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SUMMARY 

I.  A method is described for polarographic measurement of oxidative phospho- 
rylation in mitochondria isolated from very small quantities of rat  brain and liver. 
Measurements of 02 consumption are made with an 02 cathode and a standard polar- 
ization circuit using a reaction chamber with a volume of 4 ° #1. 

2. The characteristics of this system are described. They are similar to the 
characteristics of polarographic systems requiring much larger quantities of mito- 
chondria. 

3. Oxidative phosphorylation was measured in mitochondria isolated from as 
little as IOO mg of tissue. Respiratory control ratios and ratios of phosphate acceptor 
to 02 consumption (ADP/O) obtained are comparable to those measured in much 
larger volumes of mitochon6ria as reported in the literature. 

INTRODUCTION 

The study of oxidative phosphorylation and energy metabolism has advanced 
greatly in recent years. The use of polarography and the 02 cathode allows the repro- 
ducible measurement of 0 2 consumption and analysis of its dependence on the 
presence of ADP and various substrates in isolated mitochondria 1-7. Improved 
methods of isolating mitochondria and studies on requirements for tight coupling of 
these preparations from brain s-l° and muscle la have been described recently. 

In our laboratory we have a t tempted  to perfect a micro-system for studying 
oxidative phosphorylation in mitochondria isolated from very small amounts of tissue. 
The micro-system would allow us to extend our studies of oxidative phosphorylation 
to small quantities of mitochondria isolated from biopsy material or from tissue of 
laboratory animals. 

In this paper we describe a system with which we have been able to study 
oxidative phosphorylation in mitochondria isolated from as little as I0O mg of brain 
tissue. This system includes the use of a reaction chamber with a volume of 40/~1. 
Respiratory control ratios* (defined as the ratio of the rates of substrate oxidation in 
the presence of ADP and in its absence) and the ADP/O values obtained with rat  
liver and brain mitochondria using this system are compared with results using con- 
ventional systems. 
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METHODS 

The reaction chamber used in these experiments is diagrammed in Fig. I. I t  
was hand-lathed from lucite. The volume of the chamber with the stirring bar in place 
is 4o #1. The cap of the chamber is finished to a press fit. The reference electrode 
surface is flush with the bottom surface of the chamber cap; the O 2 electrode extends 
approx, o.2-o.5 mm into the chamber. 

The magnetic stirring bar, 2.5 mm in length and I mm in diameter, is con- 
structed by heat-sealing a fine metal rod in the end of a Pasteur pipette. Mixing is 
considered adequate if the delay in response to an addition of ADP (state 4-3 tran- 
sition) is less than 2 sec, and the rate nmst be constant throughout. Too rapid a 
rotation of the stirring bar produces an instability in the recording trace. 

Additions are made by means of microsyringes introduced through the third 
hole set in the chamber top. The tip of the ss~ringe is placed within the chamber but 
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Fig. i. Diagram of the Moore reaction chamber  and reference electrode extension. The reference 
electrode extension includes a glass Y-joint for release of air bubbles and connections of poly- 
ethylene tubing. I t  is filled with o. 5 M KC1. The narrow polyethylene tubing,  containing the fiber 
junct ion and nichrome wire in contact  with the KC1, fits very t ightly in its port  (No. 3) in the  
chamber  cap. These two pieces are kept together immersed in KC1 solution between experiments .  
The end of the 0 2 electrode, enlarged by  heat-sealing the end of the pla t inum wire during con- 
struction,  is carefully ground and coated with cellulose acetate so tha t  the end can be inserted 
t ight ly in its port  t. Stirring is accomplished by  use of a stirring bar  (cf. METHODS) and a Tri R 
magnetic stirring motor, which nlinimizes heat  transfer to the chamber.  
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above the stirring rod, to avoid disturbing the smoothly rotating stirrer. Large tran- 
sient changes in baseline sometimes occur when adding inhibitors dissolved in alcohol, 
probably because of the dissolved 0 2 and the proximity of the syringe tip to the 
electrode surfaces. The addition port is just large enough to accommodate a size-IS 
hypodermic needle, through which the chamber is washed with alcohol and water. 
The chamber is emptied by suction aspiration through this port. 

The 02 cathode is constructed as described by HAGIHARA 5 and ESTABROOK 7. 
The electrode consists of a thin platinum wire (28 gauge) heat-sealed in the end of 
a soft-glass tube (outer diameter 2 ram/. The tip of the wire is exposed by careful 
grinding with fine sand paper. Before each experiment, the electrode tip is cleaned 
and coated with a thin layer of cellulose acetate dissolved in acetone to reduce changes 
in the reactivity of the electrode in the presence of mitochondrial solutions, as was 
shown by HAGIHARA 5. If the coating is too thick, the reaction time of the electrode 
is prolonged excessively. 

The polarizing voltage of 0.6 V is supplied by a 1.5-V flashlight bat tery through 
a conventional polarizing circuit s-7. The reference anode is a fiber junction extension 
of the Beckman calomel electrode No. 41239 (Fig. I). A Varian recorder with pen 
writer is used. Full-scale pen deflection is I sec. 

The response of this system to different concentrations of 02 in solution was 
measured directly. The system was set up as for an experiment with the 02 electrode 
pre-coated with cellulose acetate. The chamber was then filled with a solution of 
mitochondria in the reaction medium. Mixtures of 02 and N2, with 02 concentrations 
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Fig. 2. Cal ibra t ion of t he  02 e |¢ctrode.  N A D H ,  in a spec t ropho tome t r i ca l ly  de t e rmined  concen-  
t r a t i o n  of 2.765 mM, is added  in vo lumes  of o. 5 and  1.5 #1 to a solut ion of old, subst~ate=depleted 
ra t  l iver mi tochondr ia .  The  l imi t ing  q u a n t i t y  of N A D H  is s to ich iomet r ica l ly  re la ted to t he  02 
c o n s u m e d  (see t e x t  and  ESTABROOKT). A direct  ca l ibra t ion is ob ta ined  by  de t e rmin ing  t he  change  
in  cu r r en t  occurr ing  upon  comple te  ox ida t ion  of t he  added  N A D H .  In  th i s  example ,  t he  concen-  
t r a t i on  of O 3 in the  4o-H1 reac t ion  chamber ,  before add i t ion  of t he  mi tochondr ia l  solut ion,  is 
ca lcu la ted  to be 259/~moles/].  All so lu t ions  are a t  room t e m p e r a t u r e  (23 °). 
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from o to IOO %, were then bubbled vigorously into the chamber, and the reading 
taken when a steady value was reached. The response of the system was linearly 
related to the concentration of 02 in each gas mixture. 

The recorder scale is calibrated for 02 concentration by measuring the response 
when a spectrophotometrically determined amount of N A D H  is introduced into the 
chamber containing substrate-depleted, repeatedly frozen and thawed liver mito- 
chondria. The method, as described by ESTABROOK 7, calls for the use of beef heart 
submitochondrial particles. The amount of 02 consumed is stoichiometrically related 
to the amount  of N A D H  added. 

Fig. 2 shows the results of a calibration with NADH. The response to a given 
amount of N A D H  (which is stable for several hours) is the same with the system 

T A B L E  I 

. ~ D P / O  AND RESPIRATORY CONTROL RATIOS FOR SUCCINATE AND THE ~ A D + - L I N K E D  SUBSTRATES 
(GLUTAMATE AND MALATE) 

R a t  brain  m i t o c h o n d r i a  were  from the  r eg ions  s h o w n .  All  e x p e r i m e n t s  were  conducted  as  s h o w n  
in Fig.  3 and described in the  text ,  Calculat ions  were  performed as described in the  t ex t .  T h e  
q u a n t i t y  of m i t o c h o n d r i a l  p r o t e i n  u sed  is g i v e n  for those  samples  from w h i c h  there  was  an  
a d e q u a t e  a m o u n t  of m i t o c h o n d r i a  left  over  to m e a s u r e  the  p r o t e i n  c o n c e n t r a t i o n .  E a c h  v a l u e  
represents  a s ingle  d e t e r m i n a t i o n .  

Substrate Age of Region Tissue Mito- ADP/O Respiratory 
animal weight chondrial control 
(days) (g) protein ratio 

(~,g) 

G l u t a m a t e  
and 
m a l a t e  

Succ ina te  

4 ° Cerebral cor tex  i .o 5 77 3.o 5.4 
6o 1.15 9.6 2.8 6. 3 
67 1.2o 159 2.8 2.1 
4 ° D i e n c e p h a l o n  o.21 34 2.5 ~) 
60 o.16 35 2.8 i6  
4 ° Colliculi o. 18 7 ° 2.7 oo 
6o o.18 2 3 3.o oo 
67 0.23 165 3.0 2,o 
4 ° C e r e b e l l u m  0.29 36 2.2 o'0 
60 0.33 16 2.1 22 
67 0.36 - -  3.o 5.0 
4 ° P o n s  a n d  m e d u l l a  0.26 94 2.5 5.6 
60 0.27 34 3 ̀ o 3.3 
67 o.31 -- 3,0 1-5 

4 ° C e r e b r a l  c o r t e x  1.05 77 2,o oo 
60 1.15 9.6 1, 3 2.6 
67 t .2o  127 1. 5 1. 5 
4 ° D i e n c e p h a l o n  o.21 34 1,9 
60 o.16 35 1,3 9 .0 
67 0.20 1o2 i .5 3.8 
4 ° Colliculi o. 18 7 ° 2. i oo 
60 o.18 23 2.0 3.5 
67 0.23 165 i .8 i .6 
4 ° C e r e b e l l u m  o.29 36 1.7 15 
60 0.33 16 1.4 3.5 
67 0.36 - -  ]-4 1.8 
4 ° P o n s  a n d  m e d u l l a  0 .26 94 2.0 5.4 
60 0.27 34 1.5 2.6 
67 o.31 - -  1.2 2.0 
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air-saturated and near the zero-end of the scale. However, responses with intact 
mitochondria are non-linear within the last 5 % of the scale (state 4-3 transitions 
are also imprecise within this part  of the scale). 

Calibration with NADH consistently gives fun-scale values for 0 2 concentration 
equivalent to 248-259 #moles 0 2 per 1 as compared to the accepted value of 255-265 
/,moles# (ref. 7) for air-saturated water at 23-25 °. 

T A B L E  I I  

A D P / O  ra t ios  and  r e sp i r a to ry  control  ra t ios  of m i tochondr i a  from r a t  l iver  ob ta ined  wi th  NAD +- 
l inked  s u b s t r a t e  (g lu t ama te  and  malate)  and  wi th  succinate .  All expe r imen t s  were conduc ted  as 
shown in Fig. 3 and  descr ibed in the  tex t .  Calcula t ions  were per formed  as descr ibed in the  t ex t .  
A D P / O  is in nmoles  A D P  added  per  n a t o m  02 consumed.  E a c h  va lue  represen ts  a s ingle deter lni -  
nat ion.  ( ) * ind ica tes  second add i t ion  of ADP.  

Substrate Age ADP/O Respiratory 
(days) control 

ratio 

G l u t a m a t e  12 3.0 4 ° 
and  2i  3.0 9-5 (2.3) * 
m a l a t e  25 2.8 3.1 

26 3.0 3.3 

Succ ina te  ~2 1.5 21 
2~ 1.6 (1.7)* 5.2 (3.4)" 
25 1.3 2 
26 1.5 3.3 

Mitochondria are added in volumes of I-IO/~1, depending upon the concen- 
tration. Reactants are added in volumes of o.I/~1 to a maximum of 2/~I. Final concen- 
trations of mitochonclrial protein and reactants are given in Tables I and I I  and 
in Fig. 3. 

For calibration and experimental runs, the recorder is set at IOO % on the O~ 
scale before adding mitochondria. This is necessary, since the added volumes of mito- 
chondria represent 2.5-25 % of the chamber volume, and displace from the chamber 
a significant amount of the air-saturated reaction medium. The extent of the change 
in current, when the mitochondrial solution is added, is proportional to the volume 
and decreased 0 2 content of the mitochondrial solutions. 

ADP/O ratios are calculated by  the method of CHANCE AND WILLIAMS 2. Concen- 
trations of ADP are determined as described by ADAM 12. Change in the phosphate 
concentration was not measured directly, but was assumed to be equivalent to the 
amount of added phosphate acceptor 2,~,7. Respiratory control ratios are calculated 
as defined by  CHANCE 4. 

Sprague-Dawley albino rats of both sexes are used for all experiments. The 
brains are immersed in cold isolation medium while freed of blood and pia and dis- 
sected into regions, as described by  HOLTZMAN AND MOORE 13. Brain mitochondria 
are isolated essentially as described by MOORE AND JOBSlS 1°. The volumes are scaled 
downwards for small samples of brain (500 mg wet weight). For every IOO mg of 
brain, IO/~g bovine serum albumin, 2/~g bacillus proteinase, and io/zg KHCO~ are 
added. The tissue is homogenized in a 2-ml glass homogenizer fitted with a teflon 
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pestle and allowed to stand for 2 min at o ° before centrifugation. The centrifugation 
procedure is the same as described before 1° with the exception that the Sorvall 
swinging bucket rotor is used for developing the modified ficoll gradient of 8, io and 
13 % ficoll in 225 mM mannitol, 75 mM sucrose and 5 mM Tris-HCl (pH 7.4)- Mito- 
chondria sedimenting at the bottom of the gradient are collected and washed in IO vol. 
of 225 mM mannitol, 75 mM sucrose and 5 mM Tris-HC1 (pH 7-4). Mitochondria are 
isolated from liver by a modification of the method of SCHYFAI)ER aXD HOGEBO0.~0 ~. 
Mitochondrial protein concentrations are determined on separate aliquots by the 
method of LOWRY et al. is. 

9 4  pg Mw Protein 

ee ADP 

t.O ~u9 Rotenone 
1.0 pmole Succ 

G*M = l~. 7.2 nmoles ADP / 5.0 nmoles ADP ~ "  

~ ~ ~  I.O .g Antimycin 

g Rotenone D - A s c  
I 0 prnole Succ 

/ 
0~moies  ADP 

-I 02=0 

4.4 Oxygen _L r,atoms ~ A O P  

O~ =0 

I rain 

Fig. 3. Po la rograph ic  a s say  of ox ida t i ve  phosphory la t ion  of r a t  b ra in  and l iver  n l i tochondr ia .  
Uppe r  t race :  m i tochondr i a  p repared  from the  pons and medul la  of a 4o-day-old rat .  Tissue w e t  
we igh t  is 26o mg. The mi tochondr i a l  sample ,  con ta in ing  94 # g  of protein,  is added  to  the  reac t ion  
m e d i u m  con ta in ing  bovine  serum a lbum in  and o.5/~mole each of g l u t a m a t e  and mala te .  A d d i t i o n a l  
r e a c t a n t s  are added  as indica ted .  W i t h  g l u t a m a t e  and ma la t e  as subs t ra tes ,  A D P / O  = 2. 5 and  
r e sp i r a to ry  control  ra t io  = 5.6. For  succinate ,  A D P / O  = 2.o and  r e sp i r a to ry  control  ra t io  = 5.4. 
Lower  t race :  mi tochondr ia ,  i so la ted  from the  l iver  of a 2 I -day-o ld  rat ,  in the  reac t ion  med ium 
con ta in ing  bovine  se rum a lbumin .  W i t h  o. 5 pmole  each of g l u t a m a t e  (G) and m a l a t e  (M) as  
subs t ra te ,  A D P / O  ~ 3.o and  r e sp i r a to ry  control  ra t io  = 9.5 and 2. 3. \ ¥ i t h  succinate ,  A D P / O  = 
1.6 and I. 7 w i t h  r e sp i r a to ry  control  ra t io  = 5.2 and 3-4, respect ively .  

The reaction medium for brain mitochondria consists of: 225 mM mannitol, 
75 mM sucrose, IO mM Tris-phosphate (pH 7.4), 5 mM Tris-HC1 (pH 7-4), and 0.2 mM 
EDTA (pH 7.4). The reaction medium for liver mitoehondria consists of: 250 mM 
sucrose, 5 mM Tris-HC1 (pH 7.4), IO mM Tris-phosphate (pH 7.4), 5 mM KC1. The 
final pH of each solution is 7.4- Fresh bovine serum albumin is added to each nledium 
in the reaction chamber to a final concentration of I mg/ml. 

Mannitol, ADP, sucrose, EDTA, Trizma base, Antimycin A, and substrates were 
obtained from Sigma Chemical. Rotenone obtained from Sigma was recrystallized 
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3 times from alcoholic solutions. Bovine serum albumin obtained from Sigma was 
defat ted before use. Tetramethyl@-phenylenediamine was obtained from Eastman 
Kodak. All other chemicals were laboratory reagent grade. 

RESULTS 

Fig. 3 shows the results of two experiments carried out in the reaction chamber 
described above. The upper trace is from an experiment run with mitochondria iso- 
lated from the pons and medulla of a single 4i-day-old rat  (o.26 g of tissue). The 
sample of mitochondria contained 94/~g of protein. The lower trace is from a similar 
experiment run with a sample of mitochondria isolated from the liver of a 2I-day-old 
animal. 

The results of studies of oxidative phosphorylation on mitochondria isolated 
from regions of individual rat  brains are given in Table I. As little as 9.6/~g of mito- 
chondrial protein were used in some of these assays. 

Respiratory control ratios in Table I cover a wide range, up to infinity (i.e. the 
slope of state 4 respiration = o). Values for respiratory control in brain mitochondria 
are comparable to those reported by OZAWA et al. 8, and MOORE AND JOBSIS 1° for 
mitochondria from the cerebral cortex. No a t tempt  was made to determine optimal 
concentrations of EDTA or to use Mg 2+ as the latter authors did. Respiratory control 
ratios tended to be higher with glutamate and malate than with succinate as sub- 
strate, as was reported by OZAWA et al. s for t ightly coupled brain mitochondria and 
LARDY 16 for mitochondria from other tissues. 

The ADP/O ratios given in Table I are comparable to those reported for polaro- 
graphic measurements of much larger samples of mitochondria from the cerebral 
cortexS, 10. The ADP/O ratios were reproducible and independent of the large vari- 
ations in the respiratory control ratios in ally given experiment. I t  is to be noted that  
with this method, differences in the respiratory control of the brain are clearly and 
reproducibly determined. 

The results of studies of oxidative phosphorylation in mitochondria isolated 
from the livers of animals of different ages are given in Table II .  As with brain mito- 
chondria, a wide range of respiratory control ratios was obtained. The higher values 
are comparable to those reported as "optimal"  with systems using far larger samples 
of liver mitochondria 4. The ADP/O ratios for NAD+-linked substrate are comparable 
to those reported in the literature 2, le, 17. The ADP/O values measured with succinate 
as the substrate are lower than those generally reported. The wide range of respiratory 
control ratios and the low ADP/O ratios with succinate may  be due to the fact that  
the livers were in most cases removed several minutes after the removal of brains 
from the decapitated animals. 

The independence of respiratory control ratios and ADP/O values in mito- 
chondria from different tissues has been noted by others 4,18. The large variation in 
respiratory control ratios, which we observed, is probably due to several factors. 
First, the respiratory control ratio is thought to reflect the intactness of the mito- 
chondrial structure which will vary with the inevitable variation in the conditions 
and procedures involved in the isolation of mitochondria4, 8,18. Secondly, the apparent  
state 4 respiration and, therefore, the respiratory control ratio are affected by the 
adequacy of the coating of the platinum electrode, as has been observed also by 
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}{AGIHARA 5. The presence of fresh bovine serum albumin in the reaction medium does 
improve the consistency of attaining high control ratios by removing free fatty acid 
and by increasing the protein concentration of the system. 

The reproducibility of data, and their adequate comparison to those observed 
with 30-60 times larger systems lends confidence to the method. Use of this method 
allows us to study the functional behavior of mitochondria from small, chemically 
diverse regions of tissues such as the central nervous system. In addition, biopsy 
specimens of brain, muscle, or perhaps even mitochondria-rich liver, would provide 
a sufficient quantity of tissue to study the metabolic properties of isolated mito- 
chondria or of tissue homogenates in human disease. 
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