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Summary 

Dog  h e a r t s  w e r e  m a d e  g loba l ly  i s c h e m i c  for 1 h r  at  n o r m o t h e r m i a ,  a t  28~ or  at  
n o r m o t h e r m i a  a f te r  p e r f u s i o n  w i t h  a h y p e r k a l e m i c  ca rd iop l eg i a  so lu t ion .  A f t e r  1 h r  
of r e p e r f u s i o n  m i t o c h o n d r i a  w e r e  i so la ted  f rom each  h e a r t  u s i n g  t h r e e  p ro toco l s  
i nvo lv ing :  p r o c e s s i n g  ( h o m o g e n i z a t i o n  a n d  cen t r i fuga t ion )  e x c l u s i v e l y  in  KC1, Tris-  
E D T A  plus  a l b u m i n  (KEA) so lu t ion ;  h o m o g e n i z i n g  in  K E A  b u t  w a s h i n g  m i t o c h o n -  
dr ia  in  E D T A - d e p l e t e d  m e d i a  (KA); or  p r o c e s s i n g  e x c l u s i v e l y  in  EDTA-f r ee  
m e d i u m .  

P o s t r e p e r f u s i o n  con t r ac t i l e  m e a s u r e m e n t s  i n d i c a t e d  t h a t  on ly  h y p o t h e r m i c  
h e a r t s  h a d  f u n c t i o n  no t  s ign i f i can t ly  d i f f e ren t  f rom n o n i s c h e m i c  con t ro l s ,  b u t  
s ign i f i can t ly  b e t t e r  t h a n  t h a t  of n o r m o t h e r m i c ,  n o n t r e a t e d  i s c h e m i c  hea r t s .  
M i t o c h o n d r i a l  s t ud i e s  i n d i c a t e d  n o  d i f f e rences  b e t w e e n  i s c h e m i c - h y p o t h e r m i c ,  
p o t a s s i u m - a r r e s t e d  or  n o n i s c h e m i c  g roups .  M i t o c h o n d r i a l  f u n c t i o n  pa ra l l e l ed  con-  
t rac t i l e  f u n c t i o n  on ly  in t he  seve re ly  d a m a g e d  h e a r t s  m a d e  i s c h e m i c  a t  37~ 
w i t h o u t  p e r f u s i o n  w i t h  ca rd iop l eg i c  so lu t ion .  T h e s e  c o m p a r i s o n s  w e r e  n o t  d e p e n -  
d e n t  u p o n  w h e t h e r  m i t o c h o n d r i a l  f u n c t i o n  was  a s s e s s e d  in  t e r m s  of r e s p i r a t o r y  
ra tes ,  r e s p i r a t o r y  c o n t r o l  (R.C.) or  A D P  : O rat ios,  or  t h e  o x i d a t i v e  p h o s p h o r y l a t i o n  
ra t e  (O.P.R.; S t a t e  3 o x y g e n  c o n s u m p t i o n  ra te  X A D P  : O ratio).  

A d d i n g  E D T A  to  o rgane l l e s  i so la t ed  b y  g r adua l l y  r e m o v i n g  E D T A  a f t e r  
h o m o g e n i z a t i o n  in  K E A  h a d  d i f f e r ing  effects.  In  t he  i s c h e m i c  n o n t r e a t e d  g roup ,  
a d d i n g  E D T A  i n c r e a s e d  S t a t e  3 rate ,  d e c r e a s e d  S t a t e  4 rate ,  a n d  i n c r e a s e d  b o t h  R.C. 
ra t ios  a n d  t h e  O.P.R. A d d i n g  E D T A  to m i t o c h o n d r i a  f r o m  n o n i s c h e m i c  h e a r t s  or 
h e a r t s  w h i c h  w e r e  h y p o t h e r m i c  or  p o t a s s i u m - a r r e s t e d  d e c r e a s e d  S t a t e  4 ra tes ,  
i n c r e a s i n g  t h e  R.C. rat io,  b u t  d id  n o t  a f fec t  S ta t e  3 r a t e s  or  t h e  O.P.R. In i t i a l  

*) Th i s  s t u d y  w as  s u p p o r t e d  in  p a r t  b y  G r a n t s - i n - A i d  f r o m  t h e  M i c h i g a n  H e a r t  
Assoc ia t ion ,  t h e  A m e r i c a n  H e a r t  Assoc ia t ion ,  a n d  t h e  N a t i o n a l  Hear t ,  L u n g  a n d  
B l o o d  I n s t i t u t e  (HL-19782-03). 

P r e l i m i n a r y  da ta  we re  p r e s e n t e d  at  t he  1979 A n n u a l  M e e t i n g  of t h e  F e d e r a t i o n  of 
A m e r i c a n  Soc ie t i e s  for  E x p e r i m e n t a l  Biology.  
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homogenizat ion of t issue in EDTA-free medium gave poorly-functioning mitochon- 
dria in all groups, and readminis t ra t ion of EDTA was without  benefit. 

We concluded that  hypothermia  was superior  to norrnothermic cardioplegia in 
terms of contracti le function, but  not  based on mitochondrial  function. This sug- 
gests that  in some hearts  subjected to ischemic damage, defects of ATP utilization, 
rather than of ATP synthesis,  may  predominate .  

We also concluded that  for s tudies of cardiac mi tochondr ia l  function, EDTA or a 
similar chelator mus t  be present  in homogenizing media  to provide meaningful 
data, but  the chelator  can be removed and readminis tered as desired during 
subsequent  processing. However,  the quali tative and quanti tat ive effects of EDTA 
readminis t ra t ion depend  upon  the severity of ischemic damage to the myocard ium 
from which the organelles are isolated. 

K e y  words: cardioplegia,  global ischemia,  heart,  hypothermia,  mitochondria,  
myocardium,  oxidat ive phosphoryla t ion  

I n t r o d u c t i o n  

M a n y  s t u d i e s  h a v e  d o c u m e n t e d  a l t e r a t i o n s  of  m i t o c h o n d r i a l  f u n c t i o n  
a f t e r  c a r d i a c  i s c h e m i a .  S o m e  h a v e  p r o v i d e d  s t r o n g  e v i d e n c e  t h a t  i m p a i r e d  
m i t o c h o n d r i a l  o x i d a t i v e  p h o s p h o r y l a t i o n  is a n  i m p o r t a n t  b i o c h e m i c a l  
l e s i o n  w h i c h  c o n t r i b u t e s  to  c o n t r a c t i l e  d y s f u n c t i o n ,  p a r t i c u l a r l y  a f t e r  a 
s e v e r e  i s c h e m i c  in su l t .  H o w e v e r ,  a v a r i e t y  of  f a c t o r s  c a n  i n f l u e n c e  t h e  1n- 
v i t ro  b e h a v i o r  of  m i t o c h o n d r i a  a n d  so  m a y  a f fec t  t h e  v a l i d i t y  of c o n c l u -  
s ions  m a d e  a b o u t  p o s s i b l e  r e l a t i o n s h i p s  b e t w e e n  m i t o c h o n d r i a l  a n d  con-  
t r a c t i l e  s t a t u s ,  o r  a b o u t  t h e  m e c h a n i s m s  of  a c t i o n  of  i n t e r v e n t i o n s  u s e d  to  
r e d u c e  i s c h e m i c  i n j u r y .  

S o m e  i n f l u e n t i a l  f a c t o r s  r e l a t e  to  i n h e r e n t  b i o c h e m i c a l  d i f f e r e n c e s  of 
m i t o c h o n d r i a l  s u b p o p u l a t i o n s  in  t h e  m y o c a r d i u m  (13, 14, 19, 26, 28), a n d  
t h e i r  a p p a r e n t l y  d i f f e r i n g  r e s p o n s e s  to  p a t h o l o g i c a l  s t a t e s  s u c h  as  
i s c h e m i a  (14, 28). D e n s i t y  g r a d i e n t  c e n t r i f u g a t i o n  t e c h n i q u e s  (13-15, 19, 
28), r a t h e r  t h a n  t h e  w i d e l y - u s e d  d i f f e r e n t i a l  c e n t r i f u g a t i o n  p r o t o c o l s ,  a r e  
s u i t e d  b e s t  to  e v a l u a t i n g  t h e s e  o f t e n  s u b t l e  i n h e r e n t  d i f f e r e n c e s .  H o w e v e r ,  
r e g a r d l e s s  of  t h e  c e n t r i f u g a t i o n  t e c h n i q u e s  u s e d  to  i so l a t e  m i t o c h o n d r i a ,  
n u m e r o u s  p r e p a r a t i v e  f a c t o r s  r e l a t i n g  to  t i s s u e  h o m o g e n i z a t i o n  a n d  t h e  
c o m p o s i t i o n  of  s o l u t i o n s  u s e d  to  i s o l a t e  o r  a s s a y  m i t o c h o n d r i a  c a n  a f fec t  
t h e  f u n c t i o n a l  c h a r a c t e r i s t i c s  of  t h e  o r g a n e l l e s  a n d  c a n  c o n c e i v a b l y  a f fec t  
d a t a  i n t e r p r e t a t i o n .  

To  s u p p l e m e n t  a s t u d y  d e s i g n e d  to  e v a l u a t e  a n d  c o m p a r e  t h e  e f f i cacy  
of s e v e r a l  i n t r a o p e r a t i v e  i n t e r v e n t i o n s  o n  c a r d i a c  c o n t r a c t i l e  a n d  h e m o d y -  
n a m i c  f u n c t i o n  of  d o g s  s u b j e c t e d  to  g l o b a l  c a r d i a c  i s c h e m i a ,  w e  e x a m i n e d  
t h e  e f f ec t s  of  t h r e e  v a r i a t i o n s  of  a w i d e l y  u s e d  m i t o c h o n d r i a l  i s o l a t i o n  
p r o t o c o l  (2, 3, 5, 8, 9, 11, 12-17, 20, 22, 25-28, 30, 10) on  t h e  o x i d a t i v e  
p h o s p h o r y l a t i n g  a c t i v i t y  of  c a r d i a c  m i t o c h o n d r i a .  S i n c e  e t h y l e n e d i a m i n e  
t e t r a a c e t i c  a c i d  ( E D T A )  is  o f t e n  u s e d  in  m i t o c h o n d r i a l  i s o l a t i o n  s o l u t i o n s ,  
a n d  P e n g  a n d  c o l l e a g u e s  (20) r e c e n t l y  d e m o n s t r a t e d  i ts  m a r k e d  i n f l u e n c e s  
on  i s o l a t e d  m i t o c h o n d r i a l  f u n c t i o n ,  w e  e v a l u a t e d  w h e t h e r  i t  s e l e c t i v e l y  
a l t e r e d  t h e  i n - v i t r o  b e h a v i o r  of  o r g a n e l l e s  i s o l a t e d  f r o m  h e a r t s  w h i c h  h a d  
i n c u r r e d  d i f f e r i n g  d e g r e e s  of  i s c h e m i c  in ju ry .  We a l so  a t t e m p t e d  to  e v a l u -  
a te  w h i c h  m e a s u r e s  of m i t o c h o n d r i a l  r e s p i r a t i o n  o r  p h o s p h o r y l a t i o n  w e r e  
p a r t i c u l a r l y  s u i t a b l e  r e f l e c t i o n s  of t h e  c o n t r a c t i l e  s t a t u s  of t h e  h e a r t  f r o m  
w h i c h  t h e  o r g a n e l l e s  w e r e  i so l a t ed .  
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Materia ls  and m e t h o d s  

Surgery 

Hea l thy  m o n g r e l  dogs  of e i ther  sex,  we igh ing  20 to 25 kg, w e r e  a n e s t h e t i z e d  w i t h  
p e n t o b a r b i t a l  s o d i u m  (25 mg/kg ,  i.v.) a n d  mechan i ca l l y  ven t i l a t ed  w i t h  pu re  o x y g e n  
(posi t ive  e n d  e x p i r a t o r y  p r e s s u r e  was  2 c m  H20). The  ches t  was  o p en ed ,  and  
s t a n d a r d  p r o c e d u r e s  w e r e  u s e d  to p lace  cannu la s  n e c e s s a r y  for  m a k i n g  var ious  
h e m o d y n a m i c  and  cardiac  cont rac t i l e  m e a s u r e m e n t s ,  and  for  i n s t i t u t i ng  card iopul -  
m o n a r y  b y p a s s  (CPB). 

D o g s  w e r e  a s s i g n e d  r a n d o m l y  to one  of t he  fo l lowing  groups :  

Nonischemic controls 

Dogs  were  p l aced  on part ia l  CPB for i h r  at 37 ~ a n d  t h e n  t a k e n  off p u m p  for  an  
add i t iona l  hour .  The  hea r t  was  t h e n  e x c i s e d  and  s t u d i e d  as d e s c r i b e d  be low.  This  
g r o u p  s e rved  as a con t ro l  for  t he  r e m a i n i n g  groups .  

Ischemic, nontreated 

After  p lac ing  the  dogs on CPB w e  c ro s s - c l amp ed  the  aor ta  to p r o d u c e  1 hr  of 
global  i s c h e m i a  at  37 ~ No in t e rven t ion  was  u s e d  to l e s sen  i s c h e m i c  injury.  Af te r  
i s e h e m i a  the  aort ic  c l a m p  was  r e m o v e d  and  t h e  hea r t  w a s  r e s t ed  for  45 ra in  wh i l e  
the  dog was  on par t ia l  bypass .  The  hea r t  was  ex c i s ed  15 m i n  af ter  d i s c o n t i n u i n g  
par t ia l  b y p a s s  a n d  r e s to r ing  n o r m a l  circulat ion.  

Ischemic, hypothermic 

Dogs  w e r e  cooled  to an  in t r amyocard ia l  t e m p e r a t u r e  of 28~ (total b o d y  
h y p o t h e r m i a )  du r ing  par t ia l  bypass ,  t he  aor ta  was  c ro s s - c l amped ,  a n d  the  per icar-  
dial  sac was  fi l led wi th  cool  (28 ~ phys io logica l  sal ine so lu t ion  (Na +, 152 mEq/1; 
Ca 2+, 4.5; K +, 5.4; HCO-~, 24; CI-, 177; and  manni to l ,  12.5 g/l). Af te r  1 h r  of i s c h e m i a  
the  hea r t  was  r e p e r f u s e d  as d e s c r i b e d  above,  and  t h e n  exc i sed .  

Ischemic, potassium cardioplegia-pretreated 

I m m e d i a t e l y  af ter  c ro s s - c l amp ing  t h e  aorta  w e  p e r f u s e d  the  hea r t s  of dogs  in 
th i s  g r o u p  w i t h  phys io log ica l  sa l ine  so lu t ion  s u p p l e m e n t e d  wi th  KC1 to  give a K + 
c o n c e n t r a t i o n  of 25 mEq/1. This  p r o d u c e d  p r o m p t  cardioplegia .  The  hea r t s  w e r e  
i s c h e m i c  for  1 h r  at 37 ~ They  rece ived  a br ief  pe r fus ion  w i t h  ca rd iop leg ic  so lu t ion  
30 m i n  af ter  t h e  s tar t  of i schemia ,  and  again  at  the  e n d  of t he  i s c h e m i c  per iod .  T h e n  
t h e y  w e r e  r e p e r f u s e d  45 m i n  wh i l e  t he  dog  was  on  part ial  bypass ,  and  finally t h e  
h e a r t  w a s  a l lowed  to r e s u m e  full c i rcu la tory  s u p p o r t  for  15 ra in  b e fo r e  it w a s  
exc i sed .  

N o n e  of t he  dogs  r ece ived  ino t rop ic  d rugs  af ter  i schemia .  

Tissue sampling and analysis 

The  hea r t  was  exc i s ed  qu ick ly  and  p l aced  in a bas in  con t a in ing  n o r m a l  sa l ine  at 
4~ to cool  the  t i s sue  p rompt ly .  The hea r t  was  b lo t t ed  a n d  we ighed .  We cu t  
t r a n s m u r a l  s t r ips  ( app rox ima te ly  5 m m  thick)  of left  ven t r i cu l a r  f ree  wall  a n d  
in t e rven t r i cu la r  s ep tum,  and  p l aced  t h e m  in a beak e r  of e i ther  K E A  (0.18 M KCl; 10 
m M  Tris-EDTA; 0.5 % bov ine  s e r u m  a lbumin ,  pH 7.40 at 4~ or KA so lu t ion  
( ident ical  to KEA,  b u t  E D T A  was  omit ted) .  We co l lec ted  a p p r o x i m a t e l y  50 g of 
t i s sue  in  K E A  and  25 g in  KA. 

R i g h t  ven t r i cu la r  free wall  t i s sue  was  d i s c a r d e d  b e c a u s e  its m i t e c h o n d r i a  have  
in t r ins ica l ly  l ower  in vitro func t iona l  capac i t ies  than organel les  i so la ted  f rom t h e  
Ieft ven t r i cu l a r  wall  (26). We se l ec t ed  K E A  m e d i u m  as t he  bas ic  i so la t ion  so lu t ion  
because  it is w ide ly  u s e d  and  is super ior ,  in severa l  ways  (11), to m a n y  o the r  media .  
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lVh" tochondr ia l  i so la t ion  

F r o m  a s ingle  hear t ,  m i t o c h o n d r i a  w e r e  i sola ted  s imu l t aneous ly  us ing  th ree  
p ro toco l s  d e s c r i b e d  below.  All s t eps  were  car r ied  out  at 4 ~ Tissue  s t r ips  were  
t r i m m e d  w i t h  sc issors ,  ep icard ia l  a n d  endoca rd i a l  t i s sue  was  d i scarded ,  and  the  
t r i m m e d  t i s sue  was  p l aced  in f r e sh  K E A  or KA. W h e n  all t i s sue  was  t r i mmed ,  the  
s am p le s  w e r e  b lo t t ed  a n d  w e i g h e d  quickly ,  and  suf f ie ien t  t i s sue  was  r e s e rv ed  to 
yield 40 g in  K E A  and  20 g in KA. The  t i s sue  was  m i n e e d  f inely w i th  se issors ,  and  
K E A  or  K A  so lu t ion  was  a d d e d  to give 4 ml  of so lu t ion  pe r  g ram of t r i m m e d  t i ssue  
we t  weigh t .  The  s a m p l e s  w e r e  d iv ided  in to  a l iquots  each  con ta in ing  ap p ro x i ma t e l y  
5 g of m i n c e d  t i s sue  in 20 ml  of solut ion.  

The  t i s sue  a i iquots  w e r e  h o m o g e n i z e d  wi th  t h ree  5-see bu r s t s  of a T ek mar  ~ 
T i s suemize r  Mode l  SDT (the SDT-182E shaf t  was  cooled  to 4 ~ before  use) w i th  the  
Control  M odu le  s p e e d  se t t ing  at  30. The re  w a s  a 60 see res t  pe r iod  b e t w e e n  each  
h o m o g e n i z a t i o n  of a g iven  al iquot .  To avoid c o n t a m i n a t i o n  of KA solu t ion  wi th  
EDTA, t i s sue  in K A  w a s  h o m o g e n i z e d  first,  a n d  the  gene ra to r  sha f t  was  d i sas sem-  
b led  and  c leaned  be fo re  h o m o g e n i z i n g  t i s sue  in KEA.  H o m o g e n a t e s  in a g iven 
m e d i u m  w e r e  pooled ,  suf f ic ien t  f r e sh  m e d i u m  was  a d d e d  to give 20 ml  of h o mo g e -  
ha te  pe r  g ram of t i s sue  w e t  weigh t ,  and  the  h o m o g e n a t e s  were  t h e n  m i x e d  and  
d iv ided  in to  a l iquots  of a p p r o x i m a t e l y  200 ml  each.  The  ent i re  p roces s  was  d o n e  in 
a cold  r o o m  (4 ~ 

T h e  t h r e e  i so la t ion  p ro toco l s  t e s t e d  invo lved  only  d i f ferent ia l  cen t r i fuga t ion ,  as 
ou t l ined  in  F igu re  1. One  p ro toco l  (I) invo lved  m i t o c h o n d r i a l  i so la t ion  exclus ive ly  
in KEA.  A n o t h e r  m i t o c h o n d r i a l  f rac t ion  (Pro toco l  II) was  o b t a i n e d  f rom half  of t he  
initial K E A  h o m o g e n a t e ,  b u t  the  m i t o c h o n d r i a l  pe l le t  was  sequent ia l ly  r insed,  
r e s u s p e n d e d  w i t h  ( "washed" )  a n d  r e c e n t r i f u g e d  in so lu t ions  con ta in ing  1.0, 0.1 and  
0.0 m M  Tr i s -EDTA in m o d i f i e d  K E A  m e d i u m .  P ro toco l  III invo lved  organel le  
i sola t ion exc lus ive ly  in  EDTA-f ree  m e d i u m .  All pe l le t s  w e r e  gen t ly  r e s u s p e n d e d  
us ing  Tef lon  a n d  glass h o m o g e n i z e r s .  

The  final  organel le  pe l le t s  w e r e  w a s h e d  w i t h  a n d  r e s u s p e n d e d  in a small,  
m e a s u r e d  v o l u m e  of t he  app rop r i a t e  m e d i u m  (KEA or KA). The  p ro te in  concent ra-  
t ion  of each  s u s p e n s i o n  was  d e t e r m i n e d  us ing  a B iu re t  m e t h o d ,  u s ing  bov ine  s e r u m  
a l b u m i n  as a p ro t e in  s t anda rd .  The  m e a s u r e d  p ro t e in  co n cen t r a t i o n  of organel les  
r e s u s p e n d e d  in  K E A  w a s  c o r r e c t e d  to a c c o u n t  for  t he  5 m g  of a l b u m i n  con ta ined  in 
each  mil l i l i ter  of solut ion.  The  o r g a n e n e  s u s p e n s i o n s  were  k e p t  on ice and  all assays  
of r e sp i r a to ry  ac t iv i ty  w e r e  c o m p l e t e d  w i t h i n  2 h r  of recovery.  The  s e q u e n c e  of 
assay ing  the  t h r e e  organel le  f rac t ions  was  var ied  r a n d o m l y  each  day. 

M i t o c h o n d r i a l  o x i d a t i v e  p h o s p h o r y l a t i o n  

We u s e d  a Gi l son  O x y g r a p h  | w i th  a Clark- type  o x y g en  electrode.  The  basic  
assay m e d i u m  c o n t a i n e d  0.22 M sucrose ,  4 m M  K2HPO4, and  13.5 m M  morpho l ino -  
p r o p a n e s u l f o n i c  acid  (MOPS) buffer ,  pH  7.4 at 30~ The  final m i tochondr i a l  
p ro te in  c o n c e n t r a t i o n  in t h e  e l ee t rode  cuve t t e  was  1.04 ___ 0.06 mg/ml .  Resp i ra to ry  
subs t r a t e s  t e s t ed  w e r e  Tr i s -g lu tamate  p lus  Tr is -mala te  (9.4 mM each, final concen t -  
ration), or  Tr i s - succ ina te  (7.5 mM, p lus  1 ~g r o t e n o n e  per  m g  mi tochondr i a l  protein).  
S o m e  e x p e r i m e n t s  invo lv ing  o rgane l l e s  r e s u s p e n d e d  in EDTA-free  so lu t ion  (Pro- 
toeols  II or  III, Tables  3 a n d  4) w e r e  c o n d u c t e d  w i t h o u t  add ing  EDTA to the  euvet te .  
In  o the r  e x p e r i m e n t s  w i t h  t h e s e  m i t o c h o n d r i a  we  a d d e d  Tr is -EDTA to give a f inal  
concen t r a t i on  of 1.0 raM. The  f inal  Tr is -EDTA concen t r a t ion  in the  m e d i u m  u s e d  to 
assay t h e  func t ion  of m i t o c h o n d r i a  i so la ted  a n d  r e s u s p e n d e d  in  K E A  was  0.94 mM. 
Mi toehondr ia ,  subs t ra te ,  and  EDTA, w h e n  added ,  i ncuba t ed  in the  assay m e d i u m  
for 2 m inu t e s ,  a n d  the  init ial  S ta te  4 resp i ra to ry  rate  (substra te ,  p h o s p h a t e  p re sen t ;  
A D P  absen t )  was  r ecorded .  T h e n  500 n m o l e s  of Tr i s -ADP were  added ,  and  S ta te  3 
rates  (subs t ra te ,  p h o s p h a t e ,  A D P  presen t )  were  recorded .  We d e t e r m i n e d  the  exac t  
concen t r a t i on  of A D P  s tock  so lu t ions  spee t ropho tomet r i ca l ly ,  us ing  a mi l l imolar  
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FLOW SHEET FOR MITOCHONDRIAL ISOLATION 

TRIMMED LEFT VENTRICULAR FREE WALL PLUS INTERVENTRICULAR SEPTUM 

40 g WET WEIGHT 
HOMOGENIZE IN 4 VOL KEA 

DILUTE TO 20 VOL WITH KEA 

f 
ONE-HALF OF PELLETS 
RESUSPEND IN 35 ml 
KEA (i0 mM EDTA) 

I 
RESUSPEND PELLET 

IN 35 ml KEA 

I 
RESUSPEND PELLET 

INt0.3 VOL 
KEA 

20 g WET WEIGHT 
HOMOGENIZE IN 4 VOL KA 
DILUTE TO 20 VOL WITH KA 

I I ! ~' 
CENTRIFUGE 

1,250 g x 20 min 

I I 
STRAIN SUPERNATANT THROUGH GAUZE 

I I 
CENTRIFUGE 

i0,000 g x 20 min 
I I 

l l 
ONE HALF OF PELLETS PELLETS 
RESUSPEND IN 35 ml RESUSPEND IN 35 ml 
KEA (i raM EDTA) KA 

I 
CENTRIFUGE i0,000 g x 20 min 

I I 
RESUSPEND PELLET RESUSPEND PELLET 

IN 35 ml KEA IN 35 ml KA 
(0.i mM EDTA) 

I I 
CENTRIFUGE i0,000 g x 20 min 

I I 
RESUSPEND PELLET RESUSPEND PELLET 

IN~0.3 VOL IN~0.3 VOL 
RA RA 

PROTOCOL I PROTOCOL II PROTOCOL III 
KEA KEA§ KA 

Fig. I. This flow-chart summarizes the three protocols used to isolate mitochondria. 

From the left ventricular free wall and interventricular septum of each heart, 

mitochondria were isolated simultaneously using all three methods. 

e x t i n c t i o n  coe f f i c i en t  of 15.4 at  259 n a n o m e t e r s .  Fo r  a n y  se t  of  e x p e r i m e n t a l  
c o n d i t i o n s  t h e  m i t o c h o n d r i a  w e r e  a s s a y e d  in  t r ipl icate ,  a n d  w h e n  p o s s i b l e  A D P  
w a s  a d d e d  twice  d u r i n g  e a c h  run .  D a t a  f r o m  t r ip l ica te  a s s a y s  w e r e  a v e r a g e d ,  a n d  
t h i s  v a l u e  w a s  u s e d  to ca l cu l a t e  t h e  overa l l  m e a n  v a l u e s  r e p o r t e d  for  e a c h  g r o u p  in  
t h e  R e s u l t s  sec t ion .  

T h e  r e s p i r a t o r y  con t ro l  ra t io  (R.C.R.) w a s  ca l cu l a t ed  as t he  q u o t i e n t  of t h e  S ta t e  3 
ra te  a n d  t h e  s u b s e q u e n t  S ta t e  4 rate.  S o m e  m i t o c h o n d r i a ,  pa r t i c u l a r l y  t h o s e  i so l a t ed  
in  E D T A - f r e e  m e d i u m  f r o m  i s c h e m i c  hea r t s ,  fa i led to r e t u r n  to a ba sa l  r e s p i r a t o r y  
ra te  a f te r  t h e  f i rs t  A D P  add i t ion ,  a n d  for  t h e s e  p r e p a r a t i o n s  w e  c a l c u l a t e d  a 
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respiratory control index (R.C.I.) as the quotient  of the State 3 rate and the initial 
State 4 rate. The ADP : O ratio of mitochondria which returned to State 4 respiration 
after adding ADP was calculated as natoms of oxygen consumed during phos- 
phorylation of the 500 nmoles of added ADP. The oxidative phosphorylation rate 
(O.P.R.) was calculated as the product  of the State 3 respiratory rate and the ADP : 
O ratio. It  estimates the amount  of ATP synthesized per milligram of mitochondrial  
protein per minute (2, 3). 

Mitochondrial  Ca ~+ con ten t  

The Ca 2+ content  of organelles isolated by Protocol II was assayed using stan- 
dard atomic absorption spectrometry techniques.  We did not assay Ca 2+ content of 
organelles isolated by the other protocols. 

Statistics 

Data are summarized as arithmetic means plus or minus one standard error of 
the mean (SEM). Where noted in the text, single classification analysis of variance 
(ANOVA), or paired or nonpaired (group) t-tests were calculated. When ANOVA 
indicated no significant group differences, individual nonpaired t-tests were not 
made. In some instances, derived data such as R.C.R. or ADP : O ratios were 
subjected to logarithmic transformation, and the means plus or minus the 95 % 
confidence limits were used to make between-group comparisons. However, Jn 
these cases, conclusions about group differences were the same as when nontrans- 
formed data were subjected to ANOVA or t-tests, and so for simplicity the values of 
derived data are reported as noted above. 

R e s u l t s  

C o n t r a c t i l e  s t a t u s  

T h e r e  w e r e  no  s i g n i f i c a n t  b e t w e e n - g r o u p  d i f f e r e n c e s  for  any  of t he  
v a r i o u s  c o n t r a c t i l e  a n d  h e m o d y n a m i c  i n d i c a t o r s  w h i c h  w e  e v a l u a t e d  
b e f o r e  i s e h e m i a .  A m o n g s t  t h e s e ,  w e  s e l e c t e d  le f t  v e n t r i e u l a r  m a x i m u m  
d P / d t  a n d  c a r d i a c  i n d e x  as b e i n g  r e p r e s e n t a t i v e  i nd i ca to r s  of ca rd i ac  
s ta tus  fo r  c o m p a r i s o n  w i t h  m i t o c h o n d r i a l  da ta .  F i g u r e s  2 a n d  3 s u m m a r i z e  
p o s t i s c h e m i c  v a l u e s  fo r  t h e s e  t w o  v a r i a b l e s ,  a n d  i nd i ca t e  t ha t  o u r  e x p e r i -  
m e n t a l  i n t e r v e n t i o n s  p r o d u c e d  g r o u p s  of  h e a r t s  w i t h  i s e h e m i c  i n j u r y  
w h i c h  q u a l i t a t i v e l y  r a n g e d  f r o m  m i l d  ( i s ehemic ,  h y p o t h e r m i c )  to  s e v e r e  
( i s chemic ,  n o n t r e a t e d ) .  

O r g a n e f l e  y i e l d s  

T h e  o v e r a l l  y i e l d  ( m g  B i u r e t  p r o t e i n  r e c o v e r e d  pe r  g r a m  t i s sue  w e t  
w e i g h t )  w a s  3.11 _ 0.12 m g / g  [Tab le  1; A N O V A  i n d i c a t e d  t h a t  s a m p l e  
m e a n s  in  t h e  v a r i o u s  g r o u p s  e s t i m a t e d  a c o m m o n  p o p u l a t i o n  m e a n  (P < 
0.25)]. A l t h o u g h  t h e s e  v a l u e s  a re  l o w  in  c o m p a r i s o n  to s o m e  p u b l i s h e d  
v a l u e s  (16, 21, 27, 29), t h e  d a t a  i n d i c a t e  no  b e t w e e n - g r o u p  d i f f e r e n c e s  of 
y i e l d  w h i c h  m i g h t  b e  a t t r i b u t a b l e  to  i s c h e m i a ,  t h e  i n t e r v e n t i o n s  s t u d i e d ,  
or  t h e  i s o l a t i o n  p r o t o c o l s  used .  T h e  da t a  s u g g e s t  t h a t  i so l a t i ng  m i t o c h o n -  
dr ia  e x c l u s i v e l y  in  K A  g a v e  a d e c r e a s e d  y i e ld  w h e n  t i s s u e  w a s  t a k e n  f r o m  
i s e h e m i e  h e a r t s  s u b j e c t e d  to  e i t h e r  h y p o t h e r m i a  or  p o t a s s i u m  ca rd io -  
p l e g i a  p r e t r e a t m e n t ,  b u t  t h e s e  y i e l d s  w e r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  
t h o s e  o b t a i n e d  w i t h  o t h e r  i s o l a t i o n  p ro toco l s .  
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Fig. 2. P o s t i s c h e m i c  lef t  v e n t r i c u l a r  dP/dtma x was  m e a s u r e d  a f te r  45 r a in  on  par t i a l  
b y p a s s  a n d  15 r a in  of n o r m a l  u n a s s i s t e d  c i rcu la t ion ,  i m m e d i a t e l y  b e f o r e  e x c i s i n g  
t h e  hear t .  Va lues  are  r e p o r t e d  as a r i t h m e t i c  m e a n s  _+ 1 S.E.M., e x p r e s s e d  as a 
p e r c e n t  of p r e i s c h e m i c  va lues .  T h e  p o o l e d  p r e i s c h e m i c  left  v e n t r i c u l a r  d P l d t m ~  
was  2744 _4- 126 m m  Hg �9 sec  -1. A n  a s t e r i sk  (*) d e n o t e s  a s ta t i s t i ca l ly  s i gn i f i c an t  
d i f f e r e n c e  f r o m  v a l u e s  m e a s u r e d  at  a c o r r e s p o n d i n g  t i m e  in  n o n i s c h e m i c  c o n t r o l  
hea r t s .  Of t h e  i s c h e m i c - r e p e r f u s e d  hea r t s ,  on ly  t h o s e  m a d e  h y p o t h e r m i c  (H) d u r i n g  
i s c h e m i a  d id  n o t  i n c u r  s i gn i f i c an t  losses  of dP /d t ,  c o m p a r e d  to  t h e i r  p r e i s c h e m i c  

v a l u e s  (pa i red  t-tests).  (K) d e n o t e s  n o r m o t h e r m i c ,  p o t a s s i u m - a r r e s t e d  hea r t s .  

M i t o c h o n d r i a ]  Ca ~+ c o n t e n t  

T h e  o r g a n e l l e  f r a c t i o n s  i s o l a t e d  f r o m  n o n i s c h e m i c  c o n t r o l  h e a r t s  u s i n g  
P r o t o c o l  I I  c o n t a i n e d  3 .64  _+ 0.43 m o l e s  C a 2 + / m g  p r o t e i n  ( m e a n  ___ 
S .E .M. ) .  V a l u e s  f o r  o r g a n e l l e s  i s o l a t e d  f r o m  i s c h e m i c  h e a r t s  w h i c h  w e r e  
h y p o t h e r m i c  o r  r e c e i v e d  c a r d i o p l e g i a  s o l u t i o n  w e r e  2.47 _+ 0.53 a n d  2.53 ___ 
0.59 n m o l e s / m g ,  r e s p e c t i v e l y  ( n o t  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  c o n t r o l ) .  

'6~ l ~140 
x / ,,, >~12o4 I I  

I I  

NON- NO 
ISCHEMIC Tx. 
CONTROL 

ISCHEMIC 

H K 

Fig. 3. P o s t i s c h e m i c  ca rd iac  i n d e x  w a s  m e a s u r e d  a t  t h e  s a m e  t i m e  as n o t e d  for  d P /  
d t  (F igure  2). P o o l e d  p r e i s c h e m i c  ca rd iac  i n d e x e s  for  all h e a r t s  was  3.06 __+_ 0.10 1 �9 
m i n  -1 - M -2. As  w as  t h e  case  w i t h  d P / d t ,  on ly  h e a r t s  m a d e  h y p o t h e r m i c  d u r i n g  
i s c h e m i a  d id  n o t  i n c u r  s ign i f i can t  losses  of ca rd i ac  index ,  c o m p a r e d  to p r e i s c h e m i c  

v a l u e s  in  t h e  s a m e  g roup .  
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Table 1. Effect of global ischemia, protective interventions, and isolation media on 
organelle yields a. 

Isolation protocol b 

I (KEA) II (KEA --. KA) III (K_A) 

Group 

Nonischemic 
control 3.12 -- 0.39 3.03 ___ 0.46 2.78 +_ 0.46 
Ischemic, 
nontreated 2.90 +_ 0.42 2.73 +_ 0.45 3.10 ___ 0.32 
Ischemic, 
hypothermic 3.78 _+ 0.39 3.39 +_ 0.34 2.70 -_+_ 0.24 
Ischemic, K +- 
cardioplegia 4.10 _+ 0.57 3.20 __ 0.49 2.41 _+ 0.31 

"Numbers  in table represent organelle yields, calculated as mg of protein recovered 
per gram of t r immed tissue wet weight. Single classification ANOVA indicated 
that all group means estimated a common population mean  (Fn.66 = 1.34). Values 
are reported as means _+ one standard error. 

b Solution compositions and centrifugation times are noted in text and Figure 1. 

O r g a n e l l e s  i so l a t ed  f r o m  n o n t r e a t e d  i s c h e m i c  h e a r t s  c o n t a i n e d  5.95 __ 0.89 
n m o l e s  Ca2+/mg (P < 0.05). 

M i t o c h o n d r i a l  o x i d a t i v e  p h o s p h o r y l a t i o n  

T h e  da t a  c o m p a r i n g  the  effects  of i s che mi a ,  p ro t ec t i ve  i n t e r v e n t i o n s ,  
a n d  t he  i n f l u e n c e s  of i s o l a t i o n  m e d i a  o n / n  vi tro  m i t o c h o n d r i a l  f unc t ion ,  
are s u m m a r i z e d  i n  T a b l e s  2, 3 a n d  4. 

T a b l e  2 s h o w s  d a t a  o b t a i n e d  f r o m  o r g a n e l l e s  i so la ted  e xc l u s i ve l y  in  
KEA.  Th i s  p r o t o c o l  r e s e m b l e s  b e s t  t he  i so l a t i on  t e c h n i q u e s  r epo r t ed  in  
t he  m a j o r i t y  of p u b l i s h e d  m i t o c h o n d r i a l  s tud ies ,  a n d  ou r  da ta  for 
m i t o e h o n d r i a  i so l a t ed  f r o m  n o n i s c h e m i c  c on t r o l  hea r t s  i nd ica t e  t ha t  
r ega rd l e s s  of t he  s u b s t r a t e s  u sed ,  t h e s e  o r g a n e l l e s  h a d  in vitro f u n c t i o n  
w h i c h  c lea r ly  was  e q u i v a l e n t  to  a c c e p t e d  l i t e r a tu re  va lues  for c o m p a r a b l e  
e x p e r i m e n t a l  c o n d i t i o n s ,  a n d  to v a l u e s  for n o r m a l  c a n i n e  left  v e n t r i c u l a r  
m y o c a r d i u m  (26). S i m i l a r  r e su l t s  w e r e  o b t a i n e d  b y  in i t ia l  h o m o g e n i z a t i o n  
in  K E A  fo l l owed  b y  g r a d u a l  r e m o v a l  of E D T A  d u r i n g  i so la t ion ,  a n d  
r e a d m i n i s t r a t i o n  of the  a g e n t  i n  t he  assay  m e d i u m  (Table  3). 

T a b l e  4 s h o w s  d a t a  f r o m  o r g a n e l l e s  i so la ted  e xc l u s i ve l y  in  ED TA - f r e e  
m e d i u m .  F o r  m o s t  g r o u p s  p r e p a r e d  th i s  way,  on ly  a smal l  n u m b e r  of 
p r e p a r a t i o n s  d e m o n s t r a t e d  A D P - s t i m u l a t e d  r e sp i ra t ion ,  a n d  the  a d d i t i o n  
of T r i s - E D T A  to t he  a s say  m e d i u m  at  a c o n c e n t r a t i o n  (1 raM) close  to t ha t  
of o r g a n e l l e s  a s s a y e d  a f te r  i so l a t i on  i n  K E A  (protocol  I, T a b l e  2) fa i led  to 
i m p r o v e  m i t o c h o n d r i a l  f u n c t i o n  s ign i f i can t ly .  A d d i n g  E D T A  also fa i led to 
c h a n g e  s i g n i f i c a n t l y  t he  n u m b e r  of p r e p a r a t i o n s  w h i c h  s h o w e d  a n  
i n c r e a s e d  (Sta te  3) r e s p i r a t o r y  ra te  w h e n  A D P  was  added ,  b a s e d  o n  da ta  
a n a l y s i s  w i t h  F i s h e r ' s  E x a c t  T e s t  (24). U s i n g  t h e  s a m e  da t a  a n a l y s i s  we  
f o u n d  t h a t  the  r e s p o n s i v e n e s s  of the  p r e p a r a t i o n s  to A D P ,  w h e t h e r  i n  t he  
p r e s e n c e  or  a b s e n c e  of a d d e d  EDTA,  d id  n o t  d e p e n d  u p o n  the  s u b s t r a t e  
used .  
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Tab les  2 a n d  3 show t h a t  w i th  the  e x c e p t i o n  of the  A D P  : O ratio,  m o s t  
i nd ica to r s  of m i t o c h o n d r i a l  func t ion  were  s ign i f ican t ly  d e p r e s s e d  w h e n  
the o rgane l l e s  were  i so la ted  f rom hear t s  m a d e  i schemic  for 1 hr  a t  37 ~ 
wi th  no p ro t ec t i ve  i n t e r v e n t i o n  be fore  or d u r i n g  i schemia .  Never the le s s ,  
eva lua t ing  da t a  for m i t o c h o n d r i a  of n o n t r e a t e d  or t r ea t ed  i s chemic  hea r t s  
s h o w e d  sub t l e  d i f f e rences  of func t ion  w i t h i n  or b e t w e e n  groups .  These  
d i f fe rences  d e p e n d e d  u p o n  the  i so la t ion  pro tocol ,  i nc uba t i on  m e d i u m  
c o m p o s i t i o n  (subs t ra te ;  p r e s e n c e  or ab se nc e  of EDTA), and  u p o n  the  
pa r t i cu l a r  m e a s u r e d  or de r i ved  va r i ab le  c o n s i d e r e d  ind ica t ive  of organel le  
s tatus .  This  d e p e n d e n c y  can  be  seen  in m i t o c h o n d r i a  i so la ted  f rom hear t s  
p e r f u s e d  wi th  a p o t a s s i u m  ca rd iop l eg i a  solut ion.  When  m i t o e h o n d r i a  were  
i so l a t ed  exc lu s ive ly  in  K E A  (Table  2), in the  p r e s e n c e  of g lu t ama te  p lus  
mala te ,  b o t h  R.C.R. and  O.P.R. were  s ign i f i can t ly  dep re s sed ,  a l t hough  the  
s l ight  dec rea se s  of r e s p i r a t o r y  ra tes  a n d  the  A D P  : O ratio,  wh ich  are u sed  
to ca lcu la te  R.C.R. or  O.P.R., were  no t  s ta t i s t i ca l ly  d i f fe ren t  f rom values  
m e a s u r e d  in  m i t o c h o n d r i a  i so la ted  f rom n o n i s c h e m i c  con t ro l  hearts .  In  
cont ras t ,  w h e n  m i t o c h o n d r i a  f rom p o t a s s i u m - a r r e s t e d  i s chemic  hear ts  
were  i so la ted  b y  a p ro toco l  invo lv ing  in i t ia l  h o m o g e n i z a t i o n  in KEA,  wi th  
final r e s u s p e n s i o n  in an EDTA-f ree  m e d i u m  (Table 3), ne i the r  R.C.R. nor  
the O.P.R. d i f fe red  s ign i f i can t ly  f rom va lues  in the  non i schemic  cont ro l  
group,  r ega rd l e s s  of w h e t h e r  E D T A  was  a d d e d  to the  assay  med ium.  

C o m p a r i n g  da t a  in  Tab le  2 w i t h  t hose  in Tab le  3 revea led  tha t  the  
i so la t ion  p ro toco l  had  l i t t le  effect  on the  overa l l  poor  funct ion  of 
m i t o c h o n d r i a  i so la ted  f rom n o n t r e a t e d  i s c h e m i c  hearts .  However ,  
e x a m i n i n g  da ta  for m i t o c h o n d r i a  in o the r  g roups ,  i nc lud ing  the  nonis-  
chemic  control ,  shows  the  effects  of m a i n t a i n i n g  E D T A  t h r o u g h o u t  the  
isola t ion,  i ts r e m o v a l  d u r i n g  isola t ion,  and  the  r e a d d i t i o n  of EDTA to some  
of the  p repa ra t ions .  

R e m o v i n g  E D T A  d u r i n g  i so la t ion  and  omi t t i ng  it f rom the  as say  
m e d i u m  cons i s t en t l y  and  s ign i f i can t ly  i nc r ea sed  bo th  Sta te  3 and  S ta te  4 
r e sp i r a to ry  ra tes  (P < 0.05 b a s e d  on pa i r ed  t-tests),  w h e t h e r  m i t o c h o n d r i a  
were  r e sp i r ing  in  the  p r e s e n c e  of g l u t a m a t e  p lus  mala te ,  or of succ ina te .  I n  
re la t ive  te rms ,  the  inc rease  of S ta te  4 r e s p i r a t o r y  rates  was g rea te r  t han  
tha t  of S ta te  3, and  s ince  t he  R.C.R. is t he  quo t i en t  of these  two rates ,  
r e m o v i n g  E D T A  d e c r e a s e d  this  rat io.  E D T A  remova l  had  no s ign i f ican t  
ef fec t  on A D P  : O ra t ios  of m i t o c h o n d r i a  f rom hear t s  o ther  t han  the  
i s c h e m i c - n o n t r e a t e d  ones,  and  so ca lcu la t ed  O.P.R. values  were  gene ra l ly  
i nc r ea sed  c o m p a r e d  to  va lues  o b t a i n e d  wi th  organel les  i so la ted  exc lu-  
s ively  in K E A  (Table 2). 

W h e n  t i s sue  was  h o m o g e n i z e d  in K E A  bu t  EDTA was  g r a d u a l l y  
r e m o v e d  du r ing  m i t o c h o n d r i a l  i sola t ion,  the  r e a d m i n i s t r a t i o n  of E D T A  to 
the  i so l a t ed  organeUes gene ra l ly  dec rea sed  Sta te  4 r e s p i r a t o r y  ra tes  sig- 
n i f icant ly ,  b u t  d id  no t  a l te r  S ta te  3 ra tes  s ignif icant ly .  Thus ,  the  ne t  ef fec t  
of a d d i n g  1 m M  E D T A  was  to inc rease  ca lcu la ted  R.C.R. va lues  to a leve l  
not  s ign i f i can t ly  d i f fe ren t  f rom those  o b t a i n e d  w h e n  K E A  was  u sed  
th roughou t ,  and  the  f inal  E D T A  concen t r a t i on  in the  a s say  m e d i u m  was  
0.94 mM. This  E D T A - d e p e n d e n t  effect  on r e sp i r a to ry  ra tes  and  R.C.R. d id  
no t  a p p l y  to  m i t o e h o n d r i a  i so la ted  f rom i s c h e m i c - n o n t r e a t e d  hear ts .  

R e m o v i n g  E D T A  d u r i n g  i so la t ion  s ign i f ican t ly  d e c r e a s e d  the  A D P  : O 
ra t ios  of m i t o c h o n d r i a  o b t a i n e d  f rom i s c h e m i c - n o n t r e a t e d  hear ts ,  corn- 
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p a r e d  to va lues  o b t a i n e d  w h e n  K E A  was  u s e d  t h r o u g h o u t  isolat ion.  F o r  
the  i s c h e m i c - n o n t r e a t e d  group ,  and  for  the  g roup  w h i c h  r e c e i v e d  card io-  
p legic  so lu t ion  be fore  i schemia ,  we  found  tha t  a d d i n g  1 m M  E D T A  to 
m i t o c h o n d r i a  o b t a i n e d  b y  P r o t o c o l  I I  (F igure  1) s ign i f i can t ly  i nc r ea sed  
ca l cu la t ed  A D P  : O ra t ios  c o m p a r e d  to  va lues  m e a s u r e d  in  the  a b s e n c e  of 
E D T A  (Table 3). N u m e r i c a l l y  th is  i nc rea se  was  sl ight ,  b u t  i t  was  c ons i s t e n t  
a n d  s t a t i s t i ca l ly  s ign i f i can t  b a s e d  on p a i r e d  t- tests ,  and  d id  no t  d e p e n d  
u p o n  the  s u b s t r a t e  used .  

F o r  a g iven  set  of e x p e r i m e n t a l  cond i t ions  we  found  no in s t ance  in  
w h i c h  ca l cu l a t ed  va lues  of R.C.R., b u t  not  of O.P.R., we re  s ign i f i can t ly  
d i f fe ren t  f rom control ;  the  conve r se  was  also true.  However ,  t he re  we re  
m a n y  in s t ances  in  w h i c h  A D P  : O ra t ios  and  r e s p i r a t o r y  ra tes  of m i t o c h o n -  
d r ia  f rom i s chemic  hear t s  were  not  d i f fe ren t  f rom control ,  d e s p i t e  the  fact  
t ha t  R.C.R. a n d  O.P.R. were  s ign i f ican t ly  dec reased .  

D i s c u s s i o n  

Our con t rac t i l e  a n d  h e m o d y n a m i c  da ta  i n d i c a t e d  t ha t  m o d e s t  
h y p o t h e r m i a  or p o t a s s i u m - i n d u c e d  a r res t  at  37 ~ l e s sened  ca rd iac  dam-  
age  p r o d u c e d  b y  1 h r  of g loba l  i schemia .  The  p r o t e c t i on  a f fo rded  b y  
h y p o t h e r m i a  was  g rea te r  t han  tha t  p r o v i d e d  by  h y p e r k a l e m i c  n o r m o t h e r -  
mic  arres t ,  as on ly  hea r t s  in the  fo rmer  g roup  cons i s t en t ly  h a d  func t iona l  
ind ices  w h i c h  were  not  s ign i f i can t ly  d i f ferent  f rom those  m e a s u r e d  in  
n o n i s c h e m i c  contro ls .  The  g rea te r  p ro t ec t i on  o c c u r r e d  a l t h o u g h  hear t s  in  
the  h y p o t h e r m i c  g r o u p  c o n t i n u e d  to con t rac t  for severa l  m i n u t e s  a f te r  
aor t ic  c ross -c l amping ,  whi l e  the  pe r fus ion  of a h y p e r k a l e m i c  so lu t ion ,  
even  at  n o r m o t h e r m i a ,  c aused  p r o m p t  asystole .  Other  i nd i ca to r s  of car- 
d i ac  func t ion  (left v e n t r i c u l a r  s t roke  w o r k  index ,  m i n u t e  work ,  etc.) sup-  
p o r t e d  the  conc lu s ion  tha t  h y p o t h e r m i a  was  gene ra l ly  more  ef f icac ious  
t han  n o r m o t h e r m i c  card iop leg ia .  

Our  cu r r en t  data,  and  o the r  da ta  f rom our  l a b o r a t o r y  (1) a n d  e l s e w h e r e  
(9), sugges t  t ha t  a d i r ec t  r e l a t ionsh ip  b e t w e e n  con t rac t i l e  a n d  m i t o c h o n d -  
r ial  func t ion  does  no t  ex i s t  necessa r i ly  or invar iab ly ,  a l t h o u g h  this  appa -  
r en t  d i s p a r i t y  m a y  be  a f fec ted  b y  p r e p a r a t i v e  fac tors  or  spec i e s - r e l a t ed  
d i f fe rences  (4, 6) in the  to l e rance  of ca rd iac  m i t o c h o n d r i a  to  i schemia .  A n  
a l t e rna te  p r o p o s a l  is t ha t  one  or more  o the r  o rgane l les  are  m o r e  suscep-  
t ib le  (sensi t ive)  to i s chemic  insults .  Gi l le t te  and  co l l eagues  (5) u sed  a 
m o d e l  s imi la r  to ours  and  f o u n d  d i f fe ren t ia l  dec rea se s  of m i c r o s o m a l  
( sa rcop lasmic  re t i cu lum)  and  m i t o c h o n d r i a l  func t ion  af te r  i schemia .  T h e y  
e m p h a s i z e d  a s t rong  assoc ia t ion  b e t w e e n  d e p r e s s e d  p o s t i s c h e m i e  con-  
t rac t i l i ty  and  les ions  of m i c r o s o m a l  c a l c i um  (Ca) m e t a b o l i s m .  In te res t -  
ingly,  t h e y  found  tha t  1 h r  of h y p o t h e r m i c  i s chemic  a r res t  at  26 ~ pro-  
v i d e d  c o n s i d e r a b l y  less  p ro t ec t i on  t han  tha t  w h i c h  we o b t a i n e d  at  28 ~ 
Never the les s ,  the  above  i n fo rma t ion  co l l ec t ive ly  s u p p o r t s  the  p r o p o s a l  
t ha t  w i th  m o d e s t  i s c h e m i c  injury,  defec ts  of A T P  ut i l izat ion,  r a the r  t han  of 
A T P  supp ly ,  m a y  p r e d o m i n a t e .  

P e n g  and  co l l eagues  (20) r e p o r t e d  an  a l leged  Ca-re la ted  d e p r e s s i o n  of 
S ta te  3 r e s p i r a t o r y  rates ,  A T P  p r o d u c t i o n  and  A D P  : O ra t ios  of m i t o c h o n -  
d r i a  i so l a t ed  f rom r eg iona l l y - i s chemic  or  i s c h e m i c - r e p e r f u s e d  po r c i ne  
hear ts .  A d d i n g  E D T A  or  E G T A  inc rea sed  A D P - s t i m u l a t e d  (Sta te  3) ra tes  
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of oxygen  consumpt ion  and the efficiency of ATP synthesis  w h e n  the 
organelles were  isolated in EDTA- or EGTA-free media.  Nei ther  chelator  
affected mi tochondr ia  isolated f rom nonischemic  and allegedly normal  
regions of these hearts,  and  the  organelles isolated f rom these regions had  
relatively good 1n-v i t ro  function.  In  contrast,  we found that  initial t issue 
homogeniza t ion  in EDTA-free  m e d i u m  was unsuitable,  even w h e n  nonis- 
chemic  hearts  were  studied. The  reason for this apparent  d i screpancy  is 
not  known.  

Since mi tochondr ia l  ATPase  is very  sensitive to Mg 2+, and Mg-induced 
ATPase  act iviat ion and  regenera t ion of A D P  would  increase an apparent  
State 4 respiratory rate after initial A D P  addition, it is also possible that 
Mg m a y  s o m e h o w  part icipate in the observed  response  to the chelators. 
Peng  and colleagues (20) repor ted  that  EGTA, a comparat ively  good 
chelator of Ca bu t  not  of Mg, p r o d u c e d  EDTA-like effects, suggest ing that  
the c o m m o n  m e c h a n i s m  involved specific modula t ion  of Ca, rather than 
of Mg, to "reverse" abnormal  oxidat ive phosphoryla t ion .  However ,  they 
publ ished only a few ostensibly representat ive oxygen  electrode tracings 
showing the compara t ive  effects of E D T A  as opposed  to EGTA, and so it is 
difficult to state with cer ta inty whe the r  either agent  had preferential 
effects on State 4 rates wh ich  migh t  indirectly reflect ATPase  activity due 
to Mg. 

In  accord  wi th  P e n g ' s  at t r ibute of Ca-dependency,  we found that  added  
EDTA affected basal  respira tory rates before A D P  was added, as well as 
after A D P  addition, at a t ime w h e n  it is be ing phosphory la ted  to ATP, 
which  in tu rn  could be dephosphory la t ed  to regenerate  ADP. We also 
observed that  ol igomycin,  added  at concent ra t ions  which  b locked ADP-  
st imulated respirat ion and ATP  synthesis,  did not  alter the effects of 
EDTA addi t ion on basal  respiratory rate. In  contrast,  however,  we did find 
that in some ins tances  adding  1 mM Tris-EDTA produced  greater  
improvemen t  of R.C.R., pr imari ly  by  increasing State 3 rates and decreas- 
ing State 4 rates further,  than  did 1 mM Tris-EGTA. These latter observa- 
tions, a l though not  repeated  enough  for statistical evaluation, wou ld  argue 
in favor of Mg chelat ion and perhaps  suppress ion  of ATPase  activity, as an 
impor tan t  m e c h a n i s m  by  wh ich  these manipulat ions  " improve"  
mi tochondr ia l  function.  

Finally, we wished  to evaluate wh ich  of the commonly-used  indicators  
of mi tochondr ia l  respirat ion and phosphoryla t ion  might  be selectively 
inf luenced by  i schemia  or the m e t h o d s  which  we used. Recent ly  Edou te  
and colleagues (3) cons idered  whe the r  mitochondria l  respiratory rates, 
R.C.R., O.P.R. or A D P  : O ratios were "suitable" indicators of organelle 
integrity. They  showed  that  unde r  some condit ions the respiratory control  
index and  A D P  : O ratios adequate ly  reflected organelle status, bu t  in 
other situations, involving ischernia, the respiratory control  indexes  and 
A DP : O ratios of mi tochondr i a  isolated from ischemic hearts  did not  
differ f rom values for normal  mitochondria ,  yet  w h e n  either State 3 
respiratory rates of the O.P.R. values for these two groups  were  compared ,  
the differences were statistically significant. They  argued that  the nor- 
realized rate of mi tochondr ia l  ATP synthesis,  es t imated as the O.P.R., 
might  be more  biologically relevant than a measure  of respiratory control  
for evaluat ing organelle activity in  s i t u  and for possibly  relating 
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m i t o c h o n d r i a l  s t a tus  to  t he  c o n t r a c t i l e  s t a tus  of the  he a r t  f r o m  w h i c h  t h e y  
w e r e  i sola ted .  H o w e v e r ,  w e  f o u n d  t h a t  w h e n e v e r  R.C.R. v a l u e s  of 
m i t o c h o n d r i a  f r o m  i s c h e m i c  hea r t s  d i f fe red  s i g n i f i c a n t l y  f r o m  corres-  
p o n d i n g  v a l u e s  i n  n o n i s c h e m i c  hear t s ,  t he  O.P.R.  a lso di f fered.  S i n c e  
s o m e  p a t h o l o g i c a l  or  p h a r m a c o l o g i c a l  i n t e r v e n t i o n s  c a n  p r e f e r e n t i a l l y  
a l te r  S ta te  3 or  S t a t e  4 ra tes ,  or  bo th ,  w i t h o u t  a f fec t ing  the  A D P  : O rat io,  it  
is c lear  t h a t  t he  c a l c u l a t e d  O.P.R.,  b u t  n o t  n e c e s s a r i l y  the  R.C.R.,  c o u l d  
c h a n g e  m a r k e d l y .  I n  v i e w  of th is ,  it a p p e a r s  p r u d e n t  to r e p o r t  as m a n y  of 
t he  a c c e p t e d  v a r i a b l e s  as m i g h t  be  n e e d e d  to i n t e r p r e t  t he  effects  of a n y  
i n t e r v e n t i o n  o n  m i t o c h o n d r i a l  f u n c t i o n .  

Overal l ,  b a s e d  o n  the  m e t h o d s  we  used ,  o u r  da ta  i n d i c a t e  t h a t  u n l e s s  a n  
i s c h e m i c  i n s u l t  is severe ,  m o d e s t  losses  of con t r ac t i l e  f u n c t i o n  i n  t he  ea r ly  
p o s t i s c h e m i c  r e c o v e r y  p e r i o d  are n o t  nece s sa r i l y  a c c o m p a n i e d  b y  pa ra l l e l  
losses  of m i t o c h o n d r i a l  f u n c t i o n .  I s o l a t i n g  o rgane l l e s  e x c l u s i v e l y  i n  
E D T A - f r e e  m e d i u m  p r o v i d e d  l i t t le  m e a n i n g f u l  data .  H o w e v e r ,  i so l a t i ng  
m i t o c h o n d r i a  i n  K E A  gave  e x c e l l e n t  resu l t s ,  b u t  t he  g r a d u a l  r e m o v a l  of 
E D T A  also p r o v i d e d  a p r e p a r a t i o n  w i t h  e x c e l l e n t  f u n c t i o n  a n d  o n e  in  
w h i c h  t he  effects  of Ca a d d i t i o n  or Ca c h e l a t i o n  c a n  b e  e v a l u a t e d  fu r the r .  
As  Ma t l i b  (13) a n d  Nagao  (15) h a v e  s h o w n ,  t he  c o m b i n a t i o n  of m e c h a n i c a l  
t i s s u e  d i s r u p t i o n  w i t h o u t  p ro teases ,  fo l lowed  b y  o r g a n e l l e  f r a c t i o n a t i o n  
b y  d i f f e ren t i a l  c e n t r i f u g a t i o n ,  can  p r o v i d e  a s u i t a b l e  m e t h o d  for s t u d y i n g  
m i t o c h o n d r i a l  f u n c t i o n  i n  n o r m a l  or i s c h e m i c  hear t .  
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