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Abstract  

The format ion  of paracrystalline inclusions in mi tochondr ia  following 
p o s t m o r t e m  aging in situ is further  investigated. Inclusions are found to 
localize either in the mitochondrial  intracristal space or between the 
inner and outer  membrane.  The greater majority of  the inclusions are of 
the intracristal type. pH is not  an impor tan t  factor in the format ion of 
the inclusions, since lowering the pH of  the mitochondrial  suspensions 
does no t  increase the number  of mi tochondr ia  with inclusions. I t  is 
concluded that  changes associated with aging during the prolonged 
preservation of  the mi tochondr ia  bo th  in situ and in in vitro experiments 
are probably  the principal cause for the format ion of the mitochondrial  
inclusions. 

In tro duc tion 

Recent investigation showed that pos tmor tem aging of skeletal muscle 
mitochondria in situ induced the formation of paracrystalline inclusions 
in the mitochondrial intracristal spaces [ 1, 2]. No explanation was given 
for the induction of the formation of these inclusions, although it was 
realized at that time that the increase in the number  of mitochondria 
with inclusions paralleled the increase in the acidity of the muscle as a 
result of pos tmor tem storage. Our initial observation [1] was followed 
by two reports [3 ,4]  describing similar types of mitochondrial 
inclusions, suggested to be due to the effect of the pos tmor tem fall of 
pH [3]. The latest report of Saito et al. [4] suggests that the 
paracrystalline inclusions are junctions of  two adjoining membranes 
which could be between the outer and inner membranes (designated as 
"outer - inner  membrane junctions") or between two adjacent cristal 
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membranes (designated as "intracristal membrane junctions").  Lowering 
the pH increased the number  of the outer- inner  membrane junctions 
following aging of isolated mitochondria in vitro [4] but  no intracristal 
membrane junctions were observed under these conditions. 

Our previous data [ 1, 2] also suggest that the mitochondrial  inclusions 
are not responsible for the gradual over-all decline in normal mito- 
chondrial function in terms of oxidative phosphorylat ion and respiratory 
control index. This conclusion was also reached by Saito et al. [4].  

This paper describes further studies on the formation of the 
paracrystalline inclusions in the mitochondrial intracristal spaces, 
referred to as "intracristal membrane junct ions" [4],  and shows that low 
pH is not  an important  factor for inducing the formation of these 
inclusions. 

Materials and Methods 

R eagen ts 

Sodium salts of  ADP, ATP, malate, pyruvate,  and succinate and rotenone 
were obtained from Sigma; sodium salts of  L-ascorbate and tetramethyl-  
p-phenylenediamine from the British Drug Houses. All other reagents 
were of  analytical grade. Crystalline Bacillus subtilis proteinase (Nagarse) 
was purchased from Teikoku Chemical Co., Osaka. 

Methods 

Mitochondria from pig diaphragm, both fresh and stored at 1 ° C, were 
isolated using 20 g of muscle in the presence of B. subtilis proteinase 
[5]. Aging of mitochondria in situ was carried out by  keeping the muscle 
in a polythene bag at 1 ° C. 

Oxygen uptake was measured with the Clark oxygen electrode 
[Yellow Spring Biological Oxygen Monitor (model 53)] at 25°C in a 
total volume of 2.50 ml. The reaction medium (pH = 7.2) contained 
1.0 mM EDTA, 30.0 mM KC1, 6.0 mM MgC12, 75.0 mM sucrose, and 
20 mM KH2PO4. The ADP/O ratio and the respiratory control index 
were calculated from the electrode traces as described by Chance and 
Williams [6].  Protein was estimated with the Folins-phenol reagent 
using bovine serum albumin as standard [7].  

Electron microscopy was carried out as described by Allmann et al. 
[8] without using acrolein. Thin sections of diaphragm and also 
mitochondria isolated from this muscle at various time intervals 
pos tmor tem were examined. The diaphragm was cut into approximately 
0 .5 r am cubical blocks and then fixed for 3 h  at 0°C with 2.5% 
glutaraldehyde in 50 mM sodium cacodylate buffer ( p H =  7.4) 
containing 180mM sucrose; it was post-fixed with 1.0% osmium 
tetroxide in the same buffer for 1 h. The samples were embedded in 
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Epon 812. The thin sections were cut with a glass knife and stained with 
2.0% uranyl acetate  and lead citrate [9] before examination with an 
AEI (model EM6-B) electron microscope. 

Induction of paracrystalline formation was carried out with freshly 
isolated mitochondria from pre- and postrigor muscle, and also with 
mitochondria isolated at 30 min postmortem,  and with mitochondria 
aged in the pellet form for 24 h at I°C. The effect of pH on the 
formation of paracrystalline inclusions was studied by adding 0.2 ml of 
mitochondrial suspension in 250 mM sucrose to 2.0 ml of medium of a 
varying pH containing 1.0 mM EDTA, 30.0 mM KC1, 6.0 mM MgCI2, 
75.0 mM sucrose, and 20 mM KH2PO 4. The mitochondrial suspension 
was kept in an ice-bath in a 1 ° C cold room for 2 h before being fixed for 
30 min by adding 1.0 ml of 2.5% glutaraldehyde. 

Results 

Figure 1 illustrates the paracrystalline inclusions in the mitochondria 
of ox diaphragm after aging the mitochondria in situ for 3 days 
pos tmor tem at 1 ° C. The two types of inclusion described by Saito et al. 
[4] were observed, but  the majority of the inclusions were of the 
intracristal type previously reported [1].  The electron micrographs also 
show that the intracristal inclusions were randomly distributed with 
some mitochondria containing more than three inclusions. No inclusions 
were observed in mitochondria in situ at 30 min postmortem.  The 
frequency of occurrence of these inclusions was known to depend on the 
time of pos tmor tem aging of the mitochondria in situ [1, 2], and it was 
therefore quite logical for other workers [3] to conclude that pH was 
contributing to the formation of these inclusions within the mito- 
chondria of skeletal muscle. 

To distinguish between the effects of pH and pos tmor tem aging on the 
formation of paracrystalline inclusions, experiments were conducted 
under various conditions using isolated mitochondria.  Figure 2 illustrates 
thin sections of the mitochondrial pellet obtained from diaphragm at 
30 min pos tmor tem (A) and from muscle after storage for 144 h at 1 ° C 
(B). The electron micrographs show that only the mitochondria  isolated 
after prolonged aging contained intracristal inclusions. A high proport ion 
of the inclusions occurred in intact mitochondria displaying either the 
"condensed"  or " in termedia te"  ultrastructural appearance observed also 
with isolated rat liver mitochondria [ 10]. 

Figure 2. Thin sections of mitochondria isolated from pig diaphragm at 30 min 
postmortem (A) and from muscle after aging for 6 days (B) at I°C postmortem. 
Inclusions were only present in the mitochondria isolated from tissue aged for 6 days 
at 1 ° C. Final magnification: 10,000 x. 
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Figure 1 suggests t ha t  the  foixnat ion o f  inclusions cou ld  be due to low 
pH,  or  to p o s t m o r t e m  aging in si tu,  or  to  a c o m b i n a t i o n  of  b o t h  of  these 
factors .  The  pH fell f rom 6.90 at  3 0 m i n  to  5.85 aRer  1 4 4 h  aging 
p o s t m o r t e m  at 1 ° C. In  o rde r  to  de t e rmine  the ma in  fac tor  respons ib le  
for  the fo rma t ion  of  these inclusions,  exper imen t s  were carr ied ou t  by  
suspending  m i t o c h o n d r i a  i so la ted  f rom fresh and aged tissue in m e d i a  o f  
d i f fe ren t  pH values. 

Figure 3 shows the ef fec t  of  suspending freshly isola ted  m i t o c h o n d r i a  
f rom 30 min p o s t m o r t e m  tissue in med ia  of  pH 5.5 (A) and of  pH 7.0 
(B). The  m i t o c h o n d r i a  used for  these  expe r imen t s  showed  norma l  
p roper t i e s  wi th  respec t  to ox ida t ive  p h o s p h o r y l a t i o n  and resp i ra to ry  
con t ro l  index  (Table  I). The  high value of  the  resp i ra to ry  con t ro l  index  
ind ica ted  tha t  the  i so la ted  rn i tochondf i a  were t igh t ly  coup led .  Fu r the r -  
more ,  no inclusions were observed in the  m i t o c h o n d r i a  (see Fig. 2A) 
pr io r  to  suspending  them in a d i f fe ren t  p H  m e d i u m .  Inclus ions  were first  
observed 2 h af ter  suspending  the m i t o c h o n d r i a  in m e d i a  of  p H  5.5 (A) 
and of  7.0 (B), p r io r  to  f ixa t ion  wi th  g lu ta ra ldehyde .  The  percen tage  of  
m i t o c h o n d r i a  wi th  inclusions was abou t  the  same in b o t h  cases even 
though the d i f ference  in p H  value was 1.5 units .  S imi lar  results were 
ob t a ined  wi th  m i t o c h o n d r i a  i so la ted  f rom tissue s to red  at  1°C for  144 h 
p o s t m o r t e m .  Table II  i l lustrates  the accumula t ive  da t a  suggesting tha t  
aging is p r o b a b l y  the  mos t  i rnpor t an t  fac tor  induc ing  fo rma t ion  o f  
inclusions.  

TABLE I. Properties of pig diaphragm mitochondria a 

O~ uptake Respiratory 
Substrate (natoms/min]mg protein) ADP]O control index 

Pyruvate + malate 133 2.69 11.07 
Rotenone + succinate 258 1.78 7.38 
Ascorbate + TMPD 241 0.98 2.01 

a The data were an average of two sepm'ate mitochondrial preparations from muscle 
at 30 min postmortem. The sequence of additions, all referring to final concentra- 
tions for the three separate oxidase systems was: 8 mM malate, 8 mM pyruvate, and 
500//M ADP for the oxidation of pyruvate plus malate; 2/~M rotenone, 8 mM 
succinate, and 300 gM ADP for the succinoxidase system; 4 mM ascorbate, 0.1 gg 
antimycin A per mg protehx, 0.1 mM TMPD for the ascorbate-TMPD oxidase 
system. All other experimental details are described in Materials and Methods. 

Figure 3. Effect of pH on the formation of inclusions in isolated mitochondria. The 
mitochondria were isolated from pig diaphragm at 30 min postmortem and were 
suspended in a medium of either pH 5.5 (A) or 7.0 (B). The same percentage of 
mitochondria with inclusions were observed in both cases. The majority of the 
inclusions were of the intracristal type. Final magnification: 10,000 x. 
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TABLE II. Induction of mitochondrial intracristal inclusions a 

Mitochondria 
Time 
postmortem Pellet Suspension (pH = 7.0) Suspension (pH = 5.5) 

30 min 0% 19-30% (25%) 14-27% (19%) 
144 h (I°C) 4-8% (6%) 12-14% (13%) 8-14% (11%) 

a The results are expressed as percentage of the mitochondrial population containing 
the intracristal inclusions. Mitochondria were isolated fromo pig diaphragm at 30 min 
postmortem and after being aged in situ for 144 h at 1 C. The pellet refers to the 
mitochondria sedimented at 7000 g before they were suspended for 2 h in a medium 
of either pH 5.5 or pH 7.0. All other experimental details are described in Materials 
and Methods. 

The importance of  aging in influencing the format ion of  mito- 
chondrial  inclusions was demonst ra ted  in another  experiment  by  aging 
freshly isolated mi tochondr ia  in pellet form for 24 h at 0°C. This 
resulted in 4% of the mi tochondr ia l  popula t ion containing inclusions. A 
further  increase in the percentage of  inclusions was observed if aged 
mi tochondr ia  were resuspended and further  aged for 2 h at 0 ° C. At  pH 
5.5, 7 -13% of  the mitochondria l  popula t ion  contained inclusions as 
compared  with 10 -18% at pH 7.0, again suggesting that  an increase in 
acidity was no t  the essential factor  controll ing inclusion format ion.  

Figure 4 illustrates the distr ibution of  bo th  types of  in termembrane  
inclusion [4] observed in intact  mi tochondr ia  obtained from the 
diaphragm under  various condit ions.  Inclusions occurred in mi tochondr ia  
having different ul trastructural  configurat ions including the condensed,  
o r thodox ,  and twisted conformat ion .  The majori ty of  the inclusions 
were of  the intracristal type.  A few of  the mi tochondr ia  had bo th  types 
of  inclusions previously described by  Saito et al. [4] .  

Discussion 

The main aim of  this investigation was to try to offer a plausible 
explanat ion for the occurrence of  the helical paracrystalline inclusions in 
the intracristal spaces following prolonged aging of  mi tochondr ia  in situ 
[1] .  The two factors mos t  likely to be associated with the paracrystalline 
inclusion format ion  are aging and the pH of the tissue. The present data  
suggest that  aging is more  impor tan t  than low pH, since lowering the pH 
of  the isolated mi tochondr ia l  suspension does no t  increase the number  of  
inclusions. 

The inclusions observed in our experiments  are localized most ly  in the 
mi tochondr ia l  intracristal space and to a lesser extent  between the inner 
and outer  membranes.  Our  present data differ f rom the recent  
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observation of  Saito et al. [4] in two aspects. First,. lowering the pH does 
no t  appear  to increase the number  of  mi tochondr ia  with inclusions. 
Secondly,  intracristal inclusions are observed after aging isolated mito- 
chondr ia  in vitro, which was no t  observed by Saito et aI. [4 ] .  

The inclusions do no t  appear to  be responsible for the gradual decline 
in mitochondria l  funct ion fol lowing prolonged aging in sire [1, 2] .  
However,  the presence o f  inclusions provides a good means of  assessing 
the "freshness"  of  skeletal muscle mi tochondr ia l  preparat ions since 
freshly isolated mi tochondr ia  f rom 30 min pos tmor t em tissue do no t  
contain these structm~s. We agree with Saito et al. [4] that  the 
fo rmat ion  of  inclusions is a be t te r  indicator  o f  the extent  of  mito-  
chondrial  aging than ghe respiratory cont ro l  index. 
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