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Non-Ut i l i za t i on  of Succinate  and M e t a b o l i s m  of Lactate as N o n - I n v a s i v e  
Criteria of Viabil i ty in the Isolated Perfused Canine Heart  at 4~ 

The  exis tence  of a d i sc repancy  b e t w e e n  t he  consump-  
t i on  of oxygen  and  t he  d i s appea rance  of exogenous  
glucose d u r i n g  t he  m a i n t e n a n c e  of t he  i so la ted  per fused  
h e a r t  is wel l -es tab l i shed  a t  n o r m a l  t e m p e r a t u r e s  ~. R e c e n t  
f ind ings  2 in  t h e  can ine  h e a r t  a t  4~ h a v e  revea led  a 
s imi la r  p i c tu re ;  whi le  t h e  average  oxygen  c o n s u m p t i o n  is 
6 m m o l e s / h e a r t / 2 4  h, t h e  ave rage  glucose d i s a p p e a r a n c e  
is on ly  0.2 m m o l e s / h e a r t / 2 4  h. I n  an  a t t e m p t  to  d iscover  
exogenous  subs t ances  o the r  t h a n  glucose which  would  
compe te  for oxygen  more  effect ively  t h a n  endogenous  
sources of energy,  t he  sod ium sal ts  of va r ious  organic  
acids h a v e  been  i n t r o d u c e d  in to  t h e  pe r fusa tes  2. W h e n  
sod ium succ ina te  was added,  t he  resu l t s  were no t  on ly  
unexpec ted ,  bu t ,  t a k e n  in c o n j u n c t i o n  w i t h  ear l ier  
studiesS,% ind i ca t ed  t h a t  t h e  s i m u l t a n e o u s  s t u d y  of 
succ ina te  a n d  l a c t a t e  levels in  pe r fusa tes  could give 
i m p o r t a n t  and  u n a m b i g u o u s  i n f o r m a t i o n  rega rd ing  t he  
s t a t e  of v i ab i l i t y  of t he  organ.  Some p r e l i m i n a r y  resul t s  
are g iven  here.  

Methods. 1. Per/usion. Dog h e a r t s  (120-135 g wet  wt.) 
were set  up  as descr ibed3,5-L T he  t e c h n i q u e  i nvo lved  
h y p o t h e r m i c  (4~ per fus ion  in a c losed-circui t  s y s t e m  
i n c o r p o r a t i n g  a f i l ter  (pore size 8 [zm). Gas exchange  w i t h  
97% o x y g e n / 3 %  c a r b o n  d ioxide  occur red  a t  t he  surface  of 
t he  l iqu id ;  t he  perfusioI1 pressure  was 30 cm of water .  
The  pe r fusa t e  (1.67 1.) cons is ted  of 1.5 1. of Krebs  sa l t  
so lu t ion  ~ c o n t a i n i n g  1.8% D e x t r a n  70 (Pharmac ia )  a n d  
1.5% (w/v) glucose, to  wh ich  170 ml  of an  iso-osmotic  
(300 mosmolar )  aqueous  so lu t ion  of sod ium succ ina te  and  
l a c t a t e  h a d  been  added  to give f inal  c o n c e n t r a t i o n s  of 
5.2-5.4 m M  a n d  8.5-9.1 m M  respect ive ly .  T he  l a c t a t e  
was a pa r t i a l l y - r acemised  sample  of biological  or igin 
( B D H  Chemica ls  L td . ) ;  m e a s u r e m e n t  of op t ica l  r o t a t i o n  
showed  t h a t  66~o of t he  sa l t  was  in  t h e  L-form. Al iquo ts  
(5-10 ml) of t he  pe r fusa t e  were r e m o v e d  a t  va r ious  t imes  
for analysis .  

2. Determination o] sodium succinate. Per fusa t e s  were 
d i lu ted  1:11 w i t h  w a t e r ;  succ ina te  c o n c e n t r a t i o n s  were 
m e a s u r e d  enzymica l ly  s. E t h y l  b u t y r a t e  (i  ml) was used 
i n s t ead  of e thy l  a ce t a t e  (4 ml) to  e x t r a c t  t he  f o r m a z a n  
p roduced  b y  t he  r e d u c t i o n  of 2-(4-iodophenyl)-3-(4-  
n i t r o p h e n y l ) - 5 - p h e n y l t e t r a z o l i u m  chlor ide;  t h e  response  
cu rve  was l inear  be tw een  20 a n d  50 nanomole s  of succ ina te  
pe r  tube .  

3. Determination o /sodium lactate. T he  c o n c e n t r a t i o n  of 
sod ium l ac t a t e  was o b t a i n e d  enzymica l ly  b y  measu r ing  
NAD+ reduc t ion% Per fusa tes  (0.5 ml) were chi l led to 0 ~ 
before  a d d i n g  i .2  M perchlor ic  acid (0.25 Ird). Af te r  
t h o r o u g h  mixing ,  p r e c i p i t a t e d  p r o t e i n  was s p u n  down,  

and  t he  s u p e r n a t a n t s  were d i lu ted  20-fold w i t h  0.4 M 
perchlor ic  acid before  analysis .  The  resul t s  were refer red  
to a s t a n d a r d  curve,  as t he  r e l a t i onsh ip  b e t w e e n  absorb-  
ance  a n d  a m o u n t  of l a c t a t e  was no t  rec t i l inear .  B o t h  
op t ica l  i somers  r e s p o n d e d  to  t h e  e n z y m e  p r e p a r a t i o n  
(2 m g / m l  LDH,  o b t a i n e d  f rom Boehr inge r  u n d  S6hne,  
M a n n h e i m  G M B H ,  W e s t  Ge rmany) .  

Results. The  Tab le  shows t he  b e h a v i o u r  of a smal l  group 
of 3 v iab le  h e a r t s  and  one non -v i ab l e  o rgan  t owards  a d d e d  
succ ina te  a n d  lac ta te .  U n d e r  these  condi t ions ,  well- 
p r e se rved  organs  genera l ly  show a t e n d e n c y  to  de t e r io r a t e  
on t h e  4 th  d a y ;  th i s  is re f lec ted  b o t h  in t he  s l ight  d rop  
in t he  succ ina te  level  a n d  in t he  a t t e n u a t e d  r a t e  of l ac t a t e  
d i sappearance .  Obse rva t i ons  w i t h i n  t he  f i rs t  18 h of 
perfusion,  such  as an  increas ing  va scu l a r  res i s tance  of t he  
co rona ry  s y s t e m  a n d  t h e  pecul ia r  feel of t he  t i ssue  a,~, 7, 
i nd ica t ed  t h a t  t he  r e m a i n i n g  h e a r t  was no t  v iab le ;  t h e  
succ ina te  c o n c e n t r a t i o n  fell s ign i f i can t ly  w i t h i n  t h e  f i rs t  
24 h of perfus ion.  On t he  2nd and  3rd days  succ ina te  
d i s appea rance  r eached  a m a x i m u m  va lue  of 7,3-7.7 
~zmoles/g we t  wt . /24  h. In  f u r t h e r  u n p u b l i s h e d  e x p e r i m e n t s  
w i t h  o the r  non -v i ab l e  organs,  r a t e s  of d i s a p p e a r a n c e  h a v e  
n o t  exceeded 6 [zmoles/g we t  wt . /24  h. 

Discussion. Ear l i e r  work  S 4 e s t ab l i shed  t h a t  t h e  efficacy 
of p o t a s s i u m  r e t e n t i o n  b y  can ine  h e a r t s  u n d e r  these  
cond i t ions  was l inked  to v i a b i l i t y ;  losses of p o t a s s i u m  
ions f rom non-v i ab l e  organs  were s ign i f i can t ly  g rea te r  
t h a n  in wel l -preserved  organs.  I n t r o d u c t i o n  of t he  un-  
coupl ing  agen t  dinitro-ortho-cresol dur ing  per fus ion  
acce le ra ted  t he  r a t e  of loss of potass iumS.  The  inferences  
were t h a t  t h e  p r e s e r v a t i o n  of p e r m e a b i l i t y  ba r r i e r s  was  
l inked  w i t h  t i ssue  v iab i l i ty ,  a n d  t h a t  p o t a s s i u m  r e t e n t i o n  
is an  e n e r g y - d e p e n d e n t  process.  Viab le  h e a r t s  h a v e  fai led 
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Levels of exogenous lactate and succinate in the perfusates of isolated canine hearts 

Viable organs �9 Non-viable organ 

Time of perfusion Average lactate Average succinate Lactate Succinate 
(h) concentration (raM) coneentration (raM) concentration (raM) concentration (raM) 

314-1114 8.7 ::L 0.20 5.3 ~= 0.10 9.1 5.3 
24 7.5 4- 0,07 5.3 ~ 0.08 8.0 5.0 
48 6.1 q- 0.18 5.3 :~ 0.05 7.3 4.4 
72 4.6 i 0.24 5.2 i 0.06 7.4 3.8 
96 3.6 -- 0.28 5.0 i 0.02 7.5 3.4 

Averages and standard deviations from 3 hearts. 
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t o  ut i l ize  succinate ,  desp i te  t he  fac t  t h a t  the  s u b s t r a t e  
c o n c e n t r a t i o n  g rea t ly  exceeded 0.15 m M ,  t he  Km va lue  10 
for b e e f - h e a r t  succ inoxidase  a t  20 ~ If, as in t he  case of 
f umara se  n,  t h e  Km decreases  w i t h  t e m p e r a t u r e ,  a n d  if 
species differences are n o t  s ignif icant ,  t h e  a f f in i ty  of t he  
e n z y m e  complex  for succ ina te  m i g h t  be  expec ted  to be of 
a n  even  h igher  order  a t  4 ~ 

P rev ious  s tud ies  of 30 h e a r t s  h a v e  e s t ab l i shed  the  va lue  
of fol lowing t he  fa te  of l a c t a t e  p roduced  me tabo l i ca l l y  
d u r i n g  perfusion2-4.  Regard less  of t he  s t a t e  of p rese rva -  
t i on  of t he  t issues,  smal l  q u a n t i t i e s  (20-300 ~zmoles) of 
l a c t a t e  a lways  a p p e a r e d  in the  pe r fusa tes  d u r i n g  t he  f i rs t  
4 -6  h. I n  t he  cases of wel l -preserved  organs,  these  a m o u n t s  
h a d  i n v a r i a b l y  fa l len b y  a b o u t  40% w i t h i n  t he  n e x t  
18 20 h ;  conversely ,  l a c t a t e  levels in t he  pe r fusa tes  of 
d e t e r i o r a t i n g  h e a r t s  rose b y  a fac to r  of b e t w e e n  two a n d  
fou r t een  w i t h i n  t h e  same  per iod  of t i m e  4. These  observa-  
t ions  c o n s t i t u t e  a sens i t ive  a n d  ear ly  i n d i c a t i o n  of the  
s t a t e  of v i ab i l i t y  of t h e  t issues.  However ,  w h e n  h e a r t s  are 
p r e s e n t e d  w i t h  such  large a m o u n t s  of exogenous  lac ta te ,  
as in t he  p r e sen t  expe r imen t s ,  t he  pos i t ion  is far  less clear.  
The  fac t  t h a t  a n  o rgan  c o n t i n u e d  to me tabo l i s e  l a c t a t e  a t  
an  apprec i ab le  r a t e  for  nea r ly  48 h, even  t h o u g h  o the r  
c r i t e r ia  3 h a d  a l r eady  shown  conclus ive ly  t h a t  t he  h e a r t  
was no  longer  viable ,  i nd ica tes  t h a t  t he  p resence  of a 
large q u a n t i t y  of added  lac ta te ,  poss ib ly  due  to  a mass-  
ac t ion  effect, does no t  give i n f o r m a t i o n  r ega rd ing  t h e  
s t a t e  of t he  t i ssue  a t  a suf f ic ien t ly  ear ly  stage.  

A l t h o u g h  t he  n u m b e r  of h e a r t s  s tud ied  so far  is small ,  
t h e  c lear -cu t  n a t u r e  of t h e  resu l t s  a n d  t he  press ing  need  
for n o n - i n v a s i v e  t e s t s  of v i ab i l i t y  h a v e  d i c t a t e d  t he  ear ly  
p r e s e n t a t i o n  of these  f indings .  I n  se lec t ing t he  or ig inal  
level of succinate ,  t he  a i m  was to p r e s en t  t he  t i ssues  w i t h  
an  a m o u n t  of s u b s t r a t e  t he  oxygen  e q u i v a l e n t  (30 mmoles)  
of wh ich  was a d e q u a t e  to  cover  t he  oxygen  r e q u i r e m e n t  of 
t he  t i ssue  for 3 4 days.  Cons idera t ions  are necessar i ly  
d i f fe ren t  w h e n  a c o n c e n t r a t i o n  a p p r o p r i a t e  for m o n i t o r i n g  
loss of v i a b i l i t y  is to  be  selected.  The  g rea t e s t  fall  in t he  
succ ina te  level  ye t  o b t a i n e d  has  been  0.6 m M  in 24 h ;  no t  
all de t e r i o r a t i ng  t i ssues  would  necessar i ly  cause  a decrease  
of th i s  m a g n i t u d e .  A l though ,  in  o t h e r  expe r imen t s ,  a 
m o n i t o r i n g  c o n c e n t r a t i o n  of 2 m M  has  been  employed,  

0.5-1 m M  would  a p p e a r  to  be  a more  su i t ab le  r ange  if t he  
s ignif icance of differences  less t h a n  0.6 m M  are no t  to  be 
m a s k e d  b y  e x p e r i m e n t a l  error,  especial ly  if t he  i n t e rva l  
b e t w e e n  s a m p l i n g  t imes  needs  to  be  shor tened .  The  
p h e n o m e n o n  of l a c t a t e  p r o d u c t i o n  a n d  u t i l i za t ion  b y  t he  
i so la ted  pe r fused  h e a r t  a n d  i ts  r e l a t ionsh ip  to  o rgan  
v i ab i l i t y  is suf f ic ien t ly  well  documen ted3 ,  4 to  s tand .  I n  
fu tu re  i nves t i ga t i ons  t he  ques t ion  as to  w h e t h e r  or n o t  
t he  fa te  of added  succ ina te  is a f fec ted  b y  t he  i n t roduc -  
t ion  of c o m p a r a t i v e l y  large a m o u n t s  of exogenous  l a c t a t e  
m u s t  be  g iven  careful  a t t e n t i o n .  

The  p r o b l e m  of w h e t h e r  an  o rgan  is genu ine ly  v iab le  or 
no t  is of ca rd ina l  i m p o r t a n c e  in p re se rva t ion .  The  ideal  
would  be  to pe r fo rm  rap id  and  s imple  t e s t s  exc lus ive ly  
on  samples  of per fusa te ,  t h e r e b y  p r e s e n t i n g  no h a z a r d  to 
t he  organ.  "vVhile o r tho top i c  t r a n s p l a n t a t i o n  m u s t  
r e m a i n  t he  u l t i m a t e  t e s t  of v iab i l i ty ,  t h e  p rocedure  is 
p a r t i c u l a r l y  di f f icul t  to  ca r ry  ou t  w i t h  success 1~. Deta i led  
discussions of t he  c r i t e r ia  of v i ab i l i t y  appl ied  in th i s  
i nves t i ga t i on  h a v e  appea red  elsewhere 3, 3, 7. 

Rdsumd. Duns  le coeur isol6 du  chien,  perfus6 ~ 4 ~ le 
succ ina te  de sod ium a jout6  n ' e s t  pus  uti l is6 p a r  des t i ssus  
v ivan t s ,  mats  il est  m6tabol i s6  p a r  le coeur qu i  a p e r d u  sa 
v iabi l i t6 .  Le des t in  du  l ac t a t e  exog6ne ne  d o n n e  pas  
d ' i n f o r m a t i o n s  assez claires sur  la v iab i l i t6  des t issus,  
t a n d i s  que  c 'es t  le cas du l a c t a t e  p r o d u i t  pa r  m6tabo l i sme .  
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Inhibition of Beef Heart and Rat Brain Nucleoside-3':5'-Monophosphate Phosphodiesterase 
by 3/3-14-Dihydroxy-21-oxo-23-desoxo-5-~-card-20(22)-enolide 3-acetate (AY-17,605) 
and Structurally Related Compounds 

The  i m p o r t a n c e  of cyclic a d e n o s i n e - Y : 5 ' - m o n o p h o s -  
p h a t e  (cyclic-AMP) as a n  in t r ace l lu l a r  m e d i a t o r  of va r ious  
h o r m o n e  ac t ions  is well  d o c u m e n t e d  1. Nucleos ide-Y:  5'- 
m o n o p h o s p h a t e  p h o s p h o d i e s t e r a s e  (PDE)  hydro lyzes  
cyc l ic -AMP to  A M P  and  appea r s  to  be  of r e levance  as a 
con t ro l  m e c h a n i s m  for t h e  in t r ace l lu l a r  levels of cyclic- 
AMP.  Var ious  c o m p o u n d s  w h i c h  h a v e  been  d e m o n s t r a t e d  
to  be  i n h i b i t o r s  of P D E  h a v e  also been  shown  to affect,  
i.e. increase,  h o r m o n a l  act ions .  Recen t ly ,  a m e m b e r  of a 
nove l  series of c o m p o u n d s  w h i c h  are i someric  to  t he  
n a t u r a l  card iac  glycosides has  been  found  to  e x h i b i t  
p rope r t i e s  of ca rd io ton ic  agen t s  2. These  i somers  h a v e  
t h e  s te ro id  nuc leus  a t t a c h e d  to  t he  a - c a r b o n  i n s t ead  of 
t he  f l -carbon of t he  a, f i -unsa tu ra t ed  l ac tone  (Figure) .  
The  i n h i b i t o r y  ac t iv i t i e s  of c o m p o u n d s  of th i s  series on  
beef  h e a r t  P D E  a n d  r a t  b r a i n  P D E  h a v e  been  d e t e r m i n e d  
in t h e  p r e sen t  s tudies .  

Materials and methods. The  m e a s u r e m e n t s  of P D E  
a c t i v i t y  were car r ied  ou t  essent ia l ly  as descr ibed  prev ious-  
ly  3,*. The  beef  h e a r t  P D E  (Boehr inger  M a n n h e i m )  was a 

d ia lyzed  p r e p a r a t i o n ;  t he  r a t  b r a i n  P D E  was p r e p a r e d  
as descr ibed  p rev ious ly  3. The  p ro t e in  c o n c e n t r a t i o n  was 
d e t e r m i n e d  b y  t he  m e t h o d  of LOWRY et  al. 5. The  e n z y m e  
assay  c o n t a i n e d  beef  h e a r t  P D E  (0.12 m g  p ro te in /ml )  or 
r a t  b r a i n  P D E  (0.095 m g  p ro te in /ml ) ,  snake  v e n o m  (1 
mg/ml)  a n d  b o v i n e  a l b u m i n  (2 mg/ml)  in 60 m M  Tris- 
HC1 buffer ,  p H  7.8 w i t h  5 m M  m e r c a p t o e t h a n o l .  The  
P D E  was o m i t t e d  in t he  b lanks .  50 al  of t he  e n z y m e  
p r e p a r a t i o n  were added  to a glass sc in t i l l a t ion  via l  
c o n t a i n i n g  5 ~zl of t he  t e s t  c o m p o u n d  in d i m e t h y l  sul- 
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