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Summary  

T i m e - d e p e n d e n t  c h a n g e s  in m i t o c h o n d r i a l  f u n c t i o n  a n d  s t r u c t u r e  r e s u l t i n g  f r o m  
1 h r  of lef t  c i r c u m f l e x  c o r o n a r y  a r t e ry  occ lus ion  fo l lowed  b y  2 to 24 h r s  of r epe r fu -  
s ion  we re  e x a m i n e d .  T h e s e  c h a n g e s  were  co r r e l a t ed  w i t h  c h a n g e s  in  m y o c a r d i a l  
u l t r a s t r u c t u r e ,  t i s sue  w a t e r  con t en t ,  in fa rc t  size a n d  m i t o c h o n d r i a l  c a l c i u m  con t en t .  
T h e  h e a r t  was  r e m o v e d  a f te r  d i f f e ren t  pe r iods  of r e p e r f u s i o n ,  a n d  m i t o e h o n d r i a  
w e r e  i so la ted  f r o m  i s c h e m i c  a n d  n o n i s c h e m i c  r eg ions  of t he  lef t  ven t r i c le .  T i s s u e  
s a m p l e s  f rom i s c h e m i e  a n d  n o n i s c h e r n i c  m y o c a r d i u m  also w e r e  t a k e n  for  e l ec t ron  
m i c r o s c o p y  a n d  t i s s u e  w a t e r  c o n t e n t  d e t e r m i n a t i o n s .  I n f a r c t  size was  m e a s u r e d  b y  
t h e  n i t r o b l u e  t e t r a z o l i u m  s t a i n i n g  m e t h o d .  O x y g e n  c o n s u m p t i o n  b y  m i t o c h o n d r i a  
i so la t ed  f r o m  i s c h e m i c  a n d  n o n i s c h e m i c  m y o c a r d i u m  was  m e a s u r e d  in vitro. 
M i t o c h o n d r i a  f rom i s e h e m i c  m y o c a r d i u m  s h o w e d  t i m e - d e p e n d e n t  d e c r e a s e s  in  
ra tes  of o x y g e n  c o n s u m p t i o n  a n d  t i g h t n e s s  of coup l ing .  E l e c t r o n  m i c r o s c o p y  
r evea l ed  p r o g r e s s i v e  u l t r a s t r u e t u r a l  de t e r i o r a t i on  in i s c h e m i c  m y o c a r d i u m ,  inc lud-  
ing  a c c u m u l a t i o n  of c a l c i u m  depos i t s  w i t h i n  m i t o c h o n d r i a ,  a f i n d i n g  c o r r o b o r a t e d  
b y  e l eva t ed  c o n c e n t r a t i o n s  of c a l c i u m  in m i t o c h o n d r i a  i so l a t ed  f r o m  the  s a m e  area.  
T i s s u e  we t - to -d ry  w e i g h t  ra t ios  we re  i n c r e a s e d  s ign i f i can t ly  in  i s c h e m i c  myoca r -  
d ium.  A small ,  b u t  s ign i f ican t ,  d e c r e a s e  in r e s p i r a t o r y  f u n c t i o n  was  o b s e r v e d  in 
m i t o c h o n d r i a  i so la ted  f r o m  n o n i s c h e m i c  m y o c a r d i u m  severa l  h r s  a f te r  r epe r fu s ion ;  
h o w e v e r ,  n o m a l  r e s p i r a t i o n  was  o b s e r v e d  24 h r s  a f t e r  r e l ease  of occ lus ion .  Th i s  
l a t t e r  o b s e r v a t i o n  i n d i c a t e s  t h a t  the  n o n i s c h e m i c  zone  also is a f fec ted  b y  reg iona l  
i s chemia .  The  r e s u l t s  o b t a i n e d  i nd i ca t e  t h a t  t e m p o r a r y  lef t  c i r c u m f l e x  a r t e ry  occlu-  
s ion  a n d  r e p e r f u s i o n  r e s u l t  in  p rog res s ive ly  d e c r e a s i n g  m i t o c h o n d r i a l  f u n c t i o n  a n d  
s t r u c t u r e  w i t h i n  t h e  i s c h e m i c  m y o c a r d i u m ,  a n d  t h a t  t h e s e  c h a n g e s  a re  accom-  
p a n i e d  b y  ce l lu lar  e l ec t ro ly te  a l t e ra t ions .  

*) Th i s  s t u d y  w as  s u p p o r t e d  in  pa r t  b y  U.S.P .H.S.  G r a n t  #HL-19782-03 a n d  b y  
G r a n t s - i n - A i d  f r o m  t h e  A m e r i c a n  a n d  M i c h i g a n  H e a r t  Assoc ia t ions .  

1) P r e - d o c t o r a l  Fe l low s u p p o r t e d  b y  U.S.P.H.S.  T r a i n i n g  G r a n t  #GM-00198-19. 
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T h e  f u n c t i o n a l  a n d  u l t r a s t r u c t u r a l  i n t e g r i t y  of ca rd iac  m i t o c h o n d r i a  
d e c l i n e  d u r i n g  pe r i ods  of i s chemia .  F u r t h e r m o r e ,  i s c h e m i c  p e r i o d s  
e x c e e d i n g  40 m i n u t e s  have  b e e n  s h o w n  to r e s u l t  i n  i r r e v e r s i b l e  d a m a g e  to 
m i t o c h o n d r i a  w i t h i n  the  c e n t e r  of a n  i s c h e m i c  zone ,  r ega rd l e s s  of w h e t h e r  
or n o t  r e p e r f u s i o n  occu r s  (4, 7, 8-11, 18). I n  a dd i t i on ,  m y o c a r d i a l  i s c h e m i a  
r e su l t s  i n  a r ap id  d e c l i n e  in  the  i n t r a c e l l u l a r  q u a n t i t i e s  of h i g h  e n e r g y  
p h o s p h a t e  c o m p o u n d s  w h i c h  are  p r o d u c e d  p r i m a r i l y  b y  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  (1, 5, 12). S i n c e  n o r m a l  m y o c a r d i a l  cell  f u n c t i o n  
r e q u i r e s  s t r ic t  m a i n t e n a n c e  of i on i c  g r a d i e n t s  (4, 8) a n d  these ,  i n  t u r n ,  
r e q u i r e  a m p l e  s u p p l i e s  of A T P ,  m y o c a r d i a l  i s c h e m i a  i n i t i a t e s  a v i c i o u s  
cycle.  C o n s e q u e n t l y ,  t he  f u n c t i o n a l  c a p a c i t y  of m i t o c h o n d r i a  p l ays  a 
c ruc i a l  role  i n  d e t e r m i n i n g  t he  fate  of m y o c a r d i a l  cells  r e n d e r e d  t e m p o r a r -  
i ly  i s chemic .  

T h e s e  e x p e r i m e n t s  w e r e  p e r f o r m e d  to e x a m i n e  t he  t e m p o r a l  c h a n g e s  
of m i t o c h o n d r i a l  f u n c t i o n  a n d  s t r u c t u r e  w i t h i n  i s c h e m i c  a n d  n o n i s c h e m i c  
m y o c a r d i u m  a t  v a r i o u s  t i m e s  (2, 4, 6 or 24 hrs)  af ter  r e lease  of lef t  c i r c u m -  
f lex  (LCX) c o r o n a r y  a r t e ry  occ lus ion .  D a t a  were  o b t a i n e d  f r o m  in -v i t ro  
m e a s u r e m e n t s  of m i t o c h o n d r i a l  o x y g e n  c o n s u m p t i o n  ra tes  (QO2) a n d  
f r o m  e l e c t r o n  m i c r o s c o p y  (EM). T h e  c h a n g e s  o b s e r v e d  in  these  p a r a m e -  
te rs  w e r e  co r r e l a t ed  w i t h  i n fa rc t  size, t i s s u e  w a t e r  c o n t e n t ,  a n d  m i t o c h o n -  
dr ia l  c a l c i u m  c o n t e n t .  T h e  r e su l t s  s h o w  tha t  a f ter  a c o n s t a n t  (1 hr) p e r i o d  
of r e g i o n a l  m y o c a r d i a l  i s chemia ,  m i t o c h o n d r i a  w i t h i n  t he  i s c h e m i c  zone  
u n d e r w e n t  p r o g r e s s i v e  u l t r a s t r u c t u r a l  a n d  f u n c t i o n a l  d e t e r i o r a t i o n  as 
r e p e r f u s i o n  e n s u e d .  A n  a d d i t i o n a l  f i n d i n g  w a s  t h a t  m i t o c h o n d r i a  i so l a t ed  
f r o m  the  n o n i s c h e m i c  zone  d i s p l a y e d  a t e m p o r a r y  d e c l i n e  in  r e s p i r a t o r y  
f u n c t i o n ,  b u t  a p p e a r e d  to r e g a i n  n o r m a l  f u n c t i o n  b y  24 hrs  af ter  r epe r fu -  
s ion.  

M a t e r i a l s  and m e t h o d s  

A. Surgery 

Male mongrel dogs (10-16 kg) were anesthetized with sodium pentobarbital  
(30 mg/kg, i.v.) and respired under  positive pressure with room air. The chest was 
entered via a left thoracotomy, and the pericardium was opened to expose the left 
ventricle. The LCX was isolated beneath the left atrial appendage, at a site distal to 
its atrial branch and proximal to major ventricular branches. The LCX was then 
partially occluded with a silk ligature tied around a 20 gauge needle, and the needle 
was removed immediately, leaving a vessel lumen diameter not significantly smal- 
ler than normal. Immediately following this, the LCK was totally occluded using 
silastie tubing in a figure eight snare. This model of temporary LCX occlusion, 
previously described (15), was employed in order to avoid the fatal arrhythmias and 
hemorrhagic infarction often encountered in occlusion-release experiments that do 
not employ stenosis. Although the partial constriction used in this model prevents 
the reactive hyperemia after release of coronary occlusion, it does not alter signifi- 
cantly coronary flow relative to control values, as indicated by measurements  of 
coronary blood flow and regional myocardial force production (15). As such, the 
stenosis does not produce ischemia itself. The period of occlusion was 1 hr in all 
experiments,  after which time controlled reperfusion through the stenosis was 
allowed. Sham-operated animals were treated identically to experimental  animals 
except that a loose ligature was placed around the LCX, but  the vessel was not 
occlucled or stenosed. Lead II Ecg and arterial blood pressure were recorded 
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t h r o u g h o u t  t h e  o p e r a t i v e  p rocedure .  Ar t e r i a l  b l o o d  s a m p l e s  w e r e  d r a w n  regular ly ,  
a n d  PO2, PCO2, a n d  p H  were  m e a s u r e d  u s i n g  a n  I n s t r u m e n t a t i o n  L a b o r a t o r y  pH/  
b l o o d  gas  analyzer .  T h e s e  p a r a m e t e r s  w e r e  m a i n t a i n e d  w i t h i n  phys io log ica l  l imi t s  
by  a d j u s t i n g  t h e  t ida l  v o l u m e  a n d  r e s p i r a t o r y  rate.  Dogs  s t u d i e d  24 h r s  a f te r  
i s c h e m i a  a n d  r e p e r f u s i o n  w e r e  o p e r a t e d  o n  u n d e r  a s ep t i c  c o n d i t i o n s  a n d  a l lowed  to 
recover .  T h e  n e x t  day  t h e i r  a r te r ia l  b l o o d  p r e s s u r e  a n d  Ecg  w e r e  r e c o r d e d  for  1 h r  in  
t h e  c o n s c i o u s  s t a t e  a n d  t h e n  re -anes te t i zed  w i t h  p e n t o b a r b i t a l  (20-25 mg/kg ,  i.v.). 
Af t e r  o n e  hour ,  to  a l low for  r e d i s t r i b u t i o n  of t h e  a n e s t h e t i c ,  h e a r t s  w e r e  r e m o v e d  
f r o m  t h e s e  an imal s .  

B. Isolation of  mitochondria 

A t  2, 4, 6 or  24 h r s  a f te r  re lease  of t he  L C X  o c c l u s i o n  t h e  h e a r t  was  e x c i s e d  
qu ick ly ,  i m m e r s e d  in  co ld  (4 ~ sa l ine  (1.5 1) a n d  t a k e n  to a co ld  room,  w h e r e  all 
f u r t h e r  p r e p a r a t i o n s  w e r e  done .  T he  h e a r t  was  w a s h e d  seve ra l  t i m e s  w i t h  co ld  
sa l ine  a n d  cu t  in to  s e v e n  or  e igh t  t r a n s v e r s e  s l ices  f r o m  w h i c h  i s c h e m i c - r e p e r f u s e d  
(he rea f t e r  r e f e r r ed  to s i m p l y  as " i s chem i c" )  a n d  n o n i s e h e m i e  m y o c a r d i u m  w e r e  
sepa ra ted .  S m a l l  p o r t i o n s  f r o m  e a c h  reg ion  also we re  t a k e n  for  d e t e r m i n a t i o n s  of 
w a t e r  c o n t e n t  a n d  for  EM. T r a n s m u r a l  po r t i ons  c o m p r i s i n g  t h e  e n t i r e  p o s t e r i o r  
pap i l l a ry  m u s c l e  a n d  a p p r o x i m a t e l y  1 c m  of t i s s u e  o n  e i t h e r  la te ra l  s ide  w e r e  u s e d  
for  " i s e h e m i c "  m y o c a r d i u m .  Jennings et  al. h a v e  s h o w n  t h a t  t h i s  a rea  of t h e  lef t  
v e n t r i c l e  e x p e r i e n c e s  i s c h e m i a  u p o n  occ lus ion  of t h e  L C X  (8). S a m p l e s  u s e d  for  
n o n i s c h e m i c  m y o c a r d i u m  c o n s i s t e d  of t r a n s m u r a l  p i eces  s p a n n i n g  f rom the  m i d d l e  
of t h e  a n t e r i o r  pap i l l a ry  m u s c l e  to t he  j u n c t i o n  of t h e  a n t e r i o r  free wal l  a n d  
i n t e r v e n t r i c u l a r  s e p t u m .  Th i s  t i s sue  se lec t ion  p r o c e s s  was  m a i n t a i n e d  c o n s t a n t  
t h r o u g h o u t  all s tud ies .  

T h e  t i s s u e  p ieces  w e r e  t r i m m e d  of fat  a n d  c o n n e c t i v e  t i s sue ,  b lo t t ed ,  we ighed ,  
a n d  m i n c e d  w i t h  sc i s sors  in  co ld  (4 ~ K E A  m e d i u m  (KC1, 180 raM; E D T A  (Tris- 
salt), 10 raM; b o v i n e  s e r u m  a l b u m i n ,  0.5%; p H  7.4). T h e  m i n c e  was  h o m o g e n i z e d  
w i t h  a T e k m a r  T i s s u e m i z e r  ( three ,  f ive-second  b u r s t s  a t  35,000 rpm) .  M i t o c h o n d r i a  
w e r e  i so la t ed  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  a c c o r d i n g  to t h e  m e t h o d  of Sordahl et  
al. (27). T h e  f ina l  m i t o e h o n d r i a l  pe l le t  was  r e s u s p e n d e d  in  K E A  a n d  its p r o t e i n  
c o n c e n t r a t i o n  m e a s u r e d  b y  t he  b i u r e t  m e t h o d .  

C. Measurements of mitochondrial respiration 

T h e  r e s p i r a t o r y  ac t iv i ty  of m i t o c h o n d r i a l  s u s p e n s i o n s  w a s  m e a s u r e d  a t  30 ~ 
u s i n g  a G i l s o n  O x y g r a p h ,  e q u i p p e d  w i t h  a C la rk  o x y g e n - s e n s i t i v e  e lec t rode .  T h e  
c o m p o s i t i o n  of t he  i n c u b a t i o n  m e d i u m  in  w h i c h  r e s p i r a t i o n  was  m e a s u r e d  is g i v e n  
in  t h e  l e g e n d  to t a b l e  1. T h e  p a r a m e t e r s  u s e d  to a s se s s  m i t o e h o n d r i a l  ox ida t i ve  
p h o s p h o r y l a t i o n  are  d e f i n e d  be low:  
S t a t e  3 QO2 = ra t e  of o x y g e n  c o n s u m p t i o n  s t i m u l a t e d  b y  A D P  in  t he  

p r e s e n c e  of s u b s t r a t e  
S t a t e  4 QO 2 = basa l  ra te  of o x y g e n  c o n s u m p t i o n  in  t h e  a b s e n c e  of A D P ,  

b u t  w i t h  s u b s t r a t e  p r e s e n t  
R e s p i r a t o r y  Con t r o l  = S t a t e  3 QO21State 4 QO2; a n  i n d e x  of t i g h t n e s s  of c o u p l i n g  
Rat io  (RCR) of o x y g e n  c o n s u m p t i o n  to p h o s p h o r y l a t i o n  of A D P  
A D P  : O Rat io  = n m o l e s  of A D P  c o n s u m e d  ( p r e s u m a b l y  p h o s p h o r y l a t e d  to 

ATP)  pe r  n a t o m  of o x y g e n  c o n s u m e d ;  a n  i n d e x  of t h e  
e f f ic iency  of o x i d a t i v e  p h o s p h o r y l a t i o n  

D. Electron microscopy (EM) 

S a m p l e s  of i s c h e m i c  a n d  n o n i s c h e m i c  m y o c a r d i u m  w e r e  t a k e n  f r o m  the  m i d d l e  
of t h e  p o s t e r i o r  a n d  an t e r i o r  pap i l l a ry  m u s c l e s ,  r e spec t ive ly ,  i m m e d i a t e l y  a f te r  
coo l ing  t he  e x c i s e d  hear t .  M a x i m u m  ef for t  w as  m a d e  to cool  a n d  d i s s ec t  t he  h e a r t  
r ap id ly  a f te r  exc is ion .  A p p r o x i m a t e l y  2 m i n  t i m e  e l a p s e d  b e t w e e n  e x c i s i o n  of t h e  
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h e a r t  a n d  d i s s e c t i o n  of L V  m y o c a r d i u m  for  m i t o c h o n d r i a l  s t ud i e s  or  f i xa t ion  for  
EM. Usua l ly ,  n o  m o r e  t h a n  45 s e l a p s e d  b e t w e e n  d i s s e c t i o n  of L V  m y o c a r d i u m  a n d  
i m m e r s i o n  of t i s s u e  s a m p l e s  ( a p p r o x i m a t e l y  0.5 g) in to  f ixa t ive  ( s o d i u m  c a c o d y l a t e  
0.1 M; p a r a f o r m a l d e h y d e ,  2.2%; a n d  g l u t a r a l d e h y d e ,  2.5%; p H  7.4). T h e s e  m y o c a r -  
dial  s a m p l e s  i m m e d i a t e l y  w e r e  cu t  in to  p ieces  m e a s u r i n g  a b o u t  l m m  on  a side. T h e  
t i s s u e  was  f i xed  for  12 h r s  at  r o o m  t e m p e r a t u r e  a n d  t h e n  r i n s e d  in  a co ld  s o l u t i o n  of 
8% s u c r o s e  in 0.1 M c a d o d y l a t e  buffer ,  p H  7.4. T h e  s a m p l e s  w e r e  pos t - f ixed  in  
c a c o d y l a t e - b u f f e r e d  1% o s m i u m  te t rox ide ,  d e h y d r a t e d  in  e t h a n o l  a n d  p r o p y l e n e  
oxide ,  a n d  e m b e d d e d  in E p o n  812. B l o c k s  w e r e  t h i n - s e c t i o n e d ,  p l a c e d  on  gr ids ,  a n d  
s t a i n e d  w i t h  u r a n y l  ace ta te ,  fo l lowed  b y  lead  ci t rate .  Sec t i ons  w e r e  e x a m i n e d  w i t h  a 
S i e m e n s  101 t r a n s m i s s i o n  e l ec t ron  m i c r o s cope .  

E. Tissue wet  weight: dry weight determinations 

S a m p l e s  of i s c h e m i c  a n d  n o n i s c h e m i e  m y o c a r d i a l  t i s s u e  w e r e  b lo t t ed ,  w e i g h e d  
a n d  d r i ed  in  a n  o v e n  to c o n s t a n t  we igh t .  T i s s u e  w a t e r  c o n t e n t ,  e x p r e s s e d  as p e r  c e n t  
water ,  was  c a l c u l a t e d  f r o m  t h e  ra t io  of t i s s u e  we t  a n d  d ry  weigh ts .  

F. Mitochondrial calcium content 

P o r t i o n s  of t h e  m i t o c h o n d r i a l  s u s p e n s i o n s  f r o m  severa l  e x p e r i m e n t s  w e r e  
d i g e s t e d  in  c o n c e n t r a t e d  n i t r i c  ac id  a n d  t h e n  d i l u t e d  w i t h  2 N NaOH. C a l c i u m  
c o n c e n t r a t i o n  w as  d e t e r m i n e d  b y  a t o m i c  a b s o r p t i o n  s p e c t r o p h o t o m e t r y  u s i n g  a 
s t a n d a r d  c u r v e  d e r i v e d  f r o m  ser ia l  d i l u t i o n s  of a CaC12 s t a n d a r d  so lu t ion .  

G. Infarct size estimation 

A p p r o x i m a t e l y  1 c m  t h i c k  t r a n s v e r s e  s l ices  of t h e  h e a r t  ( m y o c a r d i u m  n o t  u s e d  
for  h a r v e s t i n g  m i t o c h o n d r i a ,  EM, or t i s s u e  w a t e r  c o n t e n t  m e a s u r e m e n t s )  w e r e  
i n c u b a t e d  for  a p p r o x i m a t e l y  30 r a in  in  a so lu t i on  of n i t r o b l u e  t e t r a z o l i u m  (NBT) 
0.5%, a n d  p h o s p h a t e  buf fer ,  10 mM, p H  7.4 (19). Af te r  i n c u b a t i o n  in  t h e  N B T  
so lu t ion ,  t h e  s l ices  w e r e  b lo t t ed ,  d i s s e c t e d  free  of t he  r i g h t  v e n t r i c l e  a n d  s t a i n e d  a n d  
n o n - s t a i n e d  a reas  w e r e  s e p a r a t e d  a n d  we ighed .  I n f a r c t  size w a s  e x p r e s s e d  as pe r  
c e n t  of L V  i r r eve r s ib ly  d a m a g e d ,  b a s e d  on  t h i s  s t a i n i n g  m e t h o d .  

I t  s h o u l d  b e  n o t e d  t h a t  w h i l e  f r a n k  t i s s u e  necros i s ,  or  in fa rc t ion ,  r e q u i r e s  a b o u t  
24 h r s  to  deve lop ,  N B T  has  b e e n  s h o w n  to d e l i n e a t e  a reas  of i r r eve r s i b ly  i n j u r e d  
m y o c a r d i u m  af te r  as l i t t le  as  2 h r s  fo l lowing  t h e  in i t ia l  i n s u l t  (15, 19). Thus ,  a l t h o u g h  
t h e  p a t h o l o g i c a l  c h a n g e s  w h i c h  cha r ac t e r i z e  i n f a r c t i o n  a re  i n c o m p l e t e ,  t h i s  s t a i n i n g  
m e t h o d  e n a b l e s  o n e  to i den t i fy  m y o c a r d i a l  t i s s u e  w h i c h  u l t i m a t e l y  wil l  b e c o m e  
necro t i c .  

H. Statistical analysis 

T h e  d i f f e r ences  b e t w e e n  m e a n  va lues  f r o m  i s c h e m i c  a n d  n o n i s c h e m i c  r eg ions  of 
t h e  s a m e  h e a r t  w e r e  t e s t e d  for  s i gn i f i c ance  u s i n g  t h e  S t u d e n t ' s  p a i r e d  t- test .  
D i f f e r ences  b e t w e e n  g r o u p s  (2 h r s  vs. 4 hrs ,  6 hrs ,  etc.) w e r e  t e s t e d  for  s i gn i f i cance  
u s i n g  a n o n - p a i r e d  S t u d e n t ' s  t - test .  D i f f e r ences  a t  t he  95% c o n f i d e n c e  level  w e r e  
c o n s i d e r e d  s ta t i s t i ca l ly  s ign i f ican t .  

R e s u l t s  

A.  H e m o d y n a m i c  c h a n g e s  

N o  s i g n i f i c a n t  d i f f e r e n c e s  i n  h e a r t  r a t e  b e t w e e n  e x p e r i m e n t a l  a n d  
s h a m  g r o u p s  w e r e  o b s e r v e d  d u r i n g  r e p e r f u s i o n ,  a l t h o u g h  a t r e n d  t o w a r d s  
i n c r e a s e d  h e a r t  r a t e  a p p e a r e d  i n  t h e  e x p e r i m e n t a l  g r o u p .  M e a n  h e a r t  r a t e  
i n  t h e  e x p e r i m e n t a l  d o g s  i n c r e a s e d  p r o g r e s s i v e l y  f r o m  a p r e - o c e l u s i o n  
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v a l u e  of  165 -- 4 b e a t s  p e r  m i n u t e  ( B P M )  t o  185 _+ 13 b p m  a t  6 h r s .  A t  
24 h r s  a l l  e x p e r i m e n t a l  a n i m a l s  d i s p l a y e d  a r r h y t h m i a s  c h a r a c t e r i z e d  b y  
v e n t r i c u l a r  t a c h y c a r d i a  w i t h  a m e a n  h e a r t  r a t e  o f  187 _ 15 b p m ,  9 0 %  of  
w h i c h  w e r e  v e n t r i c u l a r  i n  o r i g i n .  T h e  o n l y  s i g n i f i c a n t  d i f f e r e n c e  i n  m e a n  
a r t e r i a l  b l o o d  p r e s s u r e  ( M A P )  b e t w e e n  e x p e r i m e n t a l  a n d  s h a m  g r o u p s  
o c c u r r e d  d u r i n g  L C X  o c c l u s i o n  a n d ,  a g a i n  a t  24  h r s  a f t e r  r e p e r f u s i o n .  
M A P  f e l l  f r o m  102 __ 3 m m H g  ( p r e - o c c l u s i o n )  t o  93 _ 3 m m H g  d u r i n g  
o c c l u s i o n  a n d  r e m a i n e d  n e a r  t h i s  l e v e l  u n t i l  b e t w e e n  6 a n d  24 h r s ,  d u r i n g  
w h i c h  t i m e  M A P  d r o p p e d  t o  65 __ 4 m m H g .  

B. Mitochondrial  respiration 

T h e  S t a t e  3 ( A D P - s t i m u l a t e d )  QO2 ' s  o f  m i t o c h o n d r i a  i s o l a t e d  f r o m  
i s c h e m i c  m y o c a r d i u m  w e r e  s i g n i f i c a n t l y  l e s s  t h a n  t h o s e  o f  m i t o c h o n d r i a  
o b t a i n e d  f r o m  n o n i s c h e m i c  m y o c a r d i u m  a t  a l l  f o u r  p e r i o d s  a f t e r  r e l e a s e  o r  
o c c l u s i o n  ( t a b l e  1). I n  a d d i t i o n ,  a t i m e - d e p e n d e n t  d e c r e a s e  i n  t h i s  p a r a m e -  

Tab le  1. C o m p a r i s o n  of m i t o c h o n d r i a l  r e s p i r a t o ry  p a r a m e t e r s "  a n d  y ie lds  b e t w e e n  
i s c h e m i c  (I) a n d  n o n i s c h e m i c  (NI) m y o c a r d i u m .  

S ta te  3 d S t a t e  4 d A D P :  O e M i t o c h o n d r i a l  f 
G r o u p  b n r QO2 QO2 R C R  Rat io  Yie ld  

2 h r  NI  4 256_+12 17_-)-4 21-+2 2.6_+1.6 2.9-+0.2 
I 154_+14" 13_+2 13_+2" 2.4_+0.2 2.2-+0.2 

4 h r  NI  7 164_+16tt 11___1 1 6 _ l t  2.5-+0.1 2.5_+0.2 
I 88_+17",1 8_+1 l l -+2* , t  2.4-+0.1 2.1_+0.1 

6 h r  NI  6 165_+12 13___1 14_+1 2.8___0.3 " 2.6-+0.2 
I 76-+12 94-1" 9 -+_1"  2.8-+0.3 2.5_+0.3 

6 h r  NI  2 238_+6 12-+1 21-+3 2.9-+0.1 3.14-0.1 
S h a m  I 220_+11 12-+1 194-1 3.0_+0.1 3.1_+0.4 

24 h r  NI  4 2 2 2 _ 2 9 t  13_+1 20_+lt  3.3_+0.1 2.6_=_0.3 
I 30_+9",t 6_+1" 7-)-3* 3.1+_0.3 2.1_+0.1 

24  h r  NI  2 268_+16 16_+1 17_+3 3.24-0.1 2.4_+0.2 
S h a m  I 268_+25 17___1 17_+3 3.1_+0.2 2.0_+0.2 

V a l u e s  r e p o r t e d  a re  m e a n  __ S.E.M. 
a M i t o c h o n d r i a l  s u s p e n s i o n s  (1-2 m g  p ro te in )  w e r e  a d d e d  to a c u v e t t e  ( tota l  v o l u m e  
= 1.5 ml)  c o n t a i n i n g  sucrose ,  0.32 M; m o r p h o l i n o p r o p a n e  su l fon ic  ac id  (MOPS)  
buf fer ,  15 raM, p H  7.4; a n d  K2HPO4, 5 m M  at  30 ~ G l u t a m a t e  u n d  m a l a t e  (5 raM, 
f ina l  c o n c e n t r a t i o n  each)  w e r e  a d d e d  as subs t r a t e .  A D P  (final  c o n c e n t r a t i o n  = 0.33 
raM) was  a d d e d  to t h e  c u v e t t e  a f te r  a 2 r a in  i n c u b a t i o n  per iod ,  a n d  s u b s e q u e n t l y  
a f t e r  a t  l eas t  1 r a in  of r e t u r n  to S t a t e  4 r e sp i r a t ion .  
b G r o u p  = t i m e  a f t e r  r e p e r f u s i o n  a t  w h i c h  h e a r t s  w e r e  r e m o v e d  a n d  m i t o c h o n d r i a  
isola ted.  
c n = n u m b e r  of e x p e r i m e n t s  (dogs) p e r  g roup .  
d u n i t s  = n a t o m s  o x y g e n  c o n s u m e d / m i n / m g  p ro t e in .  
e u n i t s  = n m o l e s  A D P  c o n s u m e d  p e r  n a t o m  o x y g e n  c o n s u m e d .  
f E x p r e s s e d  as m g  m i t o c h o n d r i a l  p r o t e i n / g  w e t  m y o c a r d i a l  t i ssue .  
* = S i g n i f i c a n t  d i f f e rence  b e t w e e n  I a n d  NI  s a m p l e s  (p < 0.01). 
t = S i g n i f i c a n t  d i f f e r ence  b e t w e e n  va lue  for  t h e  i n d i c a t e d  t i m e  (group)  a n d  i m m e d i -  
a te ly  p r e c e d i n g  t i m e  for  r e s p e c t i v e  r e g i o n  in  t h e  e x p e r i m e n t a l  g r o u p s  (p < 0.05 or  t t  
< 0.01). 
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t e r  w a s  o b t a i n e d  f r o m  t h e  m i t o c h o n d r i a  i s o l a t e d  f r o m  t h e  i s c h e m i c  r eg ion .  
S t a t e  3 QO2 d e c r e a s e d  f r o m  154 4- 14 n a t o m s  o x y g e n  r a i n  1 m g  p r o t e i n  -1 a t  
2 h r s  a f t e r  r e l ease ,  to  30 4- 9, 24 h r s  l a te r ,  w i t h  i n t e r m e d i a t e  v a l u e s  at  4 a n d  
6 hrs .  

S i m i l a r  t i m e - d e p e n d e n t  c h a n g e s  in  R C R  o c c u r r e d .  A t  al l  t i m e s  a f t e r  
r e p e r f u s i o n ,  m i t o c h o n d r i a  i s o l a t e d  f r o m  i s c h e m i c  m y o c a r d i u m  s h o w e d  
s i g n i f i c a n t l y  l o w e r  R C R  v a l u e s  t h a n  t h o s e  of  t h e  c o r r e s p o n d i n g  n o n i s -  
c h e m i c  c o n t r o l s  ( t ab le  1). S t a t i s t i c a l l y  s i g n i f i c a n t  d e c r e a s e s  in  t h i s  p a r a m e -  
t e r  o c c u r r e d  b e t w e e n  2 a n d  4 h r s  a n d  b e t w e e n  6 a n d  24 hrs ,  s i m i l a r  to  t h e  
t i m e - d e p e n d e n t  c h a n g e s  s een  in  S t a t e  3 QO2. 

A n  i n t e r e s t i n g  d e c l i n e  in b o t h  S t a t e  3 QO2 a n d  R C R  of m i t o c h o n d r i a  
i s o l a t e d  f r o m  n o n i s c h e m i c  m y o c a r d i u m  w a s  o b s e r v e d  at  4 a n d  6 h r s  a f t e r  
r e p e r f u s i o n ,  w i t h  v a l u e s  for  b o t h  p a r a m e t e r s  r e t u r n i n g  to n o r m a l  a t  24 h r s  
( t ab le  1). T h e  d e c r e a s e s  w e r e  n o t  as  g r e a t  as  t h o s e  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  m y o c a r d i u m ,  b u t  t h e y  w e r e  s t a t i s t i c a l l y  s i gn i f i c a n t ,  i n d i c a t i n g  
t h a t  m e t a b o l i c  a l t e r a t i o n s  o c c u r r e d  e v e n  in  o s t e n s i b l y  n o r m a l  m y o c a r -  
d i u m  in t h e  f i r s t  s e v e r a l  h o u r s  of r e p e r f u s i o n  a f t e r  a c u t e  m y o c a r d i a l  
i s c h e m i a .  

N o  t i m e - d e p e n d e n t  c h a n g e s  in  S t a t e  4 QO2 w e r e  o b t a i n e d  in  t h e  
i s c h e m i c  g r o u p  ( t ab le  1). H o w e v e r ,  t h e  v a l u e s  for  t h i s  v a r i a b l e  w e r e  s ig-  
n i f i c a n t l y  l o w e r  for  m i t o c h o n d r i a  i s o l a t e d  f r o m  i s c h e m i c  m y o c a r d i u m  a t  6 
a n d  24 h r s  a f t e r  r e p e r f u s i o n .  T h e  d u r a t i o n  of r e p e r f u s i o n  a f t e r  i s c h e m i a  
d i d  n o t  a f fec t  t h e  A D P :  O r a t i o s  of  m i t o c h o n d r i a  i s o l a t e d  f r o m  e i t h e r  
i s c h e m i c  or  n o n i s c h e m i c  m y o c a r d i u m  in  a s i g n i f i c a n t  way .  

C. E l e c t r o n  m i c r o s c o p y  

E l e c t r o n  m i c r o s c o p i c  e x a m i n a t i o n  of i s c h e m i c  m y o c a r d i u m  r e v e a l e d  
p r o g r e s s i v e  u l t r a s t r u c t u r a l  d a m a g e  as  a r e s u l t  of L C X  o c c l u s i o n  a n d  
r e p e r f u s i o n .  T h e  n o n i s c h e m i c  p o r t i o n  of  t h e  l e f t  v e n t r i c l e  (p l a t e s  la ,  2a, 3a) 
s h o w e d  l i t t l e  or  no  m o r p h o l o g i c  c h a n g e ,  as  w a s  t r u e  for  s h a m - o p e r a t e d  
d o g s  (p l a t e  4). I s c h e m i c  m y o c a r d i u m  s a m p l e d  2 h r s  a f t e r  r e p e r f u s i o n  
(p l a t e  l b )  s h o w e d  m o d e r a t e  m y o f i b r i l l a r  a n d  m i t o c h o n d r i a l  m o r p h o l o g i c  
c h a n g e s .  C o n t r a c t i o n  b a n d s  w e r e  e v i d e n t  a t  t h i s  t i m e ,  a n d  m i t o c h o n d r i a  
w e r e  m o d e r a t e l y  swo l l en .  M i t o c h o n d r i a l  m a t r i c e s  w e r e  s l i g h t l y  c l a r i f i ed ,  
a n d  c h a n g e s  in c r i s t a l  o r g a n i z a t i o n  w e r e  a p p a r e n t  a t  2 hrs .  H o w e v e r ,  t h e s e  
c h a n g e s  w e r e  n o t  u n i f o r m l y  a p p a r e n t .  A t  4 h r s  of  r e p e r f u s i o n  t h e r e  w a s  
g r e a t e r  e v i d e n c e  of u l t r a s t r u c t u r a l  d a m a g e  (p l a t e  2b). M i t o c h o n d r i a  at  t h i s  
t i m e  u n i f o r m l y  d i s p l a y e d  i n c r e a s e d  s e p a r a t i o n  of c r i s t a e  a n d  s w e l l i n g  of 
t h e  m a t r i x  space .  S e v e r e  c o n t r a c t u r e  a n d  d i l a t a t i o n  of t h e  s a r c o t u b u l a r  
e l e m e n t s  w e r e  a p p a r e n t  a t  t h i s  t i m e .  C o n t r a c t i o n  b a n d s  w e r e  m o r e  e v i d e n t  
a t  t h i s  t i m e .  A t  6 h r s  a f t e r  r e p e r f u s i o n  t h e r e  w a s  e x t e n s i v e  d a m a g e  w i t h i n  
t h e  i s c h e m i c  zone  (p l a t e  3b). S e v e r e  m y o f i b r i l l a r  d i s r u p t i o n  a n d  c y t o p l a s -  
m i c  s w e l l i n g  w e r e  e v i d e n t ,  in  a d d i t i o n  to  m i s a l i g n m e n t  of s a r c o m e r e s .  
M i t o c h o n d r i a l  i n t e g r i t y  at  t h i s  t i m e  w a s  s e v e r e l y  a l t e r e d ,  as  e v i d e n c e d  b y  
m a s s i v e  swe l l i ng ,  s e p a r a t i o n  of  c r i s t ae ,  a n d  c l a r i f i c a t i o n  of t h e  m a t r i x  
space .  M o s t  m i t o c h o n d r i a  w i t h i n  t h e  i s c h e m i c  zone  c o n t a i n e d  a t  l e a s t  o n e  
l a r g e  a m o r p h o u s  d e n s i t y ,  b e l i e v e d  to  b e  p r e c i p i t a t e s  of c a l c i u m  p h o s p h a t e  
(14, 25). N o  m o r p h o l o g i c a l  e v i d e n c e  of d a m a g e  to  n o n i s c h e m i c  m y o c a r -  
d i u m  w a s  a p p a r e n t  a t  a n y  t i m e  t h r o u g h o u t  t h e  r e p e r f u s i o n  p e r i o d .  T h e  
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Pla te  la. E lec t ron  m i c r o g r a p h  of n o n i s c h e m i c  left ven t r i cu la r  (LV) m y o c a r d i u m  
(anter ior  papi l lary  musc le)  f ixed at 2 hrs  after re lease  of LCX occlus ion.  Mi tochon-  
dria  appea r  no rma l  and  con ta in  t ightly packed  cristae,  d e n s e  mat r ices ,  and small  
d e n s e  granules .  G lycogen  granules  (arrow) are a b u n d a n t ,  espec ia l ly  in p r o x i m i t y  to 
mi tochondr i a .  Overall  myof ibr i l la r  m o r p h o l o g y  ap p ea r s  normal .  Scale  line repre-  

sen ts  1 p~m in all EM's.  

P la te  lb .  E lec t ron  m i c r o g r a p h  of i s chemic  LV m y o c a r d i u m  (pos ter ior  papi l lary 
musc le )  f ixed at  2 hrs  af ter  reper fus ion .  Mode ra t e  con t r ac tu r e  is e v i d e n c e d  by 
con t rac t ion  b a n d s  (CB). S o m e  m i t o c h o n d r i a  at th is  t ime  ap p ea r  swollen,  wi th  
cr is tae  s epa ra t ed  a n d  mat r i ces  s l ight ly clarified. This  s amp l e  was  t aken  f rom the  

same  hear t  s h o w n  in plate  la. 
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Pla te  2a. E lec t ron  m i c r o g r a p h  of n o n i s c h e m i e  LV m y o e a r d i u m  f ixed 4 h rs  af ter  
reper fus ion .  Overall  myof ibr i l la r  a p p e a r a n c e  is normal .  G l y c o g e n  is a b u n d a n t ,  
s a r comeres  well-al igned,  and m i t o e h o n d r i a  are abundan t .  Mi tochondr i a  are mor-  
phological ly  normal ,  wi th  d e n s e  ma t r i ces  and  closely p a c k e d  cristae. Mos t  
m i t o e h o n d r i a  con ta in  no rma l  small,  d e n s e  granules .  Nuclear  c h r o m a t i n  mater ia l  is 

d i f fuse  and  evenly  d i s t r ibu ted .  

P la te  2b. E lec t ron  m i c r o g r a p h  of i s chemic  LV m y o c a r d i u m  f ixed  4 h r s  af ter  release.  
There  is grea te r  e v i d e n c e  of m i t o c h o n d r i a l  and  myof ibr i l la r  d i s rup t i on  at th is  t ime. 
Con t rac t ion  b a n d s  (CB) are m o r e  ev iden t  t h a n  at 2 hrs.  M i t o c h o n d r i a  at th is  t ime  
appea r  more  un i fo rmly  d i s r u p t e d  than  at 2 hrs;  cr is tae  are s epa ra t ed  and  ma t r i ce s  
appea r  swol len  and  clarified. Bo th  sa rcop la smic  r e t i cu lum (S) and  t - tubu les  (T) 
appea r  di la ted in places.  This  s amp le  was  t a k e n  f rom the  s a m e  hear t  as s h o w n  in 2a. 
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Pla te  3a. E lec t ron  m i c r o g r a p h  of n o n i s c h e m i c  LV m y o c a r d i u m  f ixed 6 hrs  af ter  
release.  S a r c o m e r e s  are wel l -a l igned and  Z l ines are  in register .  T - tubu les  a p p e a r  
normal  and  m i t o e h o n d r i a  are  min imal ly  al tered.  G l y c o g e n  g r an u l e s  are  a b u n d a n t  

and  no myofibr i l lar  a l te ra t ions  are  appa ren t .  

P la te  3b. E lec t ron  m i c r o g r a p h  of i s chemic  LV m y o c a r d i u m  f ixed 6 hrs  af ter  release. 
E x t e n s i v e  u l t ras t rue tura !  d a m a g e  is ev ident .  The  Z l ines are misa l igned  and 
m i t o c h o n d r i a  are swol len  and  show loss of o rgan ized  cr is tae and  clarif ied matr ices .  
Mos t  m i t o e h o n d r i a  con ta in  at least  one  large d e n s e  g ranu le  (arrow). There  is m o r e  
ex t ens ive  myof ibr i l la r  swel l ing  t h a n  at four  hours .  This  s amp l e  was  t aken  f rom the  

s a m e  hear t  s h o w n  in 3a. 



564 B a s i c  R e s e a r c h  in Cardiology.  Vol. 75. No. 4 (1980) 

Plate 4. Electron micrograph of myocardium from a sham-operated dog at 6 hours. 
Tissue was sampled from the posterior papillary muscle, that region rendered 

isehemie upon LCX occlusion. 

m y o c a r d i u m  of s h a m - o p e r a t e d  dogs  r evea l ed  no  s igns  of u l t r a s t r u c t u r a l  
d a m a g e  (plate  4). 

D. T i s s u e  w a t e r  c o n t e n t  

No t i m e - d e p e n d e n t  c h a n g e s  in  t i s sue  we t :  d r y  w e i g h t  ra t ios  for e i the r  
i s c h e m i c  or n o n i s c h e m i c  t i s sue  w e r e  o b t a i n e d  (Table  2). At  all  t imes ,  
h o w e v e r ,  th is  v a r i a b l e  was  s i g n i f i c a n t l y  g rea t e r  in  the  i s c h e m i c  t i ssue ,  
i n d i c a t i n g  tha t  e l ec t ro ly t e  d i s t u r b a n c e s  o c c u r r e d  in  th i s  r e g i o n  as a r e su l t  
of i s c h e m i a  a n d  r epe r fu s ion .  T h e  w a t e r  c o n t e n t s  of the  n o n i s c h e m i c  a n d  
i s c h e m i c  m y o c a r d i u m  (all t i m e  p o i n t s  pooled) ,  e x p r e s s e d  as pe r  c e n t  
t i s sue  water ,  we re  78.3 _+ 0.1 a n d  80.5 _+ 0.2 (p < 0.001), r e spec t ive ly .  

E. 1 V I i t o c h o n d r i a ]  c a l c i u m  c o n t e n t  

T h e  m e a n  c a l c i u m  c o n c e n t r a t i o n  of m i t o c h o n d r i a  i so la ted  f r o m  
i s c h e m i c  m y o c a r d i u m  (19.3 _+ 2.3 n m o l e s  Ca2+/mg p ro te in )  was  n e a r l y  
twice  t ha t  of m i t o c h o n d r i a  o b t a i n e d  f r o m  n o n i s c h e m i c  m y o c a r d i u m  
[10.7 -4-_ 1.9 (p < 0.05)] ( f igure  1). D u e  to a sma l l  n u m b e r  of m i t o c h o n d r i a l  
s amp le s ,  t he  v a l u e s  r e p o r t e d  r e p r e s e n t  the  c o m p o s i t e  of all t i m e  g r o u p s  for 
b o t h  i s c h e m i c  a n d  n o n i s c h e m i c  reg ions ,  the re fore ,  no  t i m e - d e p e n d e n t  
i n f o r m a t i o n  was  o b t a i n e d  for  th is  var iab le .  
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T a b l e  2. C h a n g e s  in  i n f a r c t  s ize,  t i s s u e  w e t :  d r y  w e i g h t  r a t i o s  a n d  t i s s u e  w a t e r  
c o n t e n t .  

G r o u p  a n b I n f a r c t  S i ze  Wet :  D r y  T i s s u e  
(% LV)  W e i g h t  R a t i o  W a t e r  (%) 

2 h r  N I  4 15+_2 4.69+_0.11 7 8 . 6 •  
I 5 . 0 2 •  80.1 •  

4 h r  NI  7 2 5 •  4 . 7 6 •  7 8 . 4 •  
t 5.25 +_ 0,26"* 80.0 +_ 1.1"* 

6 h r  N I  6 2 5 •  4 . 5 6 + 0 . 1 6  7 7 . 9 •  
I 5.15_+0.08" 8 0 . 6 •  

6 h r  N I  2 0 4 . 6 2 + 0 . 1 7  78.2___0.0 
S h a m  I 4 .73-+0.15 78.9-+0.0 

24 h r  N I  5 38-+5 t  4.59_+0.05 78.2_+0.3 
I 5.23 +_0.15"* 8 0 . 8 •  

24 h r  N I  2 0 - 
S h a m  I 

V a l u e s  r e p o r t e d  a r e  m e a n  • S .E .M.  
a G r o u p  = t i m e  a f t e r  r e p e r f u s i o n  l h o u r s  (hr)] a t  w h i c h  m y o c a r d i a l  t i s s u e  w a s  t a k e n .  
b n -- n u m b e r  of  a n i m a l s  p e r  g r o u p .  
c I n f a r c t  s i ze  w a s  m e a s u r e d  u s i n g  t h e  n i t r o b l u e  t e t r a z o l i u m  s t a i n i n g  m e t h o d  a n d  is 
e x p r e s s e d  a s  p e r c e n t a g e  of  l e f t  v e n t r i c l e  (LV)  w h i c h  s t a i n e d  p o s i t i v e  as  i r r e v e r s i b l y  
d a m a g e d  t i s s u e .  

S i g n i f i c a n t  d i f f e r e n c e  b e t w e e n  m e a n  v a l u e  fo r  t h e  i n d i c a t e d  t i m e  ( g r o u p )  a n d  
i m m e d i a t e l y  p r e c e d i n g  t i m e  p o i n t  (p < 0.05). 
* S i g n i f i c a n t  d i f f e r e n c e  b e t w e e n  I a n d  N I  m y o c a r d i u m  (p < 0.05; o r  **p < 0.01). 

~o'~ 20 
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Fig .  1. M i t o e h o n d r i a l  c a l c i u m  c o n t e n t .  M i t o c h o n d r i a l  c a l c i u m  c o n c e n t r a t i o n s  w e r e  
m e a s u r e d  b y  a t o m i c  a b s o r p t i o n  s p e c t r o p h o t o m e t r y  in  0.5 LaC1 a d i l u e n t .  O p e n  b a r  
r e p r e s e n t s  m e a n  of  al l  m i t o e h o n d r i a l  s u s p e n s 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  
m y o c a r d i u m ;  s h a d e d  b a r  r e p r e s e n t s  i s c h e m i c  a n d  s t r i p e d  b a r  r e p r e s e n t s  s h a m -  

o p e r a t e d  d o g  g r o u p s .  ~ = p < 0.05: -~ ~ = p < 0.01 b a s e d  o n  n o n - p a i r e d  t - t es t .  
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F. In farc t  s i ze  e s t i m a t i o n  

Significant  increases in infarct size occur red  be tween  2 and 4 hrs and 
be tween  6 and 24 hrs after reperfusion.  The area of infarcted m y o c a r d i u m  
consis tent ly  expanded  in a t ransmura l  (endocardial  to epicardial) direc- 
tion, wi th  little or no not iceable extens ion  in the lateral direction. The data 
are presented  in table 2. The tempora l  changes  in infarct  size paralleled the 
progressive declines of mi toehondr ia l  s t ructural  integri ty and respiratory 
funct ion in vitro. 

D i s c u s s i o n  

The results obtained f rom this s tudy  indicate that  t ime-dependent  
alterations of mi tochondr ia l  s t ructure  and funct ion occur  as a result  of 1 hr  
of LCX occlusion and control led reperfusion.  Mitochondr ia  isolated f rom 
ischemic m y o c a r d i u m  showed  progressive deter iorat ion of respiratory 
activity in vitro, inc luding declines of State 3 QO2, State 4 QO2, and 
respira tory control  ratios. In  addition, electron mic roscopy  revealed paral- 
lel deteriorat ion of mi tochondr ia l  (and overall myofibrillar) u l t ras t ructure  
dur ing  this per iod of reflow. Thus  on the basis of these results it appears  
that  at least the LV m y o c a r d i u m  conta ined in the sampl ing  sect ion under-  
wen t  addit ional  injury after reperfusion,  since changes  in mi tochondr i a l  
u l t ras t ructure  and funct ion were greater at 4, 6 and 24 hrs than  observed  at 
2 hrs. A l though  the possibil i ty of persis tent  ischemia,  despi te  restorat ion 
of LCX coronary  blood f low (13) cannot  be ruled out, reperfusion injury is 
largely responsible  for the progressive myocard ia l  injury observed  in the 
present  study. These results are consis tent  with previous  invest igations 
demons t ra t ing  exacerbat ion  of ischemic injury u p o n  reperfus ion at single 
t ime points  after var ious per iods  of i schemia  (18, 24, 25). 

I t  is no tewor thy  that  the progress ive  decreases in mi tochondr ia l  
respira tory funct ion in  vi tro occurred  concomi tan t ly  wi th  increases in 
infarct size (tables 1 and 2). This observat ion relates well to observed  
funct ional  and ul t ras t ructural  changes  which  occur red  in the por t ion of 
i schemic  LV m y o c a r d i u m  sampled  in these experiments .  I t  is recalled that  
a constant ,  t ransmura l  sect ion of LV compr is ing  the poster ior  papil lary 
musc le  was used for " ischemic  m y o c a r d i u m "  and that  samples  of 
i schemic  m y o c a r d i u m  for electron mic roscopy  were  taken  f rom the mid- 
dle of the poster ior  papil lary muscle.  On the basis of the exper imenta l  
observat ions  and the sampl ing  me thods  described,  it appears  that  u p o n  
reperfusion there  were  myocardia l  cells a lready irreversibly injured due to 
ischemia and cells in a reversible state of injury (9, 11). The progressive 
deteriorat ion of mi tochondr ia l  s t ructure  and funct ion  and infarct  size 
p robab ly  involved both  of these popula t ions  of cells. The myocard ia l  cells 
a lready irreversibly injured by  ischemia p robab ly  u n d e r w e n t  extensive 
d isrupt ion early in the course  of reperfus ion (3, 7, 10), while increasing 
n u m b e r s  of cells on  the border l ine be tween  reversible and irreversible 
injury unde rwen t  more  extensive injury as reperfusion ensued.  This 
interpretat ion is consis tent  with the histological, in vi tro mitochondr ia l  
studies, and infarct  size data. 

With regard to the sampl ing  process  used in these studies, originally, it 
was desired to sample  only t issue k n o w n  to unde rgo  ischemia as a result  of 
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L C X  occlus ion for i n  v i t ro  mi tochondr i a l  s tudies.  However ,  p re l imina ry  
e x p e r i m e n t s  us ing  vital  stains exc luded  this m e t h o d  due  to the  effects  of 
the  stains on mi tochondr i a l  resp i ra to ry  func t ion  and  to the  t i m e - c o n s u m -  
ing na tu re  of such  techniques .  Al ternat ively ,  a s amp l ing  t echn ique  in 
wh ich  a cons tan t  t r ansmura l  section,  con ta in ing  the  pos te r io r  papi l la ry  
muscle ,  was  dec ided  u p o n  (see Materials  and  methods) .  I t  was  real ized 
tha t  s ampl ing  only  subendoca rd ia l  t i ssue  wou ld  m o r e  cons i s ten t ly  yield 
in jured myoca rd i a l  cells. However ,  w i thou t  the  aid of a s ta in ing t echn ique  
to del ineate  in jured  t i ssue  the  a rb i t ra ry  d i ssec t ion  of subendoca rd i a l  tis- 
sue  would  be  m o r e  t ime-consuming  and sub jec t  to bias  and  e x p e r i m e n t -  
t o - e x p e r i m e n t  variat ion.  There fore  the  t r a n s m u r a l  sec t ions  ob ta ined  in the  
p resen t  s t udy  p r o b a b l y  conta ined  a m i x t u r e  of dead  and  viable  cells, 
a l though  all bu t  the  m o s t  outer  (epicardial)  layer  of cells e x p e r i e n c e d  
i schemia  dur ing  L C X  occlusion. At 24 hrs af ter  r epe r fus ion  infarcts  were ,  
in m o s t  cases,  t r a n s m u r a l  wi th in  the  s ampl ing  zone. T h e  t i m e - d e p e n d e n t  
decl ine  of mi tochondr i a l  respi ra t ion in  vltro,  coupled  wi th  increas ing  
infarct  size, and  his tological  observa t ions  indica te  tha t  b o t h  the  sever i ty  of 
in jury and  the  p e r c e n t a g e  of total  cells u n d e r g o i n g  injury increased  dur ing  
the  course  of reperfus ion .  

A ma jo r  conce rn  re levant  to these  e x p e r i m e n t s  is the  we l l -known  
increase  in fragil i ty of i schemical ly  in jured  m i t o c h o n d r i a  (2, 3, 7, 9, 11, 24). 
An obv ious  ques t ion  regard ing  the p r e s en t  da ta  is w h e t h e r  only  s t ructur-  
ally in tac t  m i tochondr i a  are isolated and  tha t  bad ly  in jured m i t o c h o n d r i a  
are absen t  f rom the  mi tochondr ia l  pellet. M u r f l t t  et al. (17) d e m o n s t r a t e d  
tha t  subpopu l a t i ons  of mi tochondr i a  can  be  i so la ted  f rom m y o c a r d i u m  b y  
us ing  gent le  isolat ion and  densi ty  grad ien t  t e chn iques  and  tha t  i s chemia  
causes  shifts  in these  popula t ions .  Howeve r ,  t hey  still r epor t ed  overal l  
(both  popula t ions)  decreases  in mi tochondr i a l  y ie ld  (rag pro te in /g  we t  
t issue) s imilar  in m a g n i t u d e  to those  found  in this s tudy,  wh ich  e m p l o y e d  
s t anda rd  isolat ion t echn iques  (27). I t  is l ikely  tha t  a smal l  por t ion  of 
severe ly  d a m a g e d  mi tochondr i a  m a y  have  b e e n  lost  dur ing  isolation, as 
ref lec ted  b y  the  smal l  decrease  in yields c o m p a r e d  to n o n i s c h e m i c  values,  
an  obse rva t ion  r epor t ed  prev ious ly  (10, 17). Howeve r ,  it is be l ieved  tha t  
m o s t  m i tochondr i a  wi th in  the i schemic  m y o c a r d i u m  were  isolated,  ba sed  
u p o n  severa l  e x p e r i m e n t a l  observat ions .  La rge  t ime-dependen t ,  or 
i schemic  vs. nonischemic ,  d i f ferences  in m i tochond r i a l  yield were  not  
observed .  Also, a ve ry  wide  range  of va lues  of mi tochondr i a l  S ta te  3 QO2 
and  RCR were  ob ta ined  for mi tochondr i a  i so la ted  f rom i schemic  myoca r -  
d i u m  (see table  1). Moreover ,  the  bad ly  in jured  m i t o c h o n d r i a  ( p r e s u m e d  to 
be  i r revers ib ly  injured)  shown  in Pla te  3b reveal  a ccumula t i on  of calc ium,  
wh ich  was  conf i rmed  by  actual  s p e c t r o p h o t o m e t r i c  m e a s u r e m e n t s  of 
ca lc ium f rom the  s a m e  mi tochondr ia l  su spens ions  which  were  u sed  for  
r e sp i ra to ry  m e a s u r e m e n t s  in  vi tro.  

In  cont ras t  to mi tochondr ia l  d e r a n g e m e n t s  in the  i s chemic  zone, the  
obse rved  depress ions  of State  3 QO2 and  R C R  b y  m i t o c h o n d r i a  isolated 
f rom non i schemic  (anter ior  wall) m y o c a r d i u m  were  t empora ry ,  occur r ing  
at  4 and  6 hrs  af ter  r epe r fus ion  and  r e tu rn ing  to " n o r m a l "  at  24 hrs. 
Fu r the rmore ,  these  funct ional  changes  were  no t  a c c o m p a n i e d  b y  signifi- 
cant  u l t ras t ruc tura l  changes.  These  f indings  are especia l ly  in teres t ing in 
v iew of recen t  observa t ions  b y  W o o d  et al. (29), who  repor ted  defini te  
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changes  in several b iochemica l  and h e m o d y n a m i c  parameters  in bo th  
i schemic  and nonischemic  m y o c a r d i u m  after short  periods of ischemia (5 
and 10 minutes)  and reperfusion.  Results  obtained f rom the present  exper-  
iments,  as well as those of Wood  et al. (29), suggest  that  h e m o d y n a m i c  and 
b iochemica l  alterations in non ischemic  m y o c a r d i u m  occur  dur ing  and 
after regional ischemia. Using a modif icat ion (15) of J e n n l n g ' s  L C X  occlu- 
sion mode l  (8), these are the first exper iments  to demons t ra te  that  
mi tochondr ia  within non i schemic  m y o c a r d i u m  exper ience  apparent ly  
reversible changes  in respiratory funct ion  dur ing  the course  of reperfu- 
sion after 1 hr of total ischemia. The results f rom the present  s tudy  provide  
addit ional  evidence that  metabol ic  and contract i le  changes  occur  in nonis- 
chemic  m y o c a r d i u m  as well, after acute regional myocard ia l  infarct ion (1, 
5, 17, 29). 

Several possible explanat ions  exist for the interest ing t empora ry  
decline in respiratory funct ion  of mi tochondr ia  isolated f rom non i schemic  
myocard ium.  First, it is possible that  samples of non ischemic  myocar-  
d ium were con tamina ted  by  infarcted tissue. This is unl ikely because  a 
cons tant  myocardia l  sample,  far r emoved  f rom the area at risk of infarc- 
t ion f rom LCX occlusion (4, 6-10, 14, 24, 25), was used in all exper iments .  
Also, mi tochondr ia  isolated f rom "non i schemic"  m y o c a r d i u m  24 hrs after 
reperfus ion would  be expec ted  to display even more  decreased respirat- 
ory funct ion in vitro, relative to 6 hrs, if contamina t ion  by infarcted tissue 
was the reason, since the infarct  increased in size dur ing this time. Fur th-  
ermore,  the h igh State 3 respiratory rates and RCR's  of mi tochondr ia  
isolated f rom m y o c a r d i u m  of sham-opera ted  dogs argue against  the 
surgery  or anesthesia  as cont r ibut ing  factors in the t ime-dependent  
decreases  in mi tochondr ia l  funct ion in ei ther  regions of the left ventricle. 
Secondly,  regional myocard ia l  i schemia  has been shown to cause a para- 
doxical  systolic bulging in the i schemic  por t ion of ventricle (5, 28), render-  
ing that  por t ion  acontractile,  impair ing ejection and cardiac output .  How- 
ever, by  24 hrs the injured m y o c a r d i u m  becomes  infarcted and less com- 
pliant, and, a l though akinetic, this infarcted area tends to impair  ejection 
less (5). This t empora ry  p h e n o m e n o n  m a y  explain, at least in part, the 
decl ine in mi tochondr ia l  funct ion  within the non ischemic  zone if one 
supposes  that  extensive contracti le and biochemical  d e m a n d s  are 
imposed  u p o n  the un in jured  por t ion of LV. Thirdly, G u d b j a r n a s o n  et al. 
(1) examined  the changes  in levels of high energy  phospha te  c o m p o u n d s  
in bo th  ischemic and nonischemic  m y o c a r d i u m  after exper imenta l  
myocard ia l  ischemia. They  found that  contract i l i ty of i schemic  myocar -  
d ium ceased early after acute coronary  occlusion, when  ATP  levels were 
compara t ive ly  high (80% of normal). In contrast,  contracti l i ty was main- 
ta ined or increased in the non ischemic  zone where  ATP  levels were 
observed  to be lower than  in the i schemic  zone, suggest ing that  metabol ic  
ad jus tments  occur  in non i schemic  m y o c a r d i u m  in an a t tempt  to compen-  
sate for the acontraeti le  por t ion  of left ventricle. It  seems likely that  
wha tever  metabol ic  changes  occur  m a y  be manifes ted  as alterations in 
mi tochondr ia l  respiration, consider ing the crucial role of the organelle in 
provid ing  metabol ic  energy. Also, it is possible that  changes  in sympathe t -  
ic nervous  activity m a y  play a role in the t empora ry  decline in mi tochon-  
drial funct ion in the non i schemic  zone (21, 22). Excess ive  release of 



Bush et al., Time-dependent changes 569 

norep inephr ine  and possibly defects in its neuronal  re-uptake (23) would  
be expec ted  to cause increased mechanica l  and metabol ic  demands  u p o n  
the non-infarcted por t ion of the left ventricle. Also, ca techolamines  have 
been shown to uncoup le  oxidative phosphory la t ion  (26). 

Results  f rom wet  and dry weight  de terminat ions  (table 2) indicate that  
i schemia and reperfusion result in signif icant  cell swelling and disturb- 
ances  in electrolyte gradients. Jenn ings  et al. (2, 5, 6, 10, 24, 25) have 
demons t ra t ed  that  as little as 20 rain of reperfus ion  after 40 min  of LCX 
occlusion p roduce  marked,  immedia te  electrolyte alterations. In  those  
experiments ,  parallel increases in cell water  and  [Na § and [C1-] occurred  
in the posterior  papillary muscle. Our s tudy  indicates that  d is turbances  in 
electrolyte gradients  occurred,  based u p o n  t issue wet  and dry  weight  
determinat ions .  

In  summary ,  these results indicate that  progressive,  t ime-dependen t  
alterations in mi tochondr ia l  funct ion and s t ructure  occur  as a result  of 

�9 reperfusion of ischemic myocardium.  The decreased respi ra tory  funct ion  
correlated well with electron microscopic  evidence of progress ive  mor- 
phological  damage,  notably  to mitochondria .  Changes  in tissue water  
content ,  which  p robab ly  reflect alterations of electrolyte gradients,  also 
were observed in ischemic tissue at all t imes after reperfusion. Ano the r  
no t ewor thy  f inding f rom these exper iments  was a t empora ry  decline in 
respira tory funct ion by  mi tochondr ia  isolated f rom ostensibly nonis- 
chemic  m y o c a r d i u m  at 4 and 6 hrs after reperfusion.  The exact  cause for 
this is not  k n o w n  with certainty. It may  involve an a t tempt  by  the unin- 
jured m y o c a r d i u m  to compensa te  for the failing por t ion of left ventricle. 
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Zusammens 

Untersucht wurden zeitabh~ngige Ver~inderungen in Struktur und Funktion der 
Mitochondrien, die dureh einsti/ndigen VerschluB und 2- bis 24sd~ndige Reperfu- 
sion des Ramus circumflexus der linken Koronararterie erzeugt wurden. Diese 
Ver~inderungen wurden rnit Ver~nderungen der myokardialen Ultrastruktur, dem 
Wassergehalt des Oewebes, der Infarktgr6/3e und dem mitochondrialen Calciumge- 
halt korreliert. Das Herz wurde nach verschiedenen Reperfusionszeiten entnorn- 
men und die IViitochondrien aus isch~mischen und nichtiseh~misehen Gebieten 
des linken Ventrikels isoliert. Ebenso wurden Gewebeproben yon iseh~mischem 
Und nichtisch~mischem Myokard ffir Elektronenmikroskopie und Bestimmung 
des Wassergehaltes des Gewebes entnommen. Die Infarktgr6Be wurde durch die 
Anf~rbung mit Nitroblau-Tetrazolium bestimmt. Der Sauerstoffverbrauch der 
Mitochondrien aus isch~mischem und nichtisch~mischem Myokard wurde in vitro 
gemessen. IV[itochondrien aus isch~imischem Myokard zeigten eine zeitabh~ngige 
Abnahrne des Sauerstoffverbrauchs und seiner Bindung an die Phosphorylierung 
yon ADP. Die Elektronenmikroskopie zeigte eine fortschreitende Zerst6rung der 
Ultrastruktur im isch~mischen Myokard, einschliefMieh einer Zunahme der 
Calciumablagerungen in Mitochondrien, was mit erh6hten Caleiumkonzentratio- 
nen in iVIitochondrien aus dem gleichen Gebiet/ibereinstimmte. Im isch~mischen 
Myokard war die Relation Feuehtgewicht/Trockengewicht signifikant erh6ht. Eine 
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ger inge ,  a b e r  s i g n i f i k a n t e  A b n a h m e  d e r  A t m u n g  w u r d e  in M i t o c h o n d r i e n ,  d ie  n a e h  
e i n i g e n  S t u n d e n  R e p e r f u s i o n  aus  n i c h t i s c h f i m i s c h e m  M y o k a r d  isol ier t  w o r d e n  
w a r e n ,  b e o b a c h t e t ;  a b e r  n a c h  24 h R e p e r f u s i o n  f a n d  s ich  n o r m a l e  A t m u n g .  Le tz te -  
res  we i s t  d a r a u f  h in ,  d a g  a u c h  da s  n i ch t i s ch~ imi sche  G e b i e t  v o n d e r  r e g i o n a l e n  
I schf imie  b e t r o f f e n  ist. Die  E r g e b n i s s e  zeigen,  d a b  v o r i i b e r g e h e n d e r  V e r s c h l u l t  de s  
R a m u s  e i r c u m f l e x u s  de r  l i n k e n  K o r o n a r a r t e r i e  u n d  R e p e r f u s i o n  zu fo r t s ch re i t en -  
de r  Z e r s t 6 r u n g  m i t o c h o n d r i a l e r  F u n k t i o n  u n d  S t r u k t u r  f i i h r en  u n d  d a b  d iese  
V e r ~ i n d e r u n g e n  y o n  ) k n d e r u n g e n  de s  E l e c t r o l y t s t a t u s  d e r  Ze l le  beg l e i t e t  w e r d e n .  
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