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SUMMARY 

Bovine adrenal cortical mitochondria may be stored for as long as 7 days at 
- 2 0  °C without loss of citrate, malate or succinate transport activities. Storage in a 
medium containing 15% dimethyl sulfoxide, 1% bovine serum albumin and isotonic 
sucrose results in least loss of transport and respiratory activities. The tricarboxylate 
transport properties of these mitochondria differ from those of rat liver mitochondria 
with respect to the efficacy of the dicarboxylic acids on stimulation of  citrate uptake. 

INTRODUCTION 

It has been reported that cryoprotective agents such as dimethyl sulfoxide and 
glycerol protect against decrease in respiration and oxidative phosphorylation in isola- 
ted rat liver and plant mitochondria when stored below freezing temperatures 1-5. No 
studies have appeared on retention of transport properties in stored mitochondria. 
In recent years, an increasing amount of effort has been devoted to measuring the 
fluxes of substrates, particularly the tricarboxylic acid cycleintermediates, acrossthe 
rat liver mitochondrial membrane 6'7. Adrenal cortical mitochondria present and 
added complexity because these mitochondria, besides having quite different morpho- 
logical fine structure a, contain a second electron transport chain responsible for steroid 
hydroxylation reactions in addition to the normal respiratory chain 9-1j. Recently, we 
have shown that isolated beef adrenal cortical mitochondria are capable of transpor- 
ting di- and tricarboxylic acids and that they possess distinctive transport properties 
not associated with other mammalian mitochondria TM 13. 

In this communication we wish to report that we have been able to store beef 
adrenal cortical mitochondria for several days - 2 0  °C without substantial loss of tri- 
and dicarboxylate transport activity. In addition the preparation of mitochondria 
retains some controlled respiratory activity. To the best of our knowledge this is the 
first report of citrate transport activity in adrenal cortical mitochondria and that trans- 
port activity can be fully retained in stored mammalian mitochondria. The details of 
the different anion translocations in bovine adrenal cortical mitochondria will be 
described in a subsequent publication. 
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METHODS 

Beef adrenals, obtained from a local slaughter house, were cleaned of adhering 
fat, bissected and the adrenal medulla cut away cleanly with sharp scissors. The 
cortex was scraped from the capsule with a spatula and homogenized in the following 
manner. 

The minced adrenal cortex was suspended in a medium containing 0.25 M 
sucrose, 5 mM MgC12 and 5 mM Tris-HC1, pH 7.4, and homogenized for 20 s with 
a Polytron homogenizer (Kinematica G.M.B.H., Lucerne, Switzerland) with the 
resister setting at 3. The homogenate was subjected to differential centrifugation as 
described by Crammer and Estabrook 14. 

Mitochondria were incubated at 20 °C for 10 min with labelled metabolites in 
a medium containing 80 mM NaCI, 80 mM sucrose, 10 mM KC1, 5 mM MgCI2 and 
20 mM Tris-HC1, at 7.4, in the presence of 1 #g/ml rotenone and/or 1 pg/ml antimy- 
cin A, final volume being 1.5 ml. Both rotenone and antimycin A were added as etha- 
nolic solutions. The experiments were started by adding mitochondria (approx. 5 mg 
mitochondrial protein per ml incubation medium) and terminated by filtration under 
suction, using glass fiber filters (grade 934 AH Reeve Angel, N.J.). The filtration was 
followed by a wash with 10 ml of ice-cold incubation medium. Radioactivity retained 
on the filters was determined by liquid scintillation counting. Protein was determined 
by the method of Lowry et al)  5 on the original mitochondrial suspension. Matrix 
space was determined routinely with 3H20 and [14C]sucrose16. 

Measurements of respiration ~7 were carried out polarographically in a medium 
described by Crammer and Estabrook 14, using a Clark oxygen electrode (Yellow 
Springs Instrument Company, Yellow Springs, Ohio) with a closed reaction vessel of 
3.0-ml volume. 

Swelling experiments were conducted according to the procedure of Chappell 7. 
To determine whether the added carboxylic acid is converted to other substan- 

ces, the carboxylates were extracted from the mitochondria with 60% HC104 and 
neutralized with concentrated KOH at 0 °C. The clear supernatant of the neutralized 
extract was applied to silica gel G 254 thin-layer chromatographic plates and separated 
in a solvent system consisting of diethyl ether-formic acid-water 08:5:9, v/v/v) ~s, 
or chromatographed on Whatman No. 1 filter paper with ter t -butanol- formic  acid- 
water (76:5: 19, v/v/v) 19. All radioactive materials which were taken up by the mito- 
chondria migrated as discrete spots in both systems and were identified by cochroma- 
tography with authentic standards. 

All radioisotopes except malate were purchased from New England Nuclear 
Corp., Boston, Mass. Rotenone was obtained from Sigma, St. Louis, Mo., and anti- 
mycin A was purchased from Schwarz/Mann, Orangeburg, N.Y. All other chemicals 
used were of reagent grade. 14C-Malate was purchased from Amersham/Searle, 
Arlington Heights, Ill., U.S.A. 

The following activities were measured: (1) oxygen utilization, including respi- 
ratory-control ratio; (2) citrate transport; (3) malate and succinate transport. 

RESULTS 

The data in Table I show that after storage in 1% albumin and 15% dimethyl 
sulfoxide, at - 20 °C for 24 h, beef adrenal mitochondria retain some coupled respi- 



T R A N S P O R T  IN A D R E N A L  M I T O C H O N D R I A  219 

TABLE I 

STABILITY OF THE CITRATE T R A N S P O R T  SYSTEM IN BOVINE A D R E N A L  COR- 
TICAL M I T O C H O N D R I A  U P O N  ST O RA G E  IN VARIOUS M E D I A  AT - 2 0  °C 

The citrate accumulation values represent the means ± S.D. of 4 experiments. Details as described 
in the text. 

Storage medium Citrate accumulation in matrix space (raM) Respiratory 
and time stored control ratio 
(days) - Succinate + Succinate with succinate 

(1 m M )  as substrate 

(I) B u ~ r e d s u c r o s e  

0 0.6±0.1 4 .0±0.3 2.4 
1 0 .5±0.05 1.0±0.1 1.1 

(II) + b o v i n e s e r u m a l b u m i n ( l ~ )  

0 0.7±0.1 4 .0±0.2  2.3 
1 0.6±0.1 2.0±0.1 1.6 

(II1) + d i m e t h y l s u l ~ x i d e ( 1 5 ~ )  

0 0.7±0.1 3 .8±0.4  2.5 
1 0 .7±0.1 1.5±0.2 2.0 

(IV) + b o v i n e s e r u m a l b u m i n ( l ~ )  
+ d i m e t h y l s u l ~ x i d e ( 1 5 ~ )  

0 0.5±0.1 3 .6±0.4  2.4 
1 0.6±0.1 3.7±0.3 1.9 
2 0.6±0.1 3.6±0.3 1.7 
7 0.6±0.1 3 .5±0.4  1.5 
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Fig. 1. Citrate accumulation in flesh and stored mitochondria.  The experimental details are given 
in the text. The values given are means of four experiments. The vertical bars represent the S.D. 
The concentrations of all carboxylic acids was 1 mM. Succ, succinate; rum, fumarate;  x-keto, 
0~-ketoglutarate; pyr, pyruvate; isocit, isocitrate. 
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ratory activity. I t  should be noted that even with our best and freshest preparations, 
the respiratory control is 2.4 which is considerably less than the value obtained with 
other mammalian mitochondria. These data are consistent with previous observations 
on the low respiratory control ratio of  adrenal cortical mitochondria 14 and may reflect 
the presence of two discrete electron transport  chains. 

More striking, however, is the fact that dicarboxylate-stimulated citrate uptake 
is maintained after seven days storage without any significant decrease in activity 
(Fig. 1 and Table I). The only consistent difference in behaviour that  we have observed 
between fresh and 7-day stored mitochondria is that the matrix space (the space 
impenetrable by sucrose) increased by about 10%upon storage, suggesting that there 
may be some changes in permeability. This conclusion was made earlier concerning 
plant and rat liver mitochondria stored at - 18 °C and - 15 °C, respectively 1'4. That  
t ransport  of  other anions is also maintained upon storage is shown in Table II with 
malate and succinate whose uptake is unimpaired after 48 h at - 2 0  °C. 

TABLE I1 

STABILITY OF THE SUCCINATE AND MALATE TRANSPORT SYSTEM IN BOVINE 
CORTICAL MITOCHONDRIA UPON STORAGE AT - 2 0  °C 

Time stored* 
(days) 

Accumulat ion in matr ix  space ( m M ) *  * 

Suecinate Malate  

0 5.7±0.3 5.0±0.4 
2 5.4±0.4 5.1±0.3 

* Mitochondria were stored in a medium containing 15~  dimethyl sulfoxide, 1 ~  bovine 
serum albumin and buffered sucrose. Succinate and malate added at 1 raM. 

** The dicarboxylate accumulation values represent the means + S.D. of 4 experiments. 

It may be noted that with adrenal cortical mitochondria,  succinate stimulates 
the uptake of citrate to a greater extent than does malate (Fig. 1). Indeed our data 
show that fumarate and succinate are equally effective and stimulate uptake by nearly 
50% more than does malate at equivalent medium concentrations. This result is in 
direct contrast  to the data with rat liver mitochondria where it is believed that malate 
is the primary dicarboxylate exchanger with the citrate carrier 6'7. Our data show that 
at concentrations from 0.5 to 3 mM succinate and fumarate stimulate citrate uptake 
by nearly 50% more than does L-malate at any equivalent concentration in that range. 
(Concentrations of  succinate greater than 5 mM are inhibitory.) Since these experi- 
ments were conducted in the presence of rotenone and antimycin A at a concentration 
sufficient to block over 90% of the respiratory activity 2°, it is unlikely that the succi- 
nate could have been converted to malate to bring about the increased uptake. 

Since these data are different from those anticipated with rat liver mitochondria, 
we carried out swelling experiments in isotonic ammonium citrate, malate and succi- 
nate with mitochondria from the two sources to verify the difference in behaviour. 

The results in Fig. 2 show that in adrenal cortical mitochondria there is no 
swelling in ammonium citrate unless a small amount of  succinate (malate or fumarate) 
is added. As before, rotenone and antimycin A were present. Addition of Pi was not 
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required .  P re l iminary  resul ts  have shown tha t  absence of  a requ i rement  for  added  Pi 
may  be due to  the  presence o f  sufficient i n t r ami toc hond r i a l  Pi. Measu remen t  of  Pi 
con ten t  af ter  incuba t ion  in presence and  absence of  ma la te  shows tha t  the d icarboxy-  
la te  causes a decrease  in m i tochond r i a l  Pi. (Pre l iminary  observa t ions  have also shown 
tha t  these mi tochond r i a  swell in a m m o n i u m  phospha t e  indica t ing  the presence o f  a 
phospha t e  t r ans loca to r . )  
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Fig. 2. The swelling of isolated bovine adrenal cortical mitochondria suspended in 75 mM am- 
monium citrate or 100 mM ammonium succinate. Mitochondria (0.1 mg of protein) were sus- 
pended at 20 °C in 1 ml of the ammonium salt, containing 5 mM Tris-HC1 (pH 7.4). Swelling 
was monitored at 610 nm using a Beckman DB spectrophotometer. In all cases, respiration was 
blocked with rotenone (1.0 #g/ml) and antimycin A (1.0 #g/ml). Where indicated succinate was 
added at a final concentration of 2 mM. II----II, ammonium citrate+2 mM succinate; O--O, 
ammonium succinate or malate. Similar results were obtained with addition of malate or fumarate 
(data not shown) to ammonium citrate. 

Fig. 3. Swelling of isolated rat liver mitochondria in ammonium citrate (75 mM), malate (100 raM) 
or succinate (100 mM). Conditions as for Fig. 2. At the points indicated malate, succinate or 
phosphate were each added at a final concentration of 2 mM. I - - I ,  ammonium citrate + succinate 
(2 mM); []---~, ammonium citrate+malate (2 mM); O--O, ammonium succinate; o - - o ,  am- 
monium malate. 

In  cont ras t ,  in ra t  l iver  m i t o c h o n d r i a  (Fig. 3), mala te ,  bu t  not  succinate ,  induced 
swell ing with  a m m o n i u m  c i t ra te  and add i t ion  o f  Pi was requi red  to  ob ta in  swell ing 
in e i the r  a m m o n i u m  c i t ra te  + ma la t e  or  a m m o n i u m  mala te .  The resul ts  are  cons is ten t  
wi th  those  in Fig.  1 and indicate  tha t  the t r a n s p o r t  p rope r t i e s  o f  adrena l  cor t ica l  
m i t o c h o n d r i a  are  different  f rom those  o f  ra t  l iver.  

The  resul ts  of  the swell ing exper iments  and the s t imula ted  up take  of  c i t ra te  wi th  
fumara t e  suggest  t ha t  f umara t e  also may  be t r a n s p o r t e d  by adrena l  cor t ica l  mi tochon-  
dr ia .  However ,  the  poss ib i l i ty  tha t  some of  the ac t ion  of  fumara te  may  be due to 
convers ion  to  ma la t e  th rough  con t amina t i ng  fumarase  is not  e l iminated .  

The  da t a  o f  Chappe l l  7 ind ica ted  tha t  ma la t e  was specific amongs t  the dicar-  
boxyl ic  acids  in s t imula t ing  an exchange wi th  c i t ra te  in ra t  l iver  mi tochondr i a .  Fer -  
guson and Wi l l i ams  24 showed some years  ago tha t  a number  of  s t ruc tura l  ana logues  o f  
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malate would stimulate citrate uptake. The effect of succinate was ascribed, at least 
in part,  to its conversion to malate. It has recently been reported that other dicarboxy- 
lates including succinate willstimulate exchange with citrate in rat liver mitochondria 21 
and in beef heart mitochondria 22. The data of Kleineke e t  al .  21 suggest that the 
specificity for the dicarboxylate in liver is rather low,with malate being best exchanged. 

Although some biochemical properties of the mitochondria appear to be retain- 
ed upon storage, the actual appearance of the mitochondria under the electron micros- 
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cope is different f rom that  o f  a f lesh prepara t ion  (Fig. 4). First ,  the dense mat r ix  

appears  to disappear.  Second, the cristae are less evident  and third, the external  mem-  

Fig. 4. Electron microscope micrographs of fresh and stored bovine adrenal mitochondria. The 
mitochondria were fixed in 2 ~  glutaraldehyde in phosphate buffer, pH 7.4, isotonic with our 
incubation medium and then treated with 1 ~ OsO4. Lead citrate was used as the contrast agent. 
A, freshly isolated mitochondria; B, mitochondria stored for 7 days before fixation. Magnifi- 
cation approx. 90000 ×. 
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brane  appears  d i scont inuous  in many  areas.  We do not  know whether  these changes 
in appea rance  are  reversible .  

Despi te  the  h is to logica l  a l tera t ions ,  the funct ional  act ivi ty  of  the anion t r anspor t  
sys tem is main ta ined .  I t  would  appea r  tha t  the  ou te r  membrane  does not  con t r ibu te  
grea t ly  to  the regu la t ion  of  an ion  t r anspo r t  ac t iv i ty  in these mi tochondr ia .  This  
poss ib i l i ty  is cur ren t ly  under  invest igat ion.  

Thus  our  findings suggest  tha t  adrena l  cor t ica l  m i t o c h o n d r i a  conta in  funct ional  
di- and  t r i ca rboxyla te  carr iers  and tha t  the  t r i ca rboxyla te  car r ie r  shows different selec- 
t iv i ty  than  ra t  l iver  m i t o c h o n d r i a  for  d icarboxyl ic  acids. 
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