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Invest igat ion of the mi tochondr ia  of the developing brain  showed that exogenous adenosinediphosphate 
(ADP) cons iderab ly  i n c r e a s e s  the oxidation of g lu tamate  (by 3-4 t imes) ,  but is  a l m o s t  without effect  on 
the oxidation of succinate .  Stimulation of r e sp i r a t i on  is mani fes ted  l a t e r  in the mitochondria  of the cor tex  
(15 days) than in the mi tochondr ia  of the b r a in  s t e m  (5 days).  In the la t ter ,  r e s p i r a t i o n  is inc reased  by a 
g r e a t e r  deg ree  than in the mi tochondr ia  of the cor tex .  

In the absence  of ADP at all  s t ages  of postnata l  development  the intensi ty  of r e sp i r a t i on  of the inves -  
t igated mi tochondr ia  is higher on suceinate  than on g lu tamate .  In the p r e s e n c e  of ADP the level  of oxida-  
tion of each subs t r a t e  in the mi tochondr ia  of c o r t e x  and b ra in  s t e m  v a r i e s  with the an ima l ' s  age.  

Adenosinediphosphate (ADP) has been shown to have a marked activating action on respiration of the 
brain mitochondria. The intensity of this effect depends on the oxidation substrate, the activity of the cor- 
responding dehydrogenases, the method of isolation of the mitochondria, the purity of this fraction, and 
other factors [6, 9, 13, 16]. Until recently, however, little information was available on the regulatory ef- 
fect of ADP on respiratory activity of the developing brain [3, 5]. Such information could be important for 
establishing principles governing the development of regulation of mitochondrial respiration during morpho- 
logical and physiological maturation of the brain. 

The object of the present investigation was to study the effect of ADP in the mitochondria of the cortex 
and brain stem on oxidation of succinate and glutamate as substrates with different pathways of conversion 

in the respiratory chain of these organelles. 

EXPERIMENTAL METHOD 

Experiments were carried out on 70 rabbits of different ages: i, 5, 15, 30, 60, and 120 days and 
sexually mature animals. Mitochondria of the cortex and brain stem were isolated by differential centri- 
fugation (the TsLR-I centrifuge) by a slightly modified method of Fonyo and Somogyi [ii]. The isolation 
medium was 0.32 M sucrose solution in 0.02 M tris buffer. The intensity of mitochondrial respiration was 
measured manometrically in a Warburg apparatus at 26 ~ The incubation medium included the following 
components in final concentrations (pH 7.4) of : 12 mM tris buffer; 16 mM KHzPO 4 buffer, 8 mM MgCl 2, 
i0 mM NaF, and 1.5 mM ADP (if included in the medium). The acceptor system consisted of glucose (50 
raM) and hexokinase (Lawson, 0.4 mg per sample). The oxidation substrate was succinate or glutamate 
(17 raM). For reasons discussed in [5, 16], neither cytochrome c nor NAD was included in the incubation 
medium. The results were expressed per milligram mitochondrial protein. Protein was determined by 

Lowry's method [16]. 

EXPERIMENTAL RESULTS AND DISCUSSION 

As Table 1 shows, the mi toehondr ia  of the rabbi t  b ra in  can oxidize g lu tamate  in the absence  of ADP 
in the incubation medium.  At all s tages  of development  of the b ra in  which w e r e  studied, except  the f i r s t  
day, the in tens i ty  of r e s p i r a t i o n  on this subs t r a t e  in the mi tochondr ia  of the co r t ex  was r a t h e r  higher than 
in the mi tochondr ia  of the b ra in  s tem.  Addition of ADP to the medium cons iderably  inc reased  the intensity 
of g lu tamate  oxidation, to a l e s s e r  degree  in the mi tochondr ia  of the cor tex  than in those of the bra in  s tem.  
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TABLE 1. Intensity of Respira t ion of Mitochondria of the Rabbit 
Cortex and Brain Stem in Postnatal  Ontogenesis (g atoms O i / m g  
mitochondrial  p ro te in /h)  Using Glutamate and Succinate as 
Oxidation Substrates (M �9 m) 

~ : B - o  

_ADP 

Cortex Brain stem 

+ ADP 
ao+ADP ao+ADP 

_ADP +ADP ~G2- ~--~ 

Glutamate 

1 
5 

15 
30 
60 

120 
Sexually 
mature ani- 
reals 

12 0.57-+0.09 
0,78_+ 0.20 

167 0.60+ 0.08 
0,64• 0.25 

6 0,70-+0,14 
0,75-+0.1I 

14 0.72"+ O,08 

1.25---+ 0.24 
1.13-+0,15 
2.11-+0.26 
2.45+ 0,30 
2.19-+0.35 
2,35--+0.28 

2.34+ 0,24 

2.20 0.74• 
t ,45 0,50-+ 0.20 
3,52 0,50-+ 0.07 
3,84 0.56-+0.13 
3,I4 0.55• 
3 14 0,53"+0,I3 

3,25 0.61"+0.[4 

1,52"+0.29 
t.71"+0.38 
2,05+0,17 
2.20+ O. 20 
2.50+__ 0.39 
2.82• 0,39 

1,84"+ 0.28 

2,05 
3.42 
4.10 
3.94 
4.55 
5.32 

3.02 

1 
5 

15 
30 
60 

120 
Sexually 
mature ani- 
mals 

! [  1.73"+0 20 
1 73• 

16 1,80"+0.12 
1,93--+ 0.04 
1.60"+0.22 
1.62"+ 0.32 

10 t 2,26"+0,20 

Sueeinate 

2~ 1,32 
1.80-+ 0.29 1,04 
2,14-+0.14 1.19 
1,96-+ 0.I6 1,02 
1,79"+ 0,22 1,12 
1~58"+ 0,35 0.97 

2.18+0.33 0.97 

1.24"+ 0.18 
1.33"+0,31 
1,87"+ 0,19 
1.84"+ 0,20 
1.53"+0.31 
1.54"+0,33 

1,29-+ 0,31 

1,66_+0,15 
1,90+0,22 
2,11+0.22 
2,34+_ 0.25 
2,19• 
1,90-+ 0,21 

2,01"+0.12 

1,34 
t ,42 
1.13 
1.27 
1 43 
1-24 

1,56 

Respira t ion in the cor t ica l  mitoehondria was increased by 1.5-2 t imes  on the l s t -5 th  day, and by 3-4 t imes 
in the per iod between the 15th and 120th days.  These resul ts  show that the regula tory  effect of ADP on 
glutamate oxidation is established during maturat ion of the brain. It is still re la t ively undeveloped in the 
cor t ica l  mitochondria  at  a t ime when mitochondria of the neuron bodies a re  predominant  in t issue samples 
( l s t -5 th  day) and reaches  its maximum at the 15th-60th day, when mitochondria appear  in p rocesses  of the 
nerve cells  [1, 18] and their  energy-produc ing  function is at  its most  intensive. This function, like the 
membranes  of the mitochondria,  has not yet  reached the adult type in a number  of fea tures  [2]. Probably 
the p roper t i es  of the mitochondrial  membranes  at this t ime are  less  concerned with the degree of the regula-  
to ry  effect of ADP on r e sp i r a to ry  activity of the mitochondria than with the degree of maturi ty  and organi-  
zation of the r e s p i r a to ry  mechanisms themselves .  

Evidence in favor of this view was given by the ea r l i e r  appearance of a marked effect of ADP on mito-  
chondrial  resp i ra t ion  in the brain  s tem compared  with the cortex, corresponding to the o rde r  of morpho-  
logical,  physiological,  and biochemical  maturat ion of these par t s  of the brain. On the 5th day after  birth, 
for  instance, the intensi ty of resp i ra t ion  in the brain  s tem mitochondria was increased by 3.5 t imes by the 
action of ADP, while the corresponding increase  in the cor t ical  mitochondria was only 1.52 t imes.  The ef-  
fect  of ADP on resp i ra t ion  of the mitochondria in the brain s tem was also increased in older rabbits (15, 
30, and 120 d a y s ) - b y  4-5  t imes .  

In the mature  mitochondria of the adult animal, ADP activated respi ra t ion  of both types equally (3- 
3.25 t imes).  

Different relat ionships were  found in the case  of oxidation of succinate (Table 1). Addition of ADP 
to the medium left the intensity of resp i ra t ion  of the cor t ical  mitochondria pract ica l ly  unchanged at all 
per iods  of development investigated (except the f i r s t  day, when AO was increased by 1.32 times).  In the 
mitochondria  of the bra in  s tem ADP stimulated respi ra t ion  by not more than 1.5 t imes.  

The resul ts  showed that in adult rabbits ADP has prac t ica l ly  no effect  on oxidation of succinate in 
the cort ical  mitochondria and st imulates  the oxidation of this subst ra te  slightly in the mitochondria of the 
bra in  s tem (by 1.5 times), in agreement  with data in the l i te ra ture  for mitochondria of the whole ra t  brain  
[6, 16] .  

381 



The absence  of effect  (cort ical  mitochondria)  or  the s l ight  effect  (mitochondria  of the b ra in  stem) of 
ADP on the oxidation of succinate  is thus c h a r a c t e r i s t i c  of these organel les  a t  all  s tages  of development  
of the bra in  and is  exhibited f r o m  the f i r s t  day a~ter bir th .  

The intensi ty  of oxidation of different  subs t r a t e s  by the mitochondria  is a ma t t e r  on which comple te  
a g r e e m e n t  has not been reached  in the l i t e r a t u r e .  According to some informat ion [14], suceinate  is  oxidized 
m o r e  rapidly  than glutamate .  The r e s u l t s  of other  invest igat ions [7, 13] indicate that the mitochondria  of 
the bra in  oxidize p redominant ly  g lu tamate .  

Our inves t igat ions  show that the intensi ty  of oxidation of different  subs t r a t e s  depends on the morpho-  
logical  and chemica l  p r o p e r t i e s  of the mi tochondr ia .  It  differs  in mi tochondr ia  of the cor tex  and b ra in  s t e m  
and it depends on the s tages  of development .  This is shown by the fact  that  succinate  is oxidized m o r e  
rapidly  than g lu tamate  in the p r e s ence  of ADP in the cor t ica l  mi tochondr ia  of newborn rabbi t s  and rabbi t s  
aged 5 days.  In the per iod  between the 30th and 120th days the intensi ty of r e sp i r a t i on  on glutamate  becomes  
higher  than on succinate .  At the s a m e  time, the intensi ty of oxidation of both s u b s t r a t e s  in the mitochondria  
of the bra in  s t e m  is p rac t i ca l ly  identical  (except f r o m  the 60th to the 120th days, when oxidation of gluta-  
mate  is m o r e  in tensive than that of succinate) .  In the absence  of ADP the intensity of r e sp i r a t i on  of mi to -  
condr ia  of both cor tex  and bra in  s t e m  on succinate  is constantly higher than on g lu tamate .  

We cons ider  that  the c h a r a c t e r  of the effect  of ADP on oxidati}~n of these  two subs t r a t e s  is d e t e r -  
mined, as  well as by other  poss ib le  fac tors ,  by the d i f ferences  in dis tr ibut ion of adenine nucleotides in the 
mi tochondr ia .  The p r e s e n c e  of endogenous ADP in these  organe l les  has been demons t ra ted  by Weinbach 
and Garbus [18]. The i r  r e s e r v e s  a r e  evidently adequate in the s i tes  of oxidation of succinate,  espec ia l ly  in 
the cor t ica l  mitochondria ,  but they l imi t  the oxidation of glutamate,  which takes place in the deeper  pa r t s  
of these  organe l les  [4, 11, 15]. The extent to which the obse rved  d i f fe rences  in the degree  of the effect  of 
endogenous ADP on g lu tamate  oxidation depend on d i f fe rences  in the energy  me tabo l i sm of neuronal  mi to -  
chondria  and on the re la t ionship  between mitochondria  of neurons and glial  ce l ls  will be r evea led  by l a t e r  
invest igat ions .  

8. 

9. 
i0. 
ii. 
12. 
13. 

LITERATURE CITED 

I. N. I. Dmitrieva and E. I. Kalinina, Zh. Evolyuts. Biokhim. i Fiziol., No. 2, 192 (1965). 
2. Z . D .  P iga reva ,  A b s t r a c t s  of Proceed ings  of the 4th All-Union Conference  on B iochemis t ry  of  the 

Nervous  Sys tem [in Russian],  Tar tu  (1966), p. 85. 
3. A . A .  Simonyan, Oxidative Phosphory la t ion  in Mitoehondria of the Bra in  and L ive r  of the Chick 

E m b r y o  During E mbryogenes i s  and the Pos t embryon ic  Per iod,  Author ' s  Abs t r ac t  of Candidate 
Disser ta t ion ,  E revan  (1966). 

4. V . P .  Skulachev, Relat ionship between Oxidation and Phosphory la t ion  in the R e s p i r a t o r y  Chain [in 
Russian],  Moscow (1962), p. 37. 

5. L . D .  Abood, E. Brunngrabe r  and M. Tylor ,  J.  Biol. Chem.,  234, 1307 (1959). 
6. R. Balazs ,  D. Biesold,  and K. Magyar,  J. Neurochem. ,  10, 685 (1963). 
7. R. Balazs ,  K. Magyar,  and D. Riechter ,  in: D. R iech te r  (editor), Compara t ive  Neurochemis t ry ,  

London (1964), p. 225. 
R. Cere i jo-Santa lo ,  Canad. J. Biochem.,  4.3, 425 (1965). 
A. P. Compello,  D. O. Voss,  S. A. F r e i r e ,  et al., J. Biol. Chem., 239, 3942 (1964). 
L. E rns t e r ,  O. Jalling, H. LSw, e t  al., Exp. Cel l  Res. ,  Suppl. 3, 124 {1955). 
A. Fonyo and J. Somogyi, Acta Physiol. Acad. Sci. Hung., 18, 191 (1960). 
F. F. JSbsis, Bioehim. Biophys. Acta, 74, 60 (1963). 
S. L~/vtrup, in: Growth and Maturation of the Brain. I. Progress in Brain Research, Vol. 4, Amster- 

dam (1964), p. 237. 
14. A. Lehninger, Mitochondria [Russian translation], Moscow (1966), p. 193. 
15. S. L~vtrup and L. Svennercholm, Exp. Cell Res., 29, 298 (1963). 
16. O.H. Lowry, N. J. Rosebrough, A. L. Farr, et al., J. Biol. Chem., 193, 265 (1951). 
17. J. Shade and C. Baxter, Exp. Neurol., 2, 158 (1960). 
18. E.C. Weinbach and J. Garbus, J. Biol. Chem., 234., 412 (1959). 

382 


