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Comparison of the s t ruc ture  and function of isolated mitochondria  in var ious  functional s tates 
showed that the configuration of the mitochondria  may ref lect  the state in situ and their  ability 
to accumulate energy. Condensed mitochondria  have a lower r e sp i r a to ry  control and a lower 
ADP/O rat io  than orthodox. The u l t ras t rue ture  of the mitochondria  in the t i ssues  is of ei ther  
the low-energy or  the h igh-energy  type. 

The two u l t ras t ruc tura l  configurations of isolated l iver mitochondria  (condensed and orthodox) were 
f i rs t  descr ibed by Hackenbrock in 1966 [5]. Because of the contradic tory  findings he was unable to es tab-  
lish any cor re la t ion  between the configuration of the mitochondria  and their  metabolic state. He postulated 
on the basis of his investigation [5, 6] that t ransformat ion  of mitochondria f rom condensed to orthodox takes 
place with the convers ion of chemical  energy of e lectron t ranspor t  d i rect ly  into conformation energy and 
that it is evidently unconnected with phosphorylation. 

This conclusion was questioned by other workers  [9, 11, 12]. It was shown that the u l t ras t ruc ture  of 
isolated mitochondria  may depend on the medium in which they a re  isolated [1]. Mintz and co -worke r s  [9] 
also showed that mitochondria  f rom tumors ,  with a very  low r e sp i r a to ry  control,  a re  genera l ly  unable to 
undergo u l t ras t rnc tura l  t ransformat ion.  

The object of the investigation descr ibed below was to determine whether the configuration of isolated 
mitochondria  is a manifestat ion of their  original functional state (their state in situ) and whether it can 
cha rac te r i ze  their  metabolic state. This would help to show whether a parallel  exists between the configu- 
rat ion of the isolated mitochondria  and the u l t ras t ruc ture  of mitochondria  in l iver t issue. 

EXPERIMENTAL METHOD 

Rat liver mitochondria were isolated by the method of Schneider and Hogeboom [i0] with small modi- 
fications. The isolation medium contained 0.32 M sucrose solution and 0.001 M EDTA solution. Respiration 
of the mitochondria was recorded on a polarograph.* The incubation medium contained the following solu- 
tions: 0.25 M sucrose ,  20 mM KH2PO4, 15 mM KC1, 10 mM MgClz, 15 mM succinate;  pH 7.4. 

The u l t ras t ruc ture  of the mitochondria  was studied in the 2nd, 3rd, and 4th metabolic states.  The 
second state was obtained by addition of oxidation substrate  to the polarographic cell. The 3rd and 4th states 
were  simulated by the method of Chance and Will iams [4]. The ra te  of 02 consumption in the 2nd, 3rd, and 
4th states,  the r e s p i r a t o r y  control (RC = U3/U4) , the phosphorylation time, and the ADP/O coefficient were 
determined by a polarographic  method. All investigations were  ca r r i ed  out at 27~C. The time of taking 
the mater ia l  for e l ec t ron -mic roscopy  was based on the polarographic findings. By contras t  with Hacken-  
b rock ' s  method, samples of the prepara t ion from the polarographic  cell were immediately placed in fixing 

*The polarographic  investigations were ca r r i ed  out by S. V. Eliseeva and E. N. Kotova. 
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Fig. 1. Ul t ras t ruc ture  of isolated mitochondria  and their  
functional state: A} isolated mitochondria  f rom ra t  l iver  in 
experiment  of group 1, taken from res idue immediately af ter  
eentrifugation. Most mitochondria  have a condensed con-  
figuration (o - o r t h o d o x  mitochondria,  i - i n t e r m e d i a t e ,  c - 
condensed); B) isolated mitoehondria f rom ra t  l iver in ex-  
per iment  of group 2, taken f rom residue immediately after  
centrifugation. Most mitochondria have orthodox conf igura-  
tion. Magnification here  and in Figs. 2 and 3, 2400 x; C) 
diagram demonstrat ing respi ra t ion  of mitochondria  in 2nd, 
3rd, and 4th states in experiments  of groups 1 (on left) and 
2 (on right). 

solution for 30 rain (buffered 4% formaldehyde solution, pH 7.4, containing 0.44 M sucrose)  and then cen t r i -  
fuged in a clinical centrifuge. Fixation of the res idue was completed in buffered 1% OsO 4 solution, pH 7.4, 
with 0.44 M sucrose,  and it was then dehydrated in alcohols of increasing concentration, stained with 3% 
uranyl acetate solution in 100 ~ ethanol, and embedded in methacry la tes  and Araldite. Sections were cut on 
the ZKB-480A ultratome, stained by Reynolds '  method, and examined in the UMV-100B elec t ron m i c r o -  
scope at 75 kW. The percentage of condensed mitochondria  was determined in the e lec t ron micrograph.  
Altogether 15 experiments  were  ca r r i ed  out. 

EXPERIMENTAL RESULTS 

The e lec t ron-mic roscop ic  study of the isolated l iver mitochondria  revealed  three main configurations 
of the mitochondria  (Fig, 1A): orthodox, intermediate,  and condensed. 

Depending on the resu l t s  of the morphological  study all tile experiments  were divided into two groups: 
in group 1 condensed mitochondria were predominant,  while in group 2 most  mitochondria  were orthodox 
and intermediate.  F rom each group the most  typical experiment  was chosen and used as an example for 
comparing the s t ructure  and function of the mitoehondria.  
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TABLE 1. Re la t ive  Num- 
ber  of Condensed Mi to -  
chondr ia  Co r r e l a t ed  with 
RC and ADP/O Coeff i -  
c i en t s  

d 

RC 
Number of 
condensed 
mitocho n- 

< dria (fn o7o) 

1 2,8 1,5 88 
2 3,0 1,5 86 
3 3,4 1,6 79 
4 5,1 2,5 14 

Mi tochondr ia  f rom the expe r imen t s  of group 1 a r e  shown in Fig .  1A 
(here  and in Fig.  1B the mi tochondr ia  were  taken f rom the r e s i d u e  i m m e -  
d ia te ly  a f te r  centr i fugat ion) .  Most  mi tochondr ia  have the condensed conf igu-  
ra t ion.  So l i t a ry  mi tochondr ia  of orthodox type with dense,  na r row c r i s t a e  
adjoin  i n t e rme d i a t e  mi tochondr ia  with g r e a t l y  widened i n t e r m e m b r a n e o u s  
spaces .  In the  p r e p a r a t i o n  f rom the e x p e r i m e n t s  of group 2 (Fig .  1B), few 
mi tochondr ia  have a condensed configurat ion.  The whole f ie ld of v i s ion  is 
s c a t t e r e d  with mi tochondr ia  with a c l e a r l y  m a r k e d  orthodox or  i n t e rmed ia t e  
configurat ion.  The d i ag ram (Fig.  1C) shows that in both c a s e s  the m i t o -  
chondr ia  have ident ica l  r a t e s  of O 2 consumption in the second and th i rd  s t a tes  
and di f fer  in t he i r  r e s p i r a t o r y  control  (RC) and ADP/O coeff icient :  in the 
f i r s t  c a s e  RC = 3.0 and ADP/O = 1.5,and in the second ca se  RC = 5.1 and 
ADP/O = 2.5. The d e c r e a s e  in the number  of condensed mi tochondr ia  with an 
i n c r e a s e  in the r e s p i r a t o r y  cont ro l  and ADP/O coeff ic ient  is  c l e a r l y  shown in 
Table  1. 

Mi tochondr ia  with the orthodox conf igurat ion a r e  thus highly produc t ive  f rom the point of view of 
ene rgy  l ibera t ion .  Condensed mi tochondr ia ,  on the other  hand, i.e~ mi tochondr ia  with g r o s s l y  d i l a ted  i n t e r -  
m e m b r a n o u s  spaces ,  accumula te  ADP slowly and with cons ide rab l e  oxygen ut i l izat ion.  The pos s ib i l i t y  is  
not r u l e d  out that  the conf igurat ion of the i so l a t ed  mi tochondr ia  c h a r a c t e r i z e s  the i r  o r ig ina l  s ta te  ( thei r  
s ta te  in situ). 

In a l l  the e x p e r i m e n t s  the u l t r a s t r u c t u r e s  of the mi tochondr ia  we re  s tudied in the 2nd, 3rd,  and 4th 
functional  s tates~ 

In the second s ta te  the m a t r i x  of the condensed mi tochondr ia  was even m o r e  c o m p r e s s e d  than in the 
r e s i d u e  a f te r  centr i fugat ion,  and some  i n t e rm e d i a t e  fo rms  were  becoming condensed (Fig.  2A). This  led to 
an i n c r e a s e  in the r e l a t i v e  p e r c e n t a g e  of condensed fo rms  in the spec imen.  The orthodox mi tochondr ia  in 
the second s ta te  had the ident ica l  u l t r a s t r u c t u r e  both when they were  predominant  in the spec imen  (Fig.  2B) 
and a l so  when condensed  f o r m s  were  predominant .  Most  of t he i r  c r i s t a e  were  widened to 400 A. The inner  
i n t e r m e m b r a n e u s  space  was becoming e l e c t r o n - t r a n s p a r e n t  and the m a t r i x  was f inely g ranu la r ,  of ave rage  
e l e c t r o n  densi ty .  Mi tochondr ia  with the i n t e rmed ia t e  conf igurat ion had g r o s s l y  widened i n t e r m e m branous  
spaces .  

As a ru le  the mi tochondr ia  we re  in the th i rd  s ta te  5 sec  a f t e r  addit ion of APP.  The number  of m i t o -  
chondr ia  with the condensed conf igura t ion  was s m a l l e r  than in the second s ta te  (Fig.  2C). Mi tochondr ia  
with the orthodox conf igurat ion had become m o r e  numerous ,  p robab ly  through t r a n s f o r m a t i o n  of i n t e r m e -  
dia te  and condensed fo rms  into orthodox. At i n c r e a s e d  O 2 concent ra t ions ,  five s uc c e s s i ve  addi t ions of ADP 
led  to a fu r the r  d e c r e a s e  in the number  of condensed  mi tochondr ia .  Often whole f ie lds  of the e l e c t r o n -  
m i c r o g r a p h  cons i s t ed  e n t i r e l y  of orthodox mi tochondr ia  (Fig.  2D). Af ter  a s ingle  addit ion of ADP this  
p i c tu re  was not observed .  Most  c r i s t a e  of the orthodox mi tochondr ia  in both groups  of e x p e r i m e n t s  a p -  
p e a r e d  dense and narrow.  The i r  t h i cknesses ,  excluding the lumen, was about 200 A (Fig.  2E). The r e l a t i v e  
i n c r e a s e  m the number  of orthodox mi tochondr i a  in the th i rd  s ta te  suggests  that  some "s t ra igh ten ing  of the 
m a t r i x "  is  a c h a r a c t e r i s t i c  fea ture  of the th i rd  s ta te .  

In the fourth s ta te  the condensed  mi tochondr ia  we re  fewer in number  than in the t h i rd  s ta te .  I n t e r -  
med ia t e  f o r m s  were  v e r y  r a r e .  The number  of orthodox mi tochondr ia  had inc reased .  Most of t he i r  c r i s t a e  
were  na r row and dense  (Fig.  2F).  

Hence,  as the mi tochondr i a  accumula te  ene rgy  ( third and fourth s ta tes)  condensed fo rms  a r e  conver t ed  
into i n t e rmed ia t e  and orthodox fo rms .  In the orthodox mi tochondr ia  the widening of the i n t e r m e m b r a n o u s  
spaces  d i s a p p e a r s .  The c r i s t a e  become nar row and dense,  i .e . ,  the orthodox mi tochondr ia  come to r e s e m -  
ble o rd ina ry  t i s s u e  mi tochondr ia  in the i r  appearance .  

To c o m p a r e  the u l t r a s t r u c t u r e  of the i so l a t ed  mi tochondr ia  and of mi tochondr ia  in the t i s s u e s  p i ece s  
of l i ve r  we re  f ixed and t r e a t e d  in the  s ame  way as  for  inves t iga t ion  of the i so la ted  mi tochondr ia .  

E l e c t r o n - m i c r o s c o p i c  study of sec t ions  of l i ve r  t i s sue  f rom e x p e r i m e n t s  in which mos t  mi tochondr ia  
we re  condensed showed that mos t  mi tochondr ia  in the ce l l s  r e s e m b l e d  the condensed type and only i so la ted  
m i t r o c h o n d r i a  were  of the orthodox conf igurat ion (Fig.  3)~ An in te res t ing  conclus ion can thus be drawn: 
mitochondria of relatively low productivity from the point of view of energy supply for intracellular 
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Fig. 2. Ultrastructure of isolated mitochondria in various 
metabolic states: A) isolated rat liver mitochondria from ex- 
periment of group I in second metabolic state (after addition 
of succinate). Intermembranous spaces of orthodox mite- 
chondria are dilated. B) Isolated rat liver mitoehondria from 
an experiment of group 2 in the second state. Intermembranous 
spaces of mitochondria are considerably dilated, C) Isolated 
rat liver mitochondria from an experiment of group 1 in the 
third state (after addition of succinate and ADP)~ D) Isolated 
rat liver mitochondria from an experiment of group 1 after 
fifth addition of ADP, Cristae of orthodox mitoehondria are 
dense and narrow. E) Isolated rat liver mitochondria from an 
experiment of group 2. Membranes of mitochondrial eristae 
are in close apposition with each other~ F) Isolated rat  liver 
mitochondria from an experiment of group 1 in the fourth state, 

Fig. 3. Rat l iver t issue fixed and t rea ted  in the same 
way as isolated mitoehondria r esembles  isolated mi to -  
chondria with condensed configuration. Only sol i tary 
mitochondria  are of the orthodox type. 
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p roc e s se s  can predominate  in the t i ssues .  Kopteva and Biryuzova [2, 3] had descr ibed two types of mi to -  
chondria  which they isolated f rom hear t  t issue.  Mitochondria with an u l t ras t ruc tu re  s imi la r  to that of the 
condensed mitochondria  of the l iver  contained more  than twice as much RNA as mitochondria  of the o r tho-  
dox type. It must  evidently be concluded that these  so-ca l led  unproductive mitochondria  use a cons ide r -  
able proport ion of the i r  energy in sat isfying thei r  own needs [7, 8]. 
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