
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 
13. 
14. 
15. 

L I T E R A T U R E  C I T E D  

E. [. Zharova, Probl.  Gematol. ,  No. 10, 45 (1972). 
L. M. Shabad, Arkh. Biol. Nauk, No. 3, i l l  (1939). 
L. M. Shabad, Endogenous Carcinogens [ in Russ ian] ,  Moscow (1969). 
M. Argus and C. Hogh-Liget[,  J. Nat. Cancer Inst., 30, 533 (1963). 
M. Argus,  Cancer  Res. ,  31, 917 (1971). 
H. Blumenthal and J. Rogers ,  Prog.  Exp. Tumor  Res. (Basel), 9, 261 (1967). 
A. Herbut, H. Cramer ,  M. McKeon, et al., Am. J. Pathol., 3_.88, 387 (1961). 
J. Kidd, J. Exp. Med., 98, 565 (1953). 
A. LipschUtz, Steroid Homeostasis ,  Hypophysis, andTumorigenes is ,  Cambridge (1957). 
C. Lombard,  Bull. Cancer,  ~ 167 (1960). 
M. Mosinger,  Bull. Cancer,  48, 217 (1961}. 
M. Mosinger,  Bull. Cancer,  48, 545 (1961). 
L. Old, K. Boyse, H. A0 Campbell, et al., Nature (London), 198, 801 (1963). 
J. Reddy, D. Svoboda, and M. Rao, J. Nat. Cancer Inst., 52, 991 (1974). 
M. Spatz, Fed. Proc. ,  23, No. 6, 1384 (1964). 

T R A N S P O R T  OF C a  2+ I O N S  IN T H E  M I T O C H O N D R I A  

OF E H R L I C H ' S  A S C I T E S  T U M O R  C E L L S  
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The pat tern of Ca 2+ accumulat ion by tumor mitochondria (MC) was investigated under various 
experimental  conditions. In the absence of penetrating anions tumor MC were shown to take up 
Ca 2+ in only one fifth the amount taken up by liver MC. In the presence  of acetate this di f fer-  
ence was grea te r  still. Inorganic phosphate (Pin) abolished the observed defects of Ca 2§ t rans -  
port  and increased the Ca 2* capacity of the tumor MC considerably.  By contras t  with liver MC, 
Pin also had a stabilizing effect on membrane  permeabil i ty of the tumor MC; this may be the 
cause of the increasee Ca 2§ capaci ty of these MC. 

KEY WORDS: tumor mitochondria;  Ca 2+ t ranspor t ;  membrane permeabil i ty .  

A dis turbance of Ca 2+ homeostas is  in the cells is an essential  stage in the development of pathological 
p rocesses .  It has been shown, in par t icular ,  that the mitochondria  (MC) of tumor cells  can take up and retain 
unusually large concentrat ions of Ca 2§ [4].  However, the causes of the increased Ca-accumulat ing capacity of 
the MC of tumor cells  have not been studied. 

The object of this investigation was to study Ca 2+ accumulation by tumor MC under different exper imen-  
tal conditions. 

EXPERIMENTAL METHOD 

An Ehrlich's ascttes tumor was induced [n sexually mature male albino mice by inLraperitoneal Lnjection 

of l0 G cells of a diploid strain of Ehrlich's ascites carcinoma into each animal. The cells were harvested 

I0 days after inoculation and were separated from the asciLes fluid by centrifugation. MC were isolated by a 
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F i g .  1. Changes  in l igh t  d i s p e r s i o n ,  f l u o r e s c e n c e  of PN and TC, and c o n c e n -  
t r a t i o n  of K + and H + in s u s p e n s i o n  of MC f r o m  t u m o r  c e l l s  and l i v e r  MC d u r -  
ing Ca  2+ a c c u m u l a t i o n .  Incuba t ion  m e d i u m :  0 .3  M s u c r o s e ,  3 mM T r i s - H C l ,  
5 / z M  TC, 3 m g  p r o t e i n  to 1 m l  t u m o r  MC, 6 m g  p r o t e i n  to 1 m l  l i v e r  MC. 
A r r o w s  ind ica t e  s u c c e s s i v e  a d d i t i o n s  of Ca2+: 50, 50, 100, 100, 200, 300, and 
400 # M .  H e r e  and in F i g s .  2 and 3: XCCP 2 .5 /~M;  KC1 100 /zM;  HC1 100/~M.  

m o d i f i e d  N a k a m u r a ' s  m e t h o d  [5 ] .  The  e n t i r e t y  and i n t e g r i t y  of the i s o l a t e d  t u m o r  MC w e r e  v e r i f i e d  e l e c t r o n -  
m i c r o s c o p i c a l l y  and p o l a r o g r a p h i c a l l y .  The r e s p i r a t o r y  c o n t r o l  on s u c c i n a t e  was  3 .5-4  a f t e r  Chance .  MC 
w e r e  i s o l a t e d  f r o m  r a t  l i v e r  by the s t a n d a r d  m e t h o d  [6] .  

A c c u m u l a t i o n  of Ca  2+ by the ~IC was  m o n i t o r e d  by m e a s u r i n g  the f l u o r e s c e n c e  of t e t r a c y c l i n e  (TC), 
which  f o r m s  a c o m p l e x  with m e m b r a n e - b o u n d  Ca 2+ [1 ] .  The s t a t e  of the r e s p i r a t o r y  cha in  was  judged  f r o m  
c h a n g e s  in f l u o r e s c e n c e  of p y r i d i n e  n u c l e o t i d e s  (PN). The i n t e n s i t y  of d i s p e r s i o n  of l igh t  was  r e c o r d e d  at  an 
angle  of 90 ~ and at  X = 680 nm. The  i n t e n s i t y  of  the  o p t i c a l  s i g n a l s  was  m e a s u r e d  at  t h r e e  w a v e l e n g t h s  s i m u l t a n e -  
ous ly  (NADH 450 nm,  TC 550 nm, s c a t t e r e d  l igh t  680 nm) on a m i c r o s p e c t r o f l u o r o m e t e r  with c o n t a c t  o p t i c a l  
s y s t e m  [2 ] .  Changes  i n  the c o n c e n t r a t i o n  of K + and H § in the e x t r a m i t o c h o n d r i a l  s p a c e  d u r i n g  Ca 2+ a c c u m u l a -  
t ion w e r e  d e t e r m i n e d  with  the a id  of i o n - s e l e c t i v e  e l e c t r o d e s .  

E X P E R I M E N T A L  R E S U L T S  

The a b i l i t y  of MC to r e g u l a t e  the Ca  2+ c o n c e n t r a t i o n  in the c y t o p l a s m  d e p e n d s  on t h e i r  Ca c a p a c i t y .  

In the a b s e n c e  of a p e n e t r a t i n g  anion the CR c a p a c i t y  of the t u m o r  MC was  s m a l l .  A f t e r  the f i r s t  add i t i on  
of Ca  2+ (about  17 # M / m g  p ro t e in )  a g r a d u a l  outflow of K + was  o b s e r v e d  (F ig .  1). The Ca 2§ f r e s h l y  added  to the 
incuba t ion  m e d i u m  c a u s e d  r a p i d  ox ida t ion  of PN, and as  f l u o r e s c e n c e  of TC showed,  only p a r t  of i t  was  a c c u m u -  
l a t e d  by the t u m o r  MC. T h e s e  s l owly  s w e l l e d  and b e c a m e  incapab l e  of a c c u m u l a t i n g  Ca 2+. Under  t hese  c o n d i -  
t ions  l i v e r  MC a c c u m u l a t e d  much  m o r e  Ca  2+ (about  20 /~ m o l e s / m g  p r o t e i n  for  the t u m o r  c o m p a r e d  with  about  
100 / z m o l e s / m g  p r o t e i n  fo r  the l i v e r ) .  A c c u m u l a t i o n  of Ca  2§ by l i v e r  MC was  a c c o m p a n i e d  by c y c l i c  c h a n g e s  
in f l u o r e s c e n c e  of PN wi th  c h a r a c t e r i s t i c  " r e r e d u c t i o n "  of PN [8] and a c o n s i d e r a b l e  i n c r e a s e  in f l u o r e s c e n c e  
of TC.  The  outflow of K + f r o m  the l i v e r  MC began  only a f t e r  the four th  add i t i on  of Ca  2§ A f u r t h e r  i n c r e a s e  
in the Ca 2+ c o n c e n t r a t i o n  l ed  to  the m o r e  r a p i d  outf low of K +, to s l o w e r  ox ida t ion  of PN, and to s w e l l i n g  of MC. 
J u s t  a s  in the t u m o r  MC, the add i t i on  of an u n c o u p l e r  to the l i v e r  MC led  to a l k a l i f i c a t i o n  of the e x t r a m i t o -  
c h o n d r i a l  s p a c e  and to the outf low of Ca  2§ f r o m  MC. It is  i n t e r e s t i n g  to note  tha t  the e f f e c t  of " r e r e d u c t i o n "  
of PN a f t e r  Ca  2+ t r a n s p o r t  was  a b s e n t  in the t u m o r  MC. A c c u m u l a t i o n  of Ca  2§ even  led  to a d e c r e a s e  in r e d u c -  
t ion of PN. 
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Fig. 2. Changes in dispersion of light, f luorescence of PN and TC, at concentrations of K + and H + 
in suspension of MC from tumor cells and liver MC during accumulation of Ca 2§ in the presence of 
acetate.  Incubation medium as in Fig. 1 with addition of 10 mlVi acetate; successive addition of 
Ca2§ 50, 50, 100, 100, 200, and 200 ~M. 

Fig. 3. Changes in dispers ion of light, f luorescence of PN and TC, and concentration of K + and tU 
in suspension of MC from tumor cells and liver MC during accumulation of Ca 2+ in the presence 
of Pin- Incubation medium the same as in Fig. 1, with addition of t0 mM Pin. Additions of Carl+: 
50, 50, 100, 100, and 200 pM; ATP 500 #M; ATP followed by 100 pM Ca 2+. 

A low Ca capacity of the tumor MC can be assumed to be connected with absence of a penetrating anion. 

Acetate, which improves Ca 2+ transport in liver MC [3], can be used as the penetrating anion. However, as 

Fig. 2 shows, acetate modified the Ca-transporting system of the tumor N[C so that even a small quantity of 

Ca 2+ caused rapid and total oxidation of PN and complete expulsion of K § from MC. The increase in TC i]uo- 

reseenceindicates that Ca 2+ was bound with the inner membrane of MC. Despite the fact that the MC did not 

swell and no spontaneous outflow of Ca 2§ took place, the tumor MC were unable to accumulate any more Ca 2+ . 

In that case the liberation of Ca 2+ could be caused by the uncoupler. 

Under physiological conditions the accumulation of Ca 2+ is accompanied by transport of Pin, in the pres- 

ence of which Ca 2+ is transported faster and in greater amounts into MC [3]. However, high concentrations of 

Pin (10-20 raM) impaired the ability of the liver MC to take up and retain Ca 2+ (Fig. 3). Under these conditions 

liver MC accumulated less Ca 2+ than in the absence of the penetrating anion or in the presence of acetate. All 

the accumulated Ca 2+ was evidently bound in YiC with Pin and the fluorescence of TC was unchanged. 

By contrast with the liver MC, Pin appreciably increased the Ca capacity of the tumor MC. ~ the pres- 

ence of 10-20 mM Pin, tumor MC accumulated and retained large quantities of Ca 2+ (I0 times more than in the 

absence of the penetrating anion and 3-4 times more than the liver MC under the same conditions: 200 #moles/ 
mg protein for the tumor and 50 gmoles/mg protein for the liver). The uptake of Ca 2+ by the tumor MC was 
accompanied by an appreciable increase in fluorescence of TC. This indicates that the insoluble Ca-Pin com- 
plex is evidently not formed in these MC. Only complete oxidation of PN after the treatment of considerable 
quantities of Ca 2+ leads to the outflow of K + from the tumor MC, alkalification of the extramitochondrial  space, 
swelling, and liberation of Ca 2+ . 
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By con t ra s t  with l iver  MC, in e v e r y  case  the PN of the tumor MC, oxidized af ter  accumula t ion  of Ca r§ 
could be reduced  by the addition of A T P  (Fig. 3, b roken  line). Under these c i r c u m s t a n c e s  the tumor  MC again 
became  capable  of t r anspor t ing  Ca r§ . 

If A T P  was added at once to the incubation med ium a l r eady  containing Pin, the tumor  MC were  able to 
take up unusual ly high concent ra t ions  of Ca ~+ : 300 t imes  g r e a t e r  than in medium without PN and ATP and 
5 t imes  g r e a t e r  than l iver  MC under the same  conditions (500 ~ m o l e s / m g  prote in  for the tumor,  100 p m o l e s / m g  
pro te in  for  the liver}. By con t r a s t  with the l iver  MC, the tumor  MC did not swell  and were  not uncoupled, 
although PN could r e m a i n  in the oxidized s ta te  for  quite a long t ime.  All Ca ~§ accumulated in the tumor  MC 
was evidently f i rmly  bound by the m e m b r a n e  and was only par t i a l ly  l ibera ted  by the action of the uncoupler,  
which produced hardly  not iceable swell ing under  these conditions. 

The Ca2+-accumulating capaci ty  of tumor MC is thus l a rge ly  dependent on the conditions of Ca 2§ t r a n s -  
por t .  In the p re sence  of aceta te ,  for instance,  the tumor  MC quickly lose their  abil i ty to accumulate  even 
sma l l  amounts  of Ca 2§ whereas  Pin cons iderab ly  i n c r e a s e s  their  Ca ~§ capaci ty .  Under these c i r c u m s t a n c e s  
Pin had an unusual s tabi l iz ing ef fec t  on the m e m b r a n e  pe rmeab i l i t y  of the tumor  MC. Whereas  in the l iver  
MC Pin induces uncoupling and outflow of K § in tumor  MC this m e c h a n i s m  is ev iden t lyabsen t ,  and this could 
be one cause  of the inc rease  in the Ca 2§ capaci ty  of the tumor  MC. 
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