 + 0.8 36.9 _+ 6.5 32.8 + 3.6 

diltiazem (7.5 pM) 3.2 _+ 0.6 6.2 +_ 1.2 O 56.1 + 4.2 

Ca 2+ efflux rates were determined as described +Figin 1. The values for percent inhibition were 
based on paired observations. When included, Na was 20 mM. Values given represent the mean 
_+ SEM of two or more  s e p a r a t e  e x p e r i m e n t s .  

+ 
aIn the  alasence of phospha te ,  th_e 1 Na -~ndependent  Pate was 7.7 +_ 1 . l ,  and the  Na+ /Ca  2+ e x c h a n g e  
ac t i v i t y  was 14.5 ± 0.5 n m o l . m i n -  • rag- . 

efflux and Na+/Ca 2+ exchange activity in EAT mitochondria is supported by the 

differential sensitivity of these rates to the various agents studied, as shown in Table 1. 

Mg 2+ caused a greater decrease in the Na+/Ca 2+ exchange activity than in the Na +- 

independent rate of Ca 2+ efflux. However, nupercaine and verapamil inhibited both 

efflux rates to the same extent. CoekreU (19) failed to observe inhibition of a Na +- 

independent Ca 2+ efflux from EAT by mitochondria by nupercaine; however, the assay 

conditions (Ca 2+ load, mitochondrial protein, oligomyein, and FCCP) were considerably 

different. At relatively high concentrations the antipsychotic drug, TFP, also inhibited 

both efflux rates to approximately the same extent. In agreement with the relatively 

non-specific effect  of TFP on EAT mitochondria, calmodulin (1-5 lag , mg protein -1) had 

no effect  on Ca 2+ efflux in either the absence or presence of Na + (not shown). At very 

low concentrations, only diltiazem, a Ca 2+ antagonist, significantly and specifically 

inhibited the Na+/Ca 2+ exchange activity of EAT mitochondria (7.5 nmoles, mg 

mitochondrial protein -1 caused approximately 56% inhibition). 
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DISCUSSION 

Two possible mechanisms for the unidirectional release of Ca 2+ from mitochondria 

of a variety of tissues have been proposed, namely, a H+/Ca 2+ exchange (21), or a 

Na+/Ca 2+ exchange (22). These pathways, together with an electrophoretic uniporter for 

mitochondrial Ca 2+ influx (23), have been implicated in maintenance of cellular Ca 2+ 

homeostasis (24). While it is generally accepted that the mechanism of Ca 2+ influx is 

similar for mitochondria from normal tissues and tumors (11,25), the abnormally high 

retention of Ca 2+ by tumor mitochondria has been attributed, at least for EAT 

mitochondria, to the absence of a H+/Ca 2+ exchange mechanism for Ca 2+ efflux (18). 

Na+/Ca 2+ exchange activity in tumor mitochondria has not been reported. Results from 

the present study show that Ca 2+ is released from EAT mitochondria by Na +, regulating 

ex t rami tochondr ia l  f ree  [ C a  2+ J. These resul ts  suggest  tha t  mitochondria  may play a 

s ignif icant  role in control  of the free [Ca 2+ ] in the EAT cel l  as suggested for other  cells  

(24). 

The Na+/Ca 2+ exchange mechanism for re lease  of Ca 2+ from EAT mitochondria  

appears  to have proper t ies  in common with those repor ted  for hear t  and other  exc i tab le  

t issues (22, 26-29), namely:  (a) r e l a t ive ly  rapid r a t e  of Ca 2+ re lease ,  (b) s imilar  [Na +] 

required for half  maximum ve loc i ty  (8.4 mM vs 8-10 mM (22,26,28)), (c) regula t ion of  

ex t rami toehondr ia l  Ca 2+ (22), and (d) s imilar  sens i t iv i ty  to the Ca 2+ antagonis t ,  d i l t i azem 

(30). In addit ion,  both ex t rami tochondr ia l  Ca 2+ and phosphate appear  to regu la te  the 

exchange ca r r i e r  for EAT mitochondria  (see Fig 1, and Table 1) as well as for hear t  

mi tochondria  (31,32). The expression of coopera t ive  Na + s i tes  in the Na+/Ca 2+ exchange 

of EAT mitochondria  was sl ightly d i f fe ren t  from that  repor ted  for hear t  mitochondria  

(Hill coef f ien t  of  1.6 vs 2-3.4 (22,32,33)), which may r e f l e c t  d i f fe rences  be tween t issues,  

or anion requirements  (32). 

Our findings with EAT mitochondria  suggest  the need to reeva lua te  Ca 2+ re lease  

mechanism(s) in o ther  tumors .  EAT mitochondria ,  as demons t ra ted  in the present  s tudy,  

appear  to have a pu ta t ive  role in the regula t ion of in t rami tochondr ia l  Ca 2+ and of 

in t race l lu la r  f ree  Ca 2+. Since in t race l lu la r  free Ca 2+ ac ts  as a second messenger in a 

va r i e ty  of cel lular  processes,  it  is essent ia l  to de te rmine  fac tors  influencing this pool of 

Ca 2+ in tumor cel ls  and the role of mitochondria  in i ts modulat ion.  Finally,  our 
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observation of Ca 2+ release from EAT mitochondria by a Na+/Ca 2+ exchange mechanism 

suggests new importance for Na + regulation in EAT cells 
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