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The cell rxambrane of culturs chick embryo cells is permeable to Ca 
2+ 

after 
treatment with mannitol. Ca 2yptak" by mannitol-treated cells can be attri- 
buted to the mitochorhdria. Ca /O quotients and acceptor control ratios of 
such cells and isolated mitochondria are identical. 

Digitonin exerts two tima-dependpt effects on mannitol-treated cells: it in- 
creases the maximum extent of Ca2+ uptake by 5 - 20 percent. It also partial- 
ly uncouples respiration from Ca accumulation. 

It is suggested2$hat mannitol treatment of cultured cells provides an easy 
way to study Ca uptake by mitochondria in situ. 

IIVI'RODUCI'ION 

The role of Ca2+ in regulation of cell metabolism is well established (for a 

review see 1). The concentration of this ion in the cytoplasm is kept low by 

an outwardly directed, ATP driven Ca 2+ pi located in the cell membrane, and 

by respiration dependent accumulation by the mitochondria (2 - 5). Studies on 

Ca2+ uptake by whole cells have been difficult to interpret because the in- 

teqrity of the cell membrane was only insufficiently considered (6 - 8). It 

was shown only recently that the relative impermeability of the cell membrane 

for Ca2+ appears to play an important role in reactions of intact cells to 

this ion (9). 

The present report shows that CEC*,grown in monolayer culture, exhibit identi- 

cal ACR** and Ca'+/O quotients to their isolated mitochondria when harvested 

from the culture flasks in a buffer based on mannitol. Respiration coupled to 

ca2+ transport is observed only in the presence of added succinate, phosphate 

and rotenone. Digitonin only slightly increases the extent of Ca 

a concentration of 0.15 n-g/ml or more releases accxmiiated CaZt2LZtZZ Z 

tcchondria in situ. 

Abbreviations: * = CEC: Chick embryo cells 
** = ACR: Acceptor control ratios 
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Figure 1: Ca2+uptake by CEC 

CEC (protein concentration 3 mg/ml) were incubated at 25O C in the 
following buffer: 

Oligomycin 

1 

1 

I Cd* 

100 nAtoms 0 

I___( 
3 min. 

0.25 M mannitol, 10 IWI KCl, 5 mM potassium-phosphate, pH 7.2, 1.5 

fi 
uM rotenone, 5 mM succinate. Total volume was 2.15 ml. The,ypFer 
uve represents changes of 0 2, the lower curve those of Ca con- 

;F$.ration in the "dfm. 
was added as indicated, each time 240 n g-ions of Ga 2+ . This 2+ 

was followed by stimulation of respiration and disappearance of Ca 
from themedium. 
tory rate and Ca2' uptake.2~theni& red (4 ,uM) inhibited Ca 

ligcmycin (1.74 ug/ml) had no effect on re2pira- 
sti- 

mulated respiration and Ca up-$,. DNP (43 uM) uncoupled respira- 
tion and led to an increase of Ca concentra ioninthemedium. 4. 

CEC were prepared from 11 days old white Leghorn embryos by treatment with 
0.125 % (w/v) trypsin (Gibco, Grand Island, N.Y. USA), resuspended in 100 ml/ 
flask Tissue Culture Medium 199 (Serva, Heidelberg, Gersany) containing 2 % 
fetal calf serum (GT o) and seeded out in a Roux bottle (surface 215 cm ) at 
a cell density of 10 /ml. From 48 hours old monolayers, the culture medium 
was decanted and the cells were washed with 20 ml of mitochondria isolation 
medium/culture bottle. Isolation medium was cortqosed of 0.27 M nannitol, 0.05 % 
(w/v) bovine serum albumin (Armour Pharmaceutical Company, Kastbourne, GH), 
10 mM Tris-HCl, pH 7.3. When mitcchondria were isolated to study oxidative 
phosphorylation, 0.1 1@4 EDNA was included in the isolation medium. Cells were 
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ca2+ uptake by intact CM:: Effect of digitonin 
45ca2+ uptake by CM: was measured using a rapid Millipore filtration 
technique. Incubation medium was as described2+n the legend to fig. 
1. CaC12 was 1 r&l (approx. 300 c&n g-ion Ca ). 

Incubation was started by adding C!EC (0.8 rq protein). 

Samples (20 ul volm) were taken at the times indicated and rapid- 
ly filtered &rough 0.45 urn wet Millipore filters. 

/ 
Filters were 

ri ed with 0.5 ml of 
Ca" 

ice cold incubation medium without radioactive 
, dried and counted in a Packard liquid scintillation spectrcsie- 

ter Imd. 3375. 

0 no digitonin 
0 no digitonin, 3 ug/ml antimycin A 
0 0.066 rrg/ml digi 40 nin 
n 0.15 q/ml digitonin 
A 0.46 mg/ml digitonin 

then gently detached frcnn the supporting glass in 15 ml of isolation medium 
and transferred to centrifugation tubes. The Poux bottle was rinsed with 10 
ml of the same medium. The,rinse was added to the first 15 ml and. mixed well. 
After centrifugation at 600 x g for 7 minutes, the supematantwas decanted 
and the cell pellet resuspended in either a few drops of medium for assay of 
in situ mitochondria, or in 30 ml of freshly added medium for subsequent iso- 
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Table 1: Comparison of Ca 
2+ 

uptake by intact CM: and by isolated Cf?C mitochon- 
dria. 

, 

RCI ca2+/o Respiratory rate in 
state13 (ng d$xns 0 
- mg .min ) 

Cell Intact cells 4.53 + 0.75 3.48 + 0.07 27.5 + 1.27 - - 

batch I Mitochondria 4.57 + 0.31 3.45 + 0.12 109.4 -I- 4.26 - - - 

Cell Intact cells 3.87 + 0.34 3.65 + 0.12 17.7 + 2.19 - - - 

batch 2 Mitcchondria 3.63 + 0.21 3.5 + 0.12 72.9 + 1.67 - - - 

CM: and mitcchondria isolated from the same CM: batch were incubated 
in the buffer described in the legend to fig. 1. Protein concentra- 
tion of mitcchondria was 0.8 mg/ml and of CEZC 1.2 mg/ml, respectively. 
The volume of the incubation vessel was 1.0 ml. Respiration was stimu- 
lated repeatedly by addition of 125 n moles of CaC12. Results are ex- 
pressed as mean + SD of 4 successive cycles. 

lation of mitochondria. The cells of the latter suspension were broken up in a 
tight-fitting Bounce homogenizer (11 strokes) and the homogenate was centri- 
fuged at 700 x g for 7 minutes. The resulting supernatant was further centri- 
fuged at 10'000 x g for 10 minutes ard the pellet was used for studies with 
isolated mitochondria. Protein concentratio 97 were determined by the b&uret me- 
thcd (10). Oxidative phosphorylation and Ca uptake were studied at 25 C in 
the following assay medium: 0.25 M mannitol, 10 mM KCl, 5 ~$4 potassium-phos- 
phate, pH 7.2. Oxygen concentration of the assay r&Gum was determined using 
sonicated mitochondria and NADH, and was 485 ng atcans O/ml. Changes of oxygen 
were measured with a Clark-type electrode (Yellow Springs Instrument Ccmpany, 
Inc., Yellow Springs, Ohio, USA) and traces plotted wiq+a W+V7 recorder 600 
(Kontron, Zurich, Switzerland). In scsne experiments, Ca movements in the as- 
say medium were followed simultaneously with the oxygen concentration. The 
Calcim electrode, Mod. 93-20, was supplied by Orion Research, Cambridge, MA, 
USA) . 

ACR, ADP/O and Ca2+/0 quotients were calculated as described (11). 
45Ca2+ 

up- 
take was measured by a rapid Millipore filtration technique. For details see 
legend to fig. 2. 

Antimycin A and oligomycin were supplied by Calbicchem (Lucerne, Switzerland). 
Ruthenium red ms a gift from Dr. K. Schwerzmann (Eidgen%sische Technische 
Hcchschule, Zurich). 

R?SULTS AND DISCUSSION 

Fig.1 shows an experiment in which Ca 
2+ was added to CEC in the presence of 

succinate, phosphate and rotenone. Changes of Ca 2+ and oxygen concentrations 
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Table 2: Oxidative phosphorylation of isolated chick embryo fibroblast mito- 
chondria. 

Substrate ACR ADP/O Respiratory rate in 
state13 (nq 5fom.s 0 
.W .min ) 

Nalate-Pyruvate 5.93 + 0.43 2.99 + 0.17 - - 55.39 2 5.65 

@-Hydroxybutyrate 3.55 + 0.17 2.66 + 0.13 - 50.93 + 6.31 

cf-Ketoglutarate 4.82 2 0.48 2.84 + 0.10 - 70.1 + 8.41 

, Succinate 

i 

2.88 + 0.23 1.7 + 0.03 - - 72.48 + 2.03 

Mitoclxxdria (1 n-g/ml of protein) were incubated at 25O C in a vessel 
containing 1.0 ml of incubation medium (0.25 M mannitol, 10 mM KCl, 5 
n-W potassium phosphate, pH 7.2. Concentration of succinate, a-keto- 
qlutarate and 8-hydroxybutyrate was 5 r@l, malate-pyruvate 1 r@l - 5 W, 
respectively. 

4 cycles of ATP synthesis were started by addition of 120 n moles of 
ADP. Results are expressed as mean + SD obtained with three batches 
of mitcchondria isolated separately from the same batch of cell cul- 
tures. 

were recorded simultaneously. Addition of Ca 2+ is followed by a transient st 

mulation of respiration. Durinqthispericd, Ca 2+ disappears from the medium. 

Oligcxnycin does not inhibit Ca 2+ uptakewhile rutheniumredandantimycinA 

(shown in fig. 2) do so. Uncouplinq of respiration by dinitrophenol is fol- 

lowed by a rapid release of accumulated Ca 2+ into the medium. These observa- 

tions suggest that in CFXZ only the mitcchondria are able to actively accumu- 

late significant amounts of Ca 2+ . 

i- 

Functional parameters of in situ and isolated mitcchondria are compared in tab- 

le 1. Roth RCI and Ca2+/0 are in the same range when compared within identical 

cell batches. Respiratory control of in situ mitcchondria was observed only 

when succinate, in the presence of rotenone, was used as the substrate. This 

is in line with oberservations reported for Fhrlich ascites tumor cells (9). 
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Figure 3: Ca 2+ uptake by intact CEC: 

Effect of digitonin on Ca2+/0 quotient and ACR. Intact fibroblasts 
were incubated as described in table 2. Results are expressed in 
percent of values obtained in the absence of digitonin. 

A Ca2+/0 quotient 
0 ACR 

Since isoiated mitcchondria are also able to carry out oxidative phosphoryla- 

tion (table 2), one may conclude that the isolation technique used in these 

studies results in a functionally intact mitochondrial preparation. From this 

and from the similarity of ACR and Ca2+/0 between in situ and isolated rnito- 

chondria, we conclude that these twa parameters, measured in situ, reflect the 

true functional state of mitcchondria. 

For an identical reaction of in situ and isolated mitochondria to Ca 
2-k , a high 

permeability of the cell membrane is necessary. Therefore, we analyzed whether 

the permeability of the cell membrane could be further increased by digitonin 

which has been used for this purpose in hepatccytes (7). 

45&2+ uptake of whole cells was measured using a rapid Millipore filtration 

technigue. Themaximum extent of 45ca2+ uptake varied with the cell batch, and 

ranqed fram 300 - 700 n q-ions of Ca2+/mg of cellular protein. 

Fig. 2 shows that the maximum extent of 45Ca2+ uptakewas higher by 5 - 20 per 

cent when digitonin was present in the incubation medium. At the highest con- 

centration of diqitonin (0.46 n-q/ml), maximum uptake was reached faster and 

the accumulated 45Ca2+ was rapidly released. 
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The c0mpk.x effect of digitonin could be explained as follows: 

a) Digitonin facilitates the access of Ca 2+ 
to the mitochondria by increasing 

the permeability of the cell membrane and/or other cellular membranes. It 

may also allow Ca2+ to come in contact with rnitcchondria which are not ac- 

cessible in mannitol-treated cells. 

b) It partially uncouples respiration from Ca 2+ accmlation. 

The latter point is supported by experiments in which Ca2+/0 and ACR of 

whole CM: were determined in the presence of digitonin (fig. 3). Increasing 

concentrations of this drug result in a gradual loss of respiratory control. 

Uncoupling became more pronounced with prolonged incubation (not shown). 

This wxld explain why the maximum uptake of 4Sca2+ was not lower at 0.46 

mg/ml of digitonin, and why the mitochondria were unable to retain the accu- 

mulated 45Ca2+. A time dependency of the effect of digitonin on mitochondria 

has also been shown by Zuurendonk and Tager (13). 

Cur experiments clearly indicate that it is possible to investigate the func- 

tional state of rnitcchondria in "intact" CEC during Ca 
2+ 

accumulation. The term 

"intact" deserves some explanation. The cell membrane of rrannitol-treated CM: 

is permeable for Ca2+ and is therefore, functionally, not intact. 
4SCa2+ 

UP 

take of CM: harvested and assayed in a NaCl medium (composition given in 9) was 

only a few percent of that observed in the mannitol system (not shown). Similar 

low uptake was observed when 45ca2+ uptake of CFC was measured on culture di- 

shes in the presence of cell culture medium. (Unpublished observation). The lat- 

ter method, especially, avoids any mechanical damage to the cell and the ccxn- 

position of the cell culture medium allows the cell membrane to maintain the nor 

ma1 ion and substrate gradients to the extracellular space. A combination of ex- 

periments of this type, together with the one reported in this paper, muld al- 

low net Ca2+ regulation by intact CEC to be investigated, and to differentiate 

effects at the cell membrane from those which are due to the mitcchondria. 
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