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Abstract 

Electron microscopy shows that intact mitochondrla can be isolated from neck-muscle 
stored at 144 h post-mortem at 4 ~ Isolated mitochondria, all in the condcrL~:l configuration, 
have clearly defined outer and inner membranes, outer compartments and intracrlstal 
~accs;  a larger proportion ofswo!Icn ones was isolated from the 144 h than from the 120 h 
post-mortcm tissue. 

Mitochondria from 96 h tissue still retained the follo~ng ~ o of the initial ~lues  for the 
ADP/O ratio, respiratory, contrd index (RCI) and state 3 respiratory rate observed for 
0-5 h tissue: malate + pyrus~te, 100, ~ and 53; succinate, 80, 30 and 74; ascorbate + 
tetramethyl-p-phenylenedlamine (TMPD), 92, 88 and 7"2. 

Both the succinate and ascorbate-TMPD oxidase systems appear to have a "critical" 
storage time ofabout 70 h, whereas the malate + pyru~te  s)~tem has one of about 96 h. 
Asharp decline of the ADPIO ratio, RCI and the state 3 rcspiratoD" rate occurred after this 
time, but these three parameters were better preserved in the ascorbate-TMPD oxldase 
system. 

The o.~datlon o!" the citric acid Q-cle inter~ncdiatcsln the neck-muscle mltochondr/a thus 
~hows a higher sensitivity to post-mortcm agelng with respect tocytorhrome oxida~e activity. 
This is probably due to post-mortem muscle acidification. 

Inuoducn'on 

MitochondHa are normally iso!ated from tissues immediately after slaughter of  the 
animals, although there are no data available to substan6ate the neccsslt T for such rapid 
isolation. Reports ofpreser~'ati0n ofsome ofthe functions ofstored and aged mitochondHa 
from rat-liver have been made by a few groups of investigators. Greiff and Meyers t 
found that about 64 and 69% of the initial value of ADP/O ratio was retained in fre~'ze- 
dried and frozen mitochondHa. Walton st aL: swred mitochondria at "196" for 60 days 

�9 with 40% loss in respiratory control. Carafoli and Gazzotti i found that most of the 
energy-linked functions were lost after 2 to 4 days with mitochondria aged at 2 ~ but the 
ATP-indueed mitochondrial contraction was stil ! preserved after I0 to 14 days. These 
authors j r observed that ADP no longer stimulated succinate oxidation after 2 days of  
ageing, with the RCI decreasing by about 50% aRcr i day. 
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Ozawa e! al. 4 working with mitochondrla from ischemic livers, observed a 40% 
decline in phosphorylation rates during I h ofischemia at 22 ~ This was suggested to be 
due to mitochondrial damage partly causedby free fatty acids released during lipolysis 
ogmlcrosomal lipids, s resulting in a complete loss of rat liver RCI observed during 4 h of 
ischemla' at 24 ~ These authors" also reported that approximately 50% of the RCI was 
preserved by bo~qne serum albumin (BSA) with mitochondria isolated from rat liver 
ischemic up to 13 h at 24 ~ with no decline in the ADP/O ratio. However, at 37 ~ even in 

t h e  presence of BSA complete loss of respiratory control and ADP/O ratio sr observed 
from 1�89 h ofischemia, s 

This paper reports some ofthe bio~hemical changes in the mltochondria isolated from 
ox neck-muscle (M. sternomandibularis) follos,qng storage, using electron microscopic and 
polarographic techniques. 

b[aten'aIs and Methods 
Ciu, micals 

Antimycin A (Type III),  ollgomycin and the sodium salts of ADP, ATP, succlnate 
and pyruvate were obtained from Sigma; sodiumsalts of e, aseorbate and EDTA, and 
T M P D  from British Drug Houses; all other reagents were of analytical grade, p2Tri- 
fluoromethoxy-carbonylcyanide-phen)'lhydrazone (FCCP) was a gift from Dr. P. 
HeFtier. 

Methods - 

Isolation Ofmitothondria. Mitochondrla from ox neck-muscle, both fresh and stored at 
4 '  for various time intervals, were isolated as previously described for other skeleta| 
muscle. 7 The mitochondrial-contalning 7000 x g pellet, free from the top pale "fluff)"' 
layer, was then washed three times before use. 

Storage of tissue. The neck, muscle, free of fatty tissue, was kept in a polythene bag at 
4 ~ For post-mortem studies at different time intervals, about 25 g tissue was used. No 
bacterial growth was visible Ul~ to 144 h storage under these conditlons, but any possible 
surface contamination was avoided by removing the external 2-3 mm oftlssue. 

Electron microstopg. Thin sections of the various mitochondrlal preparations were 
examined. The mltochondrla were fixed in 20g glutaraldehyde and treated with 2% 
osmium tetroxide for I h prior to dehydration ~qth ethanol followed by propylene oxide, 
before being embedded in Epon 8127 The sections were cut with a glass knife and stained 
with uranyl acetate and lead citrate before examination with an AEI (Model EM6-B) 
electron microscope. 

Biochemical anal]tses. Ox)gen uptake was measured pohrographlcally with a Clark 
oxygen electrode at .25 ~ The ADP/O ratio and RCI were calculated from the electrode 
tracesas described by Chance and Williams.' Protein was determined by Folin-phenol 
reagent ~ with BSA as standard. 

Reaults 

Figare I clearly Hlustrates the structure 0Fmitoehondria which were obtained from the 
neck-muscle before (A) and after storage at 4 ~ for varimLs time intervals (B-D). Except 
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]~tgure I. "r~n ~ showlng the uhl'4~ructu~ o f  i to~ted ox neck-music m;~o. 
~ I r ~ .  ,~,litochondri~ wr i~latcd at 0"$ (A), ~ (B), 120 (C') and 144 (D) h p~t- 
mor tem from freth (.at) and  stored (B--D) t tuue  a~ 4 .  Wi th  tlur ~xcepr o f  a few swoUen 
(S) m~tochondr~ (C-D), =ti the ;~oLatr m."to~h~td~.l arc in the condcnscd cc;nfiguration. 
l l a V ~  clcal'ly defined outer (OX[) and inner (IND. me'mE-rants, oiatrr compartmenr (OC) 
and i~tr~crlst~l spacc~ (IS). X[=~niE('ation: x20,O00. Eiecwon m~.o~-apl~ wer~ carried 
e a t  in r with Xh'. C. A. "9o)-Ie. 
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TABLE I, pH of the ox neck-muscle at varlotu time 
i n t e r ~ h  mst-mortem 

.Hours post-mort'em . )H of ' t~ue  homogenate 

0-$ 6-85 
24 6-2O 
48 5-80 
70 5-75 
96 $-75 

120 5-75 
144. 5-70 

The pH o1~ the neck-muscle was dctermlncd by homo- 
~t~i~'ing I g os in 10 ml of 150 mM KCI-10 mM 

ceta te (pH 7-0). The data represents an average ~-aIue 
fi'om two experlment~..Tbc 2-~ to Ir44 h tissue was stored 
in a poiy'thcnc bag at 4". 

f o r a  s m a l l  p r o p o r t l o  n o f s w o l l e n  ones ,  .~U the  i so l a t ed  ml toc hond r~a .w e rc  in the  c o n d e n s e d  
c o n f i g u r a t i o n ,  zt A t  144 h p o s t - m o r t c m  (D) ,  t h e r e  a p p e a r e d  to be  r a t h e r  m o r e  swol len  
i s o l a t e d  m i t o c h 0 n d r i a  t h a n  a t  120 h (C) ,  P r a c t i c a l l y  a l l  t he  m i t o c h o n d r i a  o b t a i n e d  f rom 
0"5 h p o s t - m o r t e m  were  i n t ac t ,  w i t h  v e r y  c l e a r  de f in i t i on  o r ' o u t e r  a n d  i n n e r  m e m b r a n e s ,  
o u t e r  c o m p a r t m e n t s  a n d  i n t r a c r l s t a l  spaces .  S i m i l a r  f ea tu res  we re  also o b s e r v e d  wi th  the  

i n t a c t  m i t o c h o n d r l a  i so la ted  f rom tissues s t o r ed  u p  to 144 h.  I n  c o n t r a s t  to the  i so la ted  
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F~. re  2. F ~ - t  orpH on the state 3 mp imto~  rate for m.~te + l~.~m~-~te o~ ida~ ,  ol'O~e 
aeck-mmcle mltochondrla isolated at various hour~ p~t-mortem. All the state $ resptratory 

l a ~  were mt'-a~ur~ polarographically with a Clark oxygen electrode in 2-5 ml at 25 ~. The 
~quent'e r all rt-fcrrlng to final concentratloru, w~t: 8 m.~| m.~thte. 8 m.~[ pyruvate 
and 400 p..X| ADP. The data was an ~t,-t-rage value ofat least $ sep.~i'ate :late $ r~piratot'y r-.ttet 
induced by ADP addition. Reaction medium (nLM): EDT.~ |.0; KCI, 30-0; .MgCla, 6-0; 
~ - ~ e .  75.0 and KH,PO,,'20.0. Total l:n-og=in l-2 rag. 
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ones, all the mltochondrla ia s/tu were in the orthodox configuration," and also a large 
proportion of intact mitochondria was observed even in the 144 h post-mortem tksue 
(unpublished data). 

Effect of pH on 3[itochonddal Function 
Table I shows the relationship between pH of the tissue and storage time at 4 ~ (post- 

mortem~. The.fall in pH of the tissue is due to lactic acid formation, l-" Mitochondfia 
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F ~ r e  3. Post-mortem changes in the mitochondrlal oxidation o l 'maht r  + 
-ruvate. Experimental details as described in Fig. 2. The  ADP.O ratio, R C !  

c state 3 resplrator~- rate v,',n'~ cxprexsed as a percentage o1" Lhos~ values 
ohset~-ed for .mltochondrla isolated fronl frc~h muscle at 0-5 h [x~t-nlortcm. The 
| 00% ,'a|ue.s o f  these three paramclers for the mito.chondrla from 0-.~ h tissue 
an:-  ADP~O ratio, 2-77; RCI ,  | 1-39, state 3 rcsplratory rate, 246-0 natoms O 

mln pet  mg protein at 25 ~ at p l [  7 . 2 . .  data after this indicates :parameter 
Iralues obsen.ed for mitochondria isolated from muscle prc,, iously s~ored at 4-'. 

showing a opac i ty  for oxidative phosphorylatlon could still be isolated by the  above 
method ,  as long as the pH in the tissue Was not lower than 5,50 (unpublKhed data). 

Figure 2 illustrates the pie effect on the state 3 respiratory rate induced by malate 4- 
pyruvate using intact mitochondria isolated from neck-muscle, stored at 4 ~ for Various 
tlmeinter-,-als post-mortem. The malate + pyruvate o.,ddation had a broad pH opt imum 
between 6-6 and 7-2 with mitochondria isolated from 0-5 and 24 h tissue. The rather 
pronounced optimum pie os 7.2 obser~-ed vdth mitochondria from 70 and g 6 h  post- 
mortem shifted to about pH 6.6 with the 144 h tissue. The succinoxidase activity, on the 
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other hand, had a clear cut optlmum at about 7-3 up to 70 h. With both systems, the 
state :3 respiratory rate decreased post,mortem. 

The effect ofstorage on the ADP/O ratio, P,.CI and state :3 respirator )" rate is clearly 
shown in Figs. 3--5. The ADP/O ratio ofmalate + pyruv~_te oxidation (Fig. 3) remained 
constant up to 96 h post-mortem, while a decline in the RCI and the state 3 respiratory 
rate were 0bserved as follms-~: RCI, 4% (24 h) and 48% (48 to 96 h); state 3 respiratory 

" O "  rate, 8~ (2-I h) and 2/ ,0 (48 to 06 h). The "critical" storage time-appears to be about 
96 h. All the three parameters started to decline rather sharply after this period, ultimately 
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Yigur~ 4. IPost-mortem changes on tee succ;noxlcL'~sr act;v;ty ol'thr ox necTt- 

muscle nfitochondrla..-Mi the CXl:~rimental details are de'scribed in Figs. 2 and 3 
e~,cept that the 1{30~ values o f  the three paramet.ers are as follov, s: ADPiO 
rathe, 1.7"2.: RCL 5.83; irate 3 rate, 301-2 natoms of  O per mln per mg protein 
a t  p H  7-3. The sequence ol 'addition, all r'efcrring to fi,tal concentrations, was 2 
16..%1 rocenone, 8 r a m  succinate and 300 p M  ADP. 

reaching values ofabout 65% for the ADP/O ratio, $2~ for the state 3 respiratory rate 
and 27% for the RCI, ofthe original values for mitochondria from 0-5 h tissue. 

The succlnogldasr s)~tem (Fig' 4) appears to have a "critical', storage time of about 
70 h. The ADP/O ratio, RCI and the state 3 respiratory rate decreased quite markedly 
after this time, showing the following % retention: ADP/O ratio, from 86% (70 h) to 
.50% (144 h); RCI, 77% (70 h) tO 31% (144 h); state 3 respiratory rate, 82% (70 h) to 
s2% 044 h). 
" The ascorbate-TMPD oxidase activity (Fig. 5), like the sucdnoxldase system, started 

to  decline after 70 h. In contrast to the succinoxidase aetik'ity, the % decline in the three 
parameters :was much sm~ller. The mitochondria L-.olated from the 144 h tissue still 
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retained 77, 85 and 65% of!he values originally observed for the ADP/O ratio, RCI and 
state $ respiratory rate ofmltochondria isolated from 0"5 h post-mortem tissue. 

pFI had an irreversible inhibitory effect on the respiratory activity os mit0chondria 
obtained t'rom heart and liver orrats. =) This observation is supplemented by the present 
data on the effect ofstorage on mitochondrial function. Mitochondria isolated from 144 
h tissue had already been subjected to a pH 5.8 environment for about 96 h h situ. T h e  
effect o fpH in this range appears to be irreversible with the NAD*-linked substrate, 
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Figure 5. Pos~-mortem changes on the cytochrome o.~[dase activity os ox 

neck-muscle mitochondria. The sequence of.addition, referring to final concen- 
tration, in assaying the c~lochromr oxldase activity are: an!ira.vein .~ 0-1 pg 
I ~ mg protein; 4. mM ascorhate, 0-3 mM TMPD and 200 pM ADP. The 100% 
ralues or!he lhree porameters are: ADP, O ratio, !'01 ; RCI ,  !-80; state 3 rate, 
240- ! natoms O per m-ln per mgprotein at pH 7-~ All other ~xperimental details 
a r e  gi~x-n in Figs. 2 and 3. 

maiate + pyruvate oxidation but notwlth ascorbate + TMPD. At pH 7-2, the following 
data were obtained: malate + p~zu~ate, ADP/O ratio, 1-89; RCI, 3-0; ascorbate + 
TMPD, ADP/O ratio, 0-8; RCI, 1.4. T h e e  mitochondrla failed to exhibit the'classical 
state 3 to state 4 transition ~ with malate + pyruvate when suspended in a reaction 
medium of either pH 7-5 or 7-9. 

Intact mitochondrfa were still preserved after 144 h storage in the intact tissue at 4" 
even though they were being subjected to an anaerobic environmenr and a declining 
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pH, from 7,0 to 5-70. Isolated mitochondrla still retained their capacity for oxidative 
ph0sphorylation, showing an acceptable RCI even after storage of 144 h in situ. Only thd 
state 3 respiratory rate was markedly affected by storage up to 144 h, decreasing to about 
32% for the oxidation ofmalate + pyruvate and succinate. This decrease was responsible 
for thecorresponding fall in the RCI. However, storage up to 96 h ofthe ox neck-muscle 
still did not cause any great change in the three parameters tested with respect to the 
mitochondrial oxidation ofmalate + pyruvate, succinate and ascorbate + TMPD. The 
qrtochrome oxidase activity (EC !.9.3.1) appears to he more stable to storage. Mito- 
chondria isolated from 144 h tissue still preserved 77, 85 and 65% of the originally 
observed values for the ADP/O ratio, RCI and state 3 respiratory rate with ascorbate + 
TMPD as substrate. Itls tempting to conclude that substrate oxidation in mitochondria 
involving a dehydrogcnase is moresensitive to storage in situ as both the state 3 respiratory 
rate induced by malate + pyruvate and succinate shows a hi~her % decline than the 
oxidation of ascorbate + TMPD used for assaying the cytochrome oxidase acti~,'ity. 
Ascorbate § TMPD donates electrons directly to the c-type cytochrome 6t" the mam- 
malian respiratory Chain s)3tcm." 

The success of the present work in isolating functional and intact mltochondrla from 
tissue stored up to 144 h post-mortem is mainly due to theslow fall o fpH in ox neck- 
muscle..As long as the pH ofthe tissue is maintained at or above 5-5, and the temperature 
bet~veen 2 to 4 ~ mitochondrla capable ofoxidativ c phosphorylatlo n could still be isolated 
(unpublished data). This observation favours the concept that rapid mitochondria 
isolation from animal tissue is unnecessary as!ong as the relatlonshipbetween the rate 
ofpH fall and the storage time, and the "critical" time of storage for specific substrate 
oxidation are known. The rather sharp decline in the state 3 respirator)" rate after the 
"critical" storage time, especially with the oxidation ofmalate + pyruvate and succinate 
could be due to the falling tissue pH, prolonged storage or the combined effects ofpH 
and the time ofstorage. 

Refcr ,s 
| .  D. Grciffand M. Myers, B~hi~,,. Biop~s. Acta, 78 (1963) 45. 
2. R .G.  Walton~ M. Kervina, S. Flcicher and D. S. Dow, d. Bioencr~e,qCs, 1 (1970) 3. 
3. IL Carafoli and P. Gazzotti. Biochtm. Bioptigs. Res. Commsln., 39 (1970) 842. 
4. K. O'kawa. K. Scta, H. Takeda. K. Ando; H. Handa and G...M'aki, J. Biocl'a,m. (Tokyo), 59 (1966) 501. 
$. I. Boime, E; E. Smith and F. E. Hun*er, Jr. ,  .-Dch. Biochem. Biophus., 139 (1970) 425. 
6. L Bohlne, F~ E. Smith and F. E. Hunter.Jr., Arch. Bi~chem. Biophys., 128(1968) 704. 
7. K- $. Cheah. FEI~S letteTs, 10 (1970) 109. 
8- .I.D. Lufio J .  Bioph~s. Bioc~em. C~d., 9 (1961) 409. 
9- B. Chance and G. R. Willhms, in: A&ances/n Ea:~,no[og.r F. F. Nord (ed.), VoL 17, Intersclence Publishers, 

Inc., Ne~ Yock, 1956. p. 63. 
10. O. H. Lm,a3", N.J .  Rosebrough..-L L. r a n  and R.J .  ga . ,~ t l ,  .L Biol. Ckem., 193 (1951) 265. 
!1. C. Hac~nbrocL J .  Cdl Biol., 30 (1966~ 269. 
~7. J . R .  Bend,all and R. A. Lawrle, Animal BreecL -Ib~tr., 32 (1964) !. 
13. R. Chance and H. Coarad, J .  BioI. Chem., 234 (1939) 1568. 
IlL D. D. Tyler, R. ~,g. Estabrook and D. R. Sanadi, .4r~h. BiocAem. B~p~9~. , 114 (1966) 239. 


