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ABSTRACT After injection of 45Ca++ or S~Sr++ into rats, the largest part of 
the radioactivity in the liver cell is associated with the subcellular structures, 
only negligible amounts of it being found in the soluble hyaloplasm. 50 % or 
more of the 45Ca++ and sgSr++ in the liver cell is recovered in the mitochondrial 
fraction. The specific activity of Ca ++ after injection of 45Ca++ is far greater in 
mitochondria than in microsomes. Pretreatment of the rats with uncouplers of 
oxidative phosphorylation markedly decreases the amount of radioactivity 
associated with the mitochondrial fraction. The amount of radioactivity re- 
covered in the microsomes and in the final supernatant on the contrary increases. 
These effects are present only when mitochondrial oxidative phosphorylation 
is completely uncoupled. The Ca++ content of mitochondria from the livers of 
rats pretreated with uncouplers is sharply decreased with respect to the controls. 
It  is concluded that in the liver cells of the intact animal energy-linked move- 
ments of Ca ++ and Sr ++ take place in mitochondria. 

I N T R O D U C T I O N  

T h e  present  invest igat ion was p r o m p t e d  by  recen t  studies of the act ive 
up take  of Ca  ++ and  o ther  d iva len t  cat ions by  m i t o c h o n d r i a  isolated f rom 
l iver  and  o ther  tissues (1-6).  I t  was known  f rom the studies of M a y n a r d  and  
Cotzias (7) on the dis t r ibut ion of the in t raper i tonea l ly  injected rad ioac t ive  
Mn4~ a m o n g  ra t  l iver  subcel lular  fract ions tha t  the isotope was specifically 
concen t r a t ed  in mi tochondr ia .  A recent  s tudy  by  Cosmos (8) has shown tha t  
m i tochondr i a  in the muscle  cell demons t ra t e  a g rea te r  affinity for  Ca++ t h a n  
do  o the r  subcel lular  structures.  Thiers  and  Val lee  (9) found  some years  ago 
tha t  M n  ++ and  Ca  ++ are  more  concen t r a t ed  in r rd tochondr ia  than  in mic ro-  
somes and  in the soluble superna tan t ,  and  a recen t  s tudy of beef  hea r t  has 
also demons t r a t ed  a h igh concen t ra t ion  of Ca  ++ in the mi tochondr i a l  frac-  
t ion (10). 
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All these studies indicate that mitochondria as they exist in the living cell 
are probably capable of active uptake of Ca ++ and other divalent cations. 
The experiments reported in this paper have been designed to demonstrate 
that  such an active uptake does actually take place in mitochondria in vivo, 
and to shed light on the possible mechanism of the uptake. It is now firmly 
established that the accumulation of Ca ++ and of other divalent cations such 
as Sr +÷ by mitochondria in vitro is dependent on metabolic energy, derived 
from either electron transport or the hydrolysis of ATP (1-6, 11-12). Both 
the electron transport and the ATP-supported accumulation are inhibited 
by uncouplers of oxidative phosphorylation; uncouplers have also been 
shown to promote the rapid discharge of the accumulated Ca ++ from mito- 
chondria (13, 14). 

In the present paper, the effect of parenterally administered uncouplers 
of oxidative phosphorylation on the in vivo distribution of injected radio- 
active Ca ++ and Sr++ among subcellular fractions of rat liver has been stud- 
ied. The uncouplers of oxidative phosphorylation have a marked inhibitory 
effect on the uptake of Ca++ and Sr +~ by mitochondria in vivo. It is concluded 
that energy-dependent transfer of Ca++ and Sr ++ across the mitochondrial  
membrane takes place in the liver cells of the intact animal. 

M A T E R I A L S  AND METHODS 

Young male Wistar strain rats were used, averaging 200 g in body weight. They 
were kept on a standard cormnercial diet, and fasted 16 hr before they were killed. 
Approximately 10 ~c of 4~CaC12 were injected intraperitoneally. The total amount of 
Ca ++ injected was only 1.4 #g per 100 g body weight; therefore, no changes in the 
total Ca -~" of the animal occurred. In the experiments with Sr ++, approximately 20 
/~c of carrier-free 89SrC1~ were injected, corresponding to about 1.9 #g of Sr per 100 
g of body weight. The stock solutions of 45Ca++ and sgSr++ were diluted with distilled 
water to contain 40 /~c 4~CaC12 or 89SrC1~ per ml. Pentachlorophenol (PCP) was 
injected intraperitoneally as a mildly alkaline aqueous solution (15) and dinitrophenol 
(15) as the sodium salt. The controls received an equal volume of 0.9 % NaC1. 

The animals were killed by decapitation, the liver quickly excised, cut into small 
pieces, squeezed repeatedly between two layers of filter paper to remove as much 
blood as possible, and chilled for about 2 rain in 100 ml ice-cold 0.25 M sucrose. The 
pieces of liver were then squeezed again between two layers of filter paper and trans- 
ferred to a new beaker containing I00 ml fresh ice-cold 0.25 M sucrose. It was assumed 
that this procedure effectively removed most of the blood, thereby minimizing 
contamination by highly labeled blood Ca ++. All the subsequent operations were 
carried out at 0-3 °C. 10 % homogenates were prepared in a Potter homogenizer with 
a Teflon pestle. Small aliquots of the homogenate were thoroughly rehomogenized in 
a tight, all-glass homogenizer to yield a homogeneous suspension that could be care- 
fully pipetted for Ca ++, 45Ca, 89Sr, and nitrogen analysis. The remainder of the 
original homogenate was centrifuged at 800 g for 10 rain. The sediment, which con- 
stitutes the "residue" or nuclear fraction, was resuspended in 0.25 M sucrose and 
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thoroughly rehomogenized in a tight, all-glass homogenizer (as was the original 
homogenate) to yield a homogeneous suspension. The supernatant fraction was 
centrifuged at 14,000 g for 7 rain to sediment the mitoehondria. "Heavy"  microsomes 
were sedimented from the mitoehondrial supernatant at 30,000 g for 20 min, and the 
normal microsomes were sedimented from the heavy microsome supernatant at 
150,000 g for 40 rain. Mitochondria were resuspended in 0.25 M sucrose with the aid 
of a glass rod, while the resuspension of the heavy microsomes and of the microsomes 
required the use of a Teflon pestle driven by a motor. Exactly 0.25 ml of each fraction 
was then added to 1.0 ml of 0.2 % Na lauryl sulfate to "solubilize" the suspensions. 
Aliquots of the clear solutions were put on stainless steel planchets, dried carefully at 
70°C in an oven, and counted in a thin mica window Geiger counter with a low 

T A B L E  I 

45Ca++ AND TOTAL Ca ++ IN SUBCELLULAR 
FRACTIONS OF RAT LIVER 

Relative content 
of 46Ca ++ 

nMoles Ca ++ per (Activity in Specific activity 
Fraction Distribution of Ca ++ mg protein Distribution of~Ca ++ homogenate = 1.00) (cOin per nmolv Ca ++) 

% % 

Residue 23.94-2.41 (7) 16.54-3.19 (7) 22.64-1.12 (9) 0.924-0.150 (9) = 
Mitochondria 30.94-1.86 (7) 19.54-3.04 (7) 55.54-1.84 (9) 2.284-0.115 (9) 15.34-2.62 (4) 
Heavy microsomes 6.24-1.58 (7) 8.54-1.71 (7) 4.3-4-0.28 (9) 0.984-0.015 (9) 4.15 (2) 
Microsomes 26.74-4.41 (7) 21.64-4.91 (7) 15.34-2.90 (9) 0.874-0.060 (9) 2.204-0.39 (4) 
Supernatant 11.24-1.82 (7) 9.34-2.25 (7) 2.54-0.38 (9) 0.074-0.005 (9) 0.90-4-0.11 (3) 

4~Ca ++ was injected 6 min before the death of the animals, except for the experiments on specific activity (4 
rain). Other experimental details are given in the Methods section. Results are given -4- standard error. The 
number of experiments is given in parentheses. 

background scaler. At least 1000 counts above the background were taken for each 
planchet 

For the chemical determination of total Ca ++, the pellets were resuspended in 0.1 
n Na succinate buffer, pH 5.5 (approximately 1 mg protein per ml buffer) and boiled 
5 rain (16) to precipitate the denatured proteins and to extract Ca ++ quantitatively. 
The denatured protein was discarded after centrifugation and aliquots of the clear 
supernatant were used to determine Ca ++ according to the method of Walser (16), 
scaled down to permit the determination of microquantities. The limit of sensitivity 
of the method was 0.01 #mole Ca ++. Occasionally, Ca ++ was determined on TCA 
extracts of the various fractions by flame photometry, with a Beckman model B 
spectrophotometer and a Beckman flame attachment. Using flame photometry, 
corrections for Na + interference had to be applied to the values obtained in the 
homogenate, in the residue, and in the final supernatant; interference by phosphates 
in all fractions was eliminated with LaC13. In addition, in three of the experiments 
reported in Table I, Ca ++ was determined on TCA-LaC13 extracts of the subcellular 
fractions by atomic absorption spectrophotometry, using a Perkin-Elmer model 
303 atomic absorption spectrophotometer. The results of the flame and of the atomic 
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absorption spectrophotometry were in good agreement with those obtained with the 
chemical titration. 

The acceptor control ratios and ADP:O ratios of isolated mitochondria were 
measured with a Clark oxygen electrode according to Kielley and Bronk (17). Total 
cytochrome oxidase activity in the isolated subcellular fractions was measured 
polarographically with a Clark oxygen electrode, in a medium of the following com- 
position: 0.04 M phosphate buffer, pH 7.4, 0.0004 M ALC18, 0.0001 M cytochrome c, 
0.015 M Na ascorbate, and 0.15-0.6 nag protein; temperature, 25°C volume, 1.9 ml. 

Electron microscope examinations were carried out on pellets fixed in 2.5% 
glutaraldehyde in 0.13 u phosphate, pH 7.4. Fixed pellets were dehydrated in in- 
creasing concentrations of acetone, stained in absolute acetone with 0.3 % uranyl 
acetate, and embedded in a 1 : 1 mixture of Epon and Araldite. Sections were cut 
with a Porter-Blum ultramicrotome, collected on grids, stained with lead citrate, and 
observed in an Akashi-Tronscope EI TRS electron microscope. 

Protein determinations were carried out by a micro-Kjeldahl procedure: a factor 
of 6.25 was used to convert nitrogen to protein. 

All reagents used were analytical grade. Water distilled twice from glass was used 
throughout the entire investigation. High specific activity 45CaC1~ was purchased 
from Nuclear Seience and Engineering Co., Pittsburgh, Pa., and carrier-free 8°SRC12 
from Oak Ridge National Laboratory, Tenn. 

RESULTS 

Total Ca ++ Content and 4~Ca++ Distribution in the Normal Subcellular Frac- 
tions oJ Liver Table I shows the distribution of Ca ++ in liver subcellular 
fractions: about 31% of the total Ca ++ of the cell is found in mitochondria. 
On  a protein basis, this amounted to between 14 and 33 nmoles of Ca ++ per 
mg of mitochondrial protein; these values are in fair agreement with those 
generally reported in the literature (1, 9, 10). The value for the total Ca +4 
content of mitochondria is, however, most probably underestimated, since 
a large number  of mitochondria remain associated with the residue. Actually, 
the total Ca++ content of the mitochondrial fraction could be increased to 
over 50% of the total Ca++ of the liver cell when the residue was resuspended 
and rehomogenized to extract the mitochondria. Figures generally greater 
than those reported by Thiers and Vallee (9) have been found for the total 
Ca++ associated with the microsomes; moreover, the microsomal Ca++ "pool"  
was rather variable in size from animal to animal:  19 to 45% of the total 
Ca++ of the cell was recovered in the microsomes in the different experi- 
ments. As a consequence, the microsomal pool has been found to be smaller, 
about equal to, or greater than the mitochondrial pool in different experi- 
ments. When the residue was resuspended and rehomogenized to extract 
mitochondria, the total microsomal pool became markedly smaller than the 
mitochondrial one. Only a smaller fraction of the Ca ++ of the cell was found 
associated with the final supernatant and with the heavy microsomes. 
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Fig. 1 shows the total radioactivity of liver homogenates as a function of 
the time after the injection of 46Ca++. The  radioactivity increases rapidly 
between 0 and 3 rain, to a plateau which is maintained for about 10 min. 
Then,  the radioactivity decreases. 1 Except for the experiments described in 
Fig. 3, the results reported in this paper were all obtained from animals 
killed 4-6 rain after the administration of the isotope; i.e., at a time when the 
radioactivity in the liver cell was at its maximum. 

The distribution of the injected ~SCa++ among liver subcellular fractions 
is shown in Table I. More than half the isotope is found in the mitochondrial  
fraction, about 25% in the microsomes, and rather negligible amounts in 
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FIOURE 1. Radioactivity in liver homogenates at various times after the injection o 
~Ca  ++. Technical details in the Methods section. 

the heavy microsomes and in the final supernatant. The  heavy microsomes 
fraction is composed mainly of vesicles of the endoplasmic reticulum, and it 
can therefore be considered together with the normal microsomes. About  
250-/0 of the total radioactivity was recovered in the residue fraction. The  
residue contains not only nuclei, but also broken and unbroken cells, mito- 
chondria, and lysosomes, as well as some microsomes, and it is therefore not 
useful to discuss it as an individual fraction. Resuspension, rehomogenization, 
and washing of the residue decreased the radioactivity considerably, pre- 
sumably because of the removal of highly labeled mitochondria. Since the 
residue was not routinely resuspended, rehomogenized, and washed, it is 
probable that the total radioactivity figures for the mitochondrial  fraction 
were somewhat underestimated under these experimental conditions. Mito- 

z Similar results were obtained using 89Sr++. 
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chondria concentrate the radioactivity, on a protein basis, to values that  
may  be more than twice those of the unfractionated homogenate. 

Data on the specific activity of the total Ca ++ in the different subcellular 
fractions are also presented in Table I. The  specific activity of Ca++ in the 
mitochondrial fraction was 4 to 20 times higher than that of microsomes, 
but  that of the final supernatant was very low. The specific activity of the 
Ca ÷+ associated with the heavy microsomes was also found to be much lower 
than that of mitochondria. 

A preliminary investigation of the distribution of the radioactivity among 
the different cellular subfractions at various times after the injection of the 
isotope has indicated that the distribution of 45Ca++ is probably independent  

T A B L E  I I  

D I S T R I B U T I O N  O F  45Ca++ A M O N G  S U B C E L L U L A R  F R A C T I O N S  
F R O M  T H E  L I V E R S  O F  P C P - T R E A T E D  R A T S  

Relative content of 46Ca ++ 
Fraction Distribution (Activity in homogenate = 1.00) 

% 

R e s i d u e  21 .54-4 .33  (3) 0 .934-0 .17  (3) 
M i t o c h o n d r i a  22 .24 -2 .40  (3) 0 .814-0 .02  (3) 
H e a v y  m i c r o s o m e s  12 .84-1 .65  (3) 2 .124-0 .05  (3) 
M i c r o s o m e s  30.3 4-0 .46  (3) 2 .13 4-0.32 (3) 
S u p e r n a t a n t  13 .24-0 .52  (3) 0 .414-0 .03  (3) 

45Ca++ in j ec t ed  3 ra in  a f te r  the  i n j ec t i on  o f  PCP,  a n d  6 m i n  before  the  r a t  was  
kil led.  O t h e r  t e chn i ca l  de ta i l s  in the  M e t h o d s  sect ion.  Resu l t s  a re  g i v e n  4- 
s t a n d a r d  er ror .  T h e  n u m b e r  o f  e x p e r i m e n t s  is g iven  in p a r e n t h e s e s .  

of time within a 60 min period, with the possible exception of a rise in the 
microsomal fraction during the first 5 min after the injection. 

45Ca++ in the Subcellular Fractions from the Livers of Rats Injected with PCP 
and D N P  I t  has been shown by Buffa et al. (18) that mitochondria isolated 
from the livers of rats injected intraperitoneally with 20--60 mg PCP per kg 
body weight showed lowered P: O ratios in in vitro tests of the efficiency of 
oxidative phosphorylation. Uncoupling was found to be complete 15 sec 
after the injection; however, P : O  ratios and the acceptor control ratios 
began to recover 7-10 min after the injection. 2-3 hr after the injection, the 
uncoupling had declined to about 30%. The administration of DNP did not 
cause decline of the P : O  ratios (15), probably because DNP was "washed 
out"  of the mitochondria during the isolation. It  is likely, however, that  un- 
coupling took place in the intact liver, since there was a marked drop in the 
content of the high energy phosphate compounds of liver (15). In the experi- 
ments reported here, a standard dose of 60 mg of PCP per kg body weight 
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has been used in order to ensure that uncoupling of rat liver mitochondria 
was complete for at least 8-10 rain after the injection. 

As shown in Table  II, in the PCP-treated animals the distribution of the 
radioactivity was markedly altered with respect to the controls. Only about  
250-/0 of the total 45Ca++ was recovered in the mitochondria, while signifi- 
candy  more isotope was found in the total microsorne fraction and in the 
heavy microsomes. However,  before it can be concluded that PCP causes 
uncoupling of energy-linked Ca++ accumulation, it is necessary to prove 
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F]ouR~ 2. Cytochrome oxidase activity in the subcelhlar  fractions of livers from normal 
and PCP-treated rats. PCP was injected intraperitoneally, and the rats were killed 6 
rain thereafter. Other  technical details are described in the Methods section. 

that the results are not due to an alteration in the cell fractionation scheme 
induced by the presence of PCP. This possibility was tested in three inde- 
pendent  ways. The  total yield of protein in each of the various subcellular 
fractions from PCP-treated rats was found not to differ from that observed 
in the control fractions isolated in the absence of PCP. In particular, approxi- 
mately the same amount  of total mitochondrial and rnicrosomal protein was 
obtained in the two cases. A large number  of experiments gave the following 
averages: for the controls, 45.8 = 0.072 nag of mitochondrial protein and 
28.1 -4- 2.90 mg of microsomal protein per g of liver; for the PCP-treated 
rats, 49.5 + 1.32 nag of mitochondrial protein and 27.3 4- 2.55 nag of micro- 
somal protein. Fig. 2 gives additional evidence that no change in the frac- 

2 Standard error. 
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tionation was induced by PCP. It  shows a profile of the total cytochrome 
oxidase activity, taken as a mitochondrial marker, in the subcellular fractions 
from the livers of normal and PCP-treated rats; the profile is identical in the 
two cases. Finally, electron microscopic examination of the various pellets 

T A B L E  I I I  

46Ca++ IN  S U B C E L L U L A K  F R A C T I O N S  F R O M  
T H E  L I V E R  O F  A D N P - T R E A T E D  R A T  

Distribution 
R d a f i v e  content  o f  4SCa ++ 

(Activity in homogcnate = 1.00) 

Fraction Control DNP Control D N P  

% % 

R e s i d u e  17.9 23 .6  0 .75  0 .73  
M i t o c h o n d r  ia  57 .8  24 .3  2 .16  0 .85  
H e a v y  m i c r o s o m e s  3 .7  10.6 0 .74  1.70 
M i c r o s o m e s  18.9 30 .0  0.91 1.94 
S u p e r n a t a n t  1.7 11.4 0 .04  0 .26  

T e c h n i c a l  de ta i l s  are  g i ven  in  t he  M e t h o d s  sect ion.  D N P  (60 m g  pe r  kg  b o d y  
we igh t )  in jected 9 ra in  before the  ra t  was kil led.  45Ca++ was  in j ec t ed  6 m i n  
before  t he  a n i m a l  was  kil led.  

obtained from the livers of normal and PCP-treated rats also showed that  
the gross morphological appearance of the pellets from the livers of the 
control and of the treated animals was the same. 

It  appears therefore permissible to conclude that  the observed alterations 
in the 45Ca++ distribution pattern following injection of PCP are not a re- 

T A B L E  I V  

T O T A L  C a + + : I N  M I T O C H O N D R I A  F R O M  T H E  
L I V E R S  O F  D N P - T R E A T E D  R A T S  

Mitochondrial Ca ++ 

Experiment Control DNP 

nmoles/mg protein 

49 31.6  9 .9  
50 33.8  9 .3  

T e c h n i c a l  de ta i l s  a r e  g i ven  in  the  M e t h o d s  sec t ion .  D N P  (60 m g / k g  body  
we i gh t )  was  in jec ted  i n t r a p e r i t o n e a l l y  6 ra in  before  the  a n i m a l  was  kil led.  

flection of artifactual changes in the mitochondrial fraction, but rather that  
they show that  the mitochondria from livers from PCP-treated rats have 
failed to accumulate Ca ++ . 

Similar results were obtained when DNP, instead of PCP, was injected, 
as shown in Table III .  A sharp diminution of the total mitochondrial Ca ++ 
was also observed in the livers of DNP-treated rats (Table IV). 
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T A B L E  V 

ggSr++ IN S U B C E L L U L A R  F R A C T I O N S  F R O M  
THE LIVER OF A PCP-TREATED RAT 

I857 

Distribution 
Relative content of SgSr++ (Act- 

ivity in homogenate ffi 1.00) 

Fraction Control PCP Control PCP 

% % 

Residue 23.3 18.8 0.84 0.89 
Mi tochondr i a  45.5 25.2 1.95 0.87 
Heavy microsomes 7.8 8.1 1.41 1.89 
Microsomes 19.4 30.5 1.45 2.32 
Supe rna tan t  4.0 16.1 0.18 0.59 

Technica l  details given in the Methods  section. T h e  ra t  was killed 5 rain 
after the  inject ion of 8gSr++. PCP was injected 3.5 min  before the inject ion of 
89Sr++" 

Distribution of SgSr++ among Liver Subcellular Fractions: Effect of PCP Data 
presented in Table V show that  the distribution of injected 89Sr++ among 
liver subcellular fractions is very similar to that of 4SCa++. The treatment 
with PCP causes a very marked diminution in the amount  of radioactive 
strontium which is recovered in the mitochondria, and a concomitant in- 
crease in the heavy microsomes, in the microsomes, and in the final super- 
natant.  Thus the effect of PCP on the distribution of 89Sr++ is practically 
the same as in the case of 4~Ca++. Preliminary experiments on five rats shown 
in Fig. 3 indicate that  the distribution of SgSr++ among the subcellular frac- 
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FIotm~. 3. Dis t r ibut ion of radioactivi ty among  liver subcellular  fractions a t  var ious  

t imes after injection of 89Sr++. Technical  details in the  Methods  section. 
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tions does not show any important variation in the period between 15 and 
120 min after the injection. During the first 15 min, however, the distribution 
pattern shows variations, particularly in the residue and in the microsomes. A 
more extensive investigation of the intracellular distribution pattern of 89Sr++ 
in the minutes immediately following injection is presently being carried out 
in this laboratory. 

Relationship between the Extent of Uncoupling Induced by PCP and the Concen- 
tration of s gSr++ in Liver Mitochondria Complete uncoupling of oxidative 
phosphorylation by injected PCP is required to reduce the level of 89Sr++ in 
the mitochondrial  fraction to that of the whole homogenate. This is shown 

T A B L E  V I  

EFFECT OF V A R I O U S  DEGREES OF U N C O U P L I N G  OF THE 
8oSr++ D I S T R I B U T I O N  IN RAT LIVER M I T O C H O N D R I A  

Concentration of 
% ZgSr +÷ in mito- SSSr ++ in mitochon- 

Respiratory control chondria (Homogcn- dr ia  (Homogenatc 
index* ate = 100%) 1.00) 

Control 6.2 48.8 1.87 
PCP 30 mg/kg 2.6 50.5 1.84 
PCP 60 mg/kg 1.0 25.2 0.87 

The animals were killed 8.5 rain after the injection of PCP. 89Sr++ was in- 
jected 5 min before the animal was killed. 
* Respiratory control was measured polarographically, in a medium con- 
taining 10 m~ Tris-C1, pH 7.5, 5 n ~  Na malate, 5 ram Na glutamate,  80 mM 
NaC1, 10 mM inorganic phosphate,  and 5 mg mitochondrial  protein. Final 
volume, 1.8 ml. Temperature ,  25°C. 250 /~M ADP was added to initiate state 
3 respiration. 

by data  collected in Table VI. Various amounts of PCP were injected into 
rats and the degree of uncoupling in the isolated mitochondria was checked 
polarographically. The  data  show that, when mitochondria have only par- 
tially lost the respiratory control, they are still able to concentrate the isotope 
to approximately the same values as the controls. However, when respira- 
tory control is completely lost, which occurred at doses of 60 mg PCP per 
kg, then no accumulation of Ca ++ occurs in the mitochondrial fraction. 

Effect of D N P  on the Stability of the Intramitochondrial Ca ++ Early experi- 
ments of Vasington and Murphy  (1) demonstrated that  DNP specifically 
discharges endogenous Ca ++ from isolated rat liver mitochondria. In Fig. 4 
it is seen that DNP added in vitro to mitochondria isolated from livers of 
4SCa++-injected rats discharged into the medium about two-thirds of the 
45Ca++ accumulated by liver mitochondria. The  discharge was very rapid 
and approached completion in about 5 man. The remaining one-third of the 
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mi tochondr ia l  4~Ca++ was no t  d ischarged by  D N P  when the incuba t ion  was 

prolonged.  O n  the o ther  hand,  4*Ca++ in mi toehondr ia  f rom livers of D N P -  

treated rats (or PCP- t r ea t ed  rats) is m u c h  more  stable to incubat ion  with 

D N P  than  the 4SCa++ in no rma l  mi tochondr i a ;  only negligible amoun t s  of 

radioact iv i ty  were d ischarged dur ing  the 60 min  incubat ion  period. O n  the 
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FmugE 4. DNP-induced discharge of intramitochondrial Ca ++ in vitro. Mitochondria 
were isolated from the liver of a normal rat and of a rat killed 6 rain after intraperitoneal 
injection of 60 mg per kg body weight PCP. Both rats received an intraperitoneal injec- 
tion of 10/zc ~Ca ++ 3 rain before death. DNP-induced ~Ca ++ discharge was followed 
in the following manner: mitochondria from both rats were suspended in 0.25 ~ sucrose, 
at a concentration of 2 mg protein per ml sucrose. 30 rnl aliquots of the suspensions from 
each liver were pipetted into 100 ml beakers and placed at 25 ° C in a Dubnoff shaker. 
Two beakers were run for each rat. Immediately after the beginning of the incubation, a 
5 ml sample was removed from each beaker; immediately thereafter, 10 -4 M DNP was 
added to one of the control and one of the PCP beakers. The incubation was carried on, 
and 5 ml samples were removed at the times indicated in the figure. The samples were 
immediately transferred to centrifuge tubes placed on ice, and centrifuged at 30,000 g 
for 4 man. Pellets were dissolved in 5 ml 0.2% Na laurylsulfate. Aliquots of the dissolved 
pellets and of the clear supernatants were analyzed for ~Ca ++ as described in the Methods 
section. 

o ther  h a n d  chemical  de terminat ions  of total Ca ++ (see T a b l e  IV)  have  

shown tha t  liver mi tochondr i a  f rom P C P -  and  D N P - t r e a t e d  rats con ta ined  
only  a b o u t  30-35o/0 as m u c h  Ca++ as the controls. These exper iments  suggest 
the existence of  two pools of Ca++ in rat  liver mi tochondr i a :  a labile pool, 
sensitive to uncouplers  of oxidat ive phosphoryla t ion ,  and  a stable pool  tha t  

is insensitive to these agents. 

Effect of D N P  on the Uptake o/46Ca++ by Rat Liver Mitochondria and Micro- 
somes In Vitro As seen in Tables  I I  and  I I I ,  the effect of  P C P  or D N P  in- 
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tox ica t ion  is to decrease the a m o u n t  of 4nCa+÷ in mi tochondr ia ,  and  to in- 
crease its a m o u n t  in microsomes and  in the heavy  microsome fractions. This  
effect could  be expla ined  by  assuming a compet i t ion  be tween  the mi tochon-  
dr ia  and  the endoplasmic  r e t i cu lum of the liver cell. An  uncoup le r  of oxida-  
t ive phosphory la t ion ,  by  pu t t ing  mi tochondr i a  out  of play,  could  pe rmi t  
more  Ca~+ to be accumula t ed  by  the endoplasmic  re t iculum.  T h e  experi-  
m e n t  r epor t ed  in T a b l e  V I I  is an a t t e m p t  to r ep roduce  in vi t ro  the in vivo 
si tuation,  by  s tudying the up take  of 46Ca++ in a system conta in ing  bo th  iso- 
la ted mi tochond r i a  and  microsomes.  I t  is seen that ,  w h e n  no  D N P  was 
present ,  by  far the largest p ropor t ion  of the added  4sCa++ was recovered  in 
mi tochondr ia ,  wi th  only  negligible amounts  of it being found in the micro-  
somes. W h e n  D N P  was added,  the a m o u n t  of 4sCa++ in mi tochondr i a  d r o p p e d  
marked ly ,  while the a m o u n t  found  in microsomes increased abou t  three  

T A B L E  V I I  

COMPETITION IN VITRO BETWEEN MITOCHONDRIA 
AND MICROSOMES FOR Ca ++ UPTAKE 

Cpm in mitoehondria % uptake Cpm in microsomes % uptake 
System --DNP - t - D N P  --DNP -~DNP --DNP -]-DNP --DNP -]-DNP 

M i t o c h o n d r i a  -b microsomes 14,960 8,170 92.0 45.4 218 585 0.10 0.30 

The reaction medium contained 10 mM Tris-C1, pH 7.4, 10 rnM MgCI,, 80 mM NaC1, 10 mM Na 
succinate, 10 mM inorganic phosphate, 3 mM ATP, 10 mg mitoehondrial and 10 mg microsomal 
protein. 0.15 mM CaC12 labeled with *~Ca ++ was added last. DNP concentration was 0.1 na~. 
Volume, 10 ml. Temperature, 25°C. After 5 rain the tubes were quickly cooled to 0°C, and 
centrifuged at 15,000 g/lO rain to separate mitochondria. The tubes were then centrifuged at 
150,000 g/45 rain to collect microsomes. The pellets were ~issolved with Na lauryl sulfate and 
treated as described in the Methods section. 

times. T h e  in vi t ro  findings are  thus in ag reemen t  wi th  the in vivo results, 
a l though  the absolute  amoun t s  of rad ioac t iv i ty  recovered  in the isolated 
microsomal  f ract ion are very  small, in ag reemen t  wi th  the observat ion  (6) 
t ha t  isolated liver microsomes do  no t  act ively accumula t e  apprec iab le  
amoun t s  of Ca  ++ . 

D I S C U S S I O N  

T h e  results r epor ted  in the present  pape r  show that  the largest pa r t  of  the 
Ca ++ present  in the liver cell is associated wi th  the insoluble subcel lular  
components ,  par t icu la r ly  mi tochondr i a  and  microsomes.  T h e  Ca ++ concen-  
t ra t ion  in the soluble hya loplasm is r a the r  low; it appears  likely tha t  Ca ++ 
in the soluble phase is kept  ve ry  low by the very  h igh affinity of rn i tochondr ia  
(and, possibly, microsomes)  for Ca ++. I t  m a y  be recal led here  tha t  studies 
wi th  isolated mi tochondr i a  have shown tha t  thei r  r e sp i ra t ion-dependen t  Ca  ++ 
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uptake process is capable of keeping the extramitochondrial Ca ++ concentra- 
tion below 10 -e M (14). 

After injection of ~sCa++, the different pools of Ca ++ which are present in 
the subcellular fractions do not become labeled to the same extent. The specific 
activity of Ca ++ in mitochondria following injection of 45Ca++ is several times 
greater than that of microsomes. These results indicate that in the liver cell 
mitochondria are much more active than the endoplasmic reticulum in taking 
up Ca ++, in agreement with the finding that liver mitochondria in vitro can 
accumulate Ca ++ at a very high rate (1, 6), while isolated liver microsomes 
lack the capacity to accumulate Ca ++ (6). In contrast with the high specific 
activity of mitochondrial Ca ++, the specific activity of Ca++ in the soluble 
hyaloplasm was very low. Therefore, 45Ca++ coming from the extracellular 
space must enter mitochondria without prior equilibration with the Ca ++ 
present in the soluble cytoplasm. 

The  results obtained when the rats were intoxicated with uncouplers of 
oxidative phosphorylation indicate that in the liver cell the uptake of 45Ca++ 
by mitochondria is specifically inhibited by uncouplers of oxidative phos- 
phorylation, in agreement with the results obtained with isolated liver mito- 
chondria (1, 2, 6). It  can thus be concluded that the mechanisms for Ca ++ 
uptake discovered and characterized in mitochondria in vitro are in all 
likelihood operating in vivo as well. However, the results reported have shown 
that some Ca ++ enters mitochondria even when the oxidative phosphorylation 
is completely uncoupled. Therefore, the uptake of 45Ca++ by mitochondria in 
vivo is apparently only partially dependent  on oxidative phosphorylation. 
This finding may  be accounted for by the fact that the absolute amounts of 
Ca ++ that mitochondria take up in vivo in the experiments described in the 
present paper are exceedingly small when compared to the preexisting intra- 
mitochondrial Ca ++. It must be recalled that the total amount  of Ca ++ 
injected into the rats was less than 0.1 #mole, of which probably only a part  
entered the liver. Possibly, part  of the 45Ca++ enters the mitochondria in vivo 
via an exchange reaction with the intramitochondrial Ca ++, rather than by 
way of an active uptake process. Actually an exchange between the intra- and 
extramitochondrial Ca ++ pools has been observed to occur in rat liver mito- 
chondria in vitro. 3 Such an exchange would not necessarily be blocked by 
uncoupling agents. 

From a functional standpoint, it appears evident that the different pools of 
Ca ++ present in the subcellular organelles are not equivalent. The data  re- 
ported in Fig. 4, in agreement with the in vivo data of Table IV, further 
suggest that the mitochondrial pool of Ca ++ is also not homogeneous. DNP 

s Carafoli, E., and A. L. Lehninger. Unpublished experiments. 
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(or PCP) discharges very rapidly about two-thirds of the intramitochondrial 
Ca ++ , but the remaining one-third is not readily discharged. It  may be 
pointed out here that chelating agents like EDTA have been found to dis- 
charge rapidly only one-half to two-thirds of the endogenous Ca++ from rat 
liver mitochondria in vitro2 Perhaps only two-thirds of the mitochondrial  
Ca ++ is labile, and thus rapidly available for the metabolic needs of the cell. 
As for the remaining one-third, it could be located in different compartments 
in mitochondria, out of reach of the uncoupling agents, but possibly available 
to other, completely different, discharge-promoting agents. Alternatively, a 
part  of the mitochondrial Ca ++ could be sequestered as insoluble Ca phos- 
phate, with which free Ca +~ is in a sluggish equilibrium. Whatever the type 
of compartmentat ion,  the portion of the mitochondrial Ca ÷÷ that  is not 
discharged by uncoupling agents does become labeled with 45Ca++ in vivo. 

A competition for free Ca 4+ probably exists in the liver cell between 
energy-dependent accumulation mechanisms in mitochondria and absorption 
by the endoplasmic reticulum. Mitochondria under  normal conditions ac- 
cumulate  the larger part  of the available 45Ca++ (they are capable of removing 
Ca++ from the medium to concentrations as low as 1 #~). When they are 
put out of play by an uncoupling agent, endoplasmic reticulum can take up 
a larger proportion of Ca++. It is suggested here that uptake of Ca++ by the 
endoplasmic reticulum is not energy-dependent,  since it is known that isolated 
liver microsomes do not possess any significant capacity for energy-dependent 
Ca ++ accumulation (6). The  smaller absolute percentage of radioactivity 
entering isolated microsomes in the in vitro experiment of Table VII  as com- 
pared with the much greater percentage of radioactivity that is found associ- 
ated with the structures of the endoplasmic reticulum in vivo, can possibly be 
explained on the basis of the severe structural degradation of the endoplasmic 
ret iculum during the isolation procedure. Possibly, liver endoplasmic retic- 
u lum can accumulate large amounts of Ca ++, but isolated liver microsomes 
cannot. It is nevertheless unexpected that liver endoplasmic reticulum is so 
active in taking up Ca++ in vivo. This finding is under further examination. 

The  observations with 89Sr~ ~ deserve some special comment.  The  distribu- 
tion of injected 89Sr~4 in the liver cell is similar to that of 45Ca-~. The  effect 
of uncoupling agents on the distribution of 89Sr~+ is the same as in the case 
of ~sCa-H. In analogy with the results obtained in vitro (5), the uptake of 
Sr ++ by the mitochondria of the intact liver cell is therefore also dependent  on 
oxidative phosphorylation. Thus mitochondria in the liver cell are probable 
sites for the accumulation and transitory sequestration of Sr ÷+, a possibility 
already suggested in an earlier study of the energy-dependent uptake of Sr ÷+ 
by isolated rat liver mitochondria (19). 
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