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Biochemical and Histochemical Observations on 
Healing 

I t  has been prev ious ly  assumed t h a t  there  is no iso- 
c i t ra te  dehydrogenase  (ICDH) ac t iv i ty  in skin. How- 
ever, af ter  the  deve lopment  of the  f luor imetr ic  method,  
it  has become possible to demons t ra te  its exis tence in 
skin 1. L i te ra ture  concerning the  ac t iv i ty  of I C D H  and 
o ther  oxidoreductases  in the  heal ing tissues seems to 
be scant. Some of these enzymes have  been demons t ra ted  
h is tochemical ly  in skin wounds 2,8 and in heal ing frac- 
tures  4. The  a im of this  communica t ion  is to provide  
in format ion  about  the  changes in the  ac t iv i ty  of the  
N A D P - d e p e n d e n t  I C D H  (Ls-isocitrate: N A D P  oxido- 
reductase,  decarboxyla t ing,  EC1.1.1.42)  in an early 
phase of wound heal ing in which this enzyme is associated 
wi th  several  essential  processes. 

I n  the  exper imenta l  inves t iga t ion  on rats, circular skin 
wounds,  3 m m  in diameter ,  were excized in a dorsal area. 
3 groups of animals  were killed 2, 4, 8, 18, 20, 24, 48, 
72, 96, and 120 h af ter  wounding,  and a f lap of skin 
surrounding the  wound was removed.  A control  wound 
of each animal  was made  15 rain before its death.  The  
skin flaps were fresh frozen wi th  solid carbon dioxide.  
Sections, 16 ~tm in thickness  and 5 m m  in length,  were cut  
in a c ryos ta t  at  -- 20 ~ for h is tochemical  and quan t i t a t i ve  
b iochemical  de te rmina t ion  of I C D H  act ivi ty .  Freezing of 
the  skin flaps and the  de te rmina t ion  of enzyme ac t iv i ty  
was per formed immed ia t e ly  af ter  having  killed the  
animals.  

The  biochemical  quan t i t a t ion  of I C D H  ac t iv i ty  was 
per formed by  the  spect rof luor imetr ic  me thod  as used by  
CRUICKSHANK et  al. 1. 4 frozen sections, however,  were 
used instead of enzyme  solution. The sections were care- 
fully placed in the  b o t t o m  of 8 • 50 m m  test  tubes.  They  
were covered wi th  100 [zl of a buffer-substra te  solution, 
consist ing of the  fol lowing ingredients :  N A D P  (1 mM),  
sodium DL-isocitrate (30 mM),  MnC12 (0.04 raM), bovine 
serum a lbumin  (0.05%), n ico t inamide  (20 raM), lris-HC1 
buffer  (0.083//), p H  8.2. The tubes  were incubated  at  
38 ~ for 30 rain. The  react ion was s topped by  p ipe t t ing  
20 btl a l iquots  of the  incubat ion  mix tu re  into a tube  
conta in ing 1 ml  of a mix tu re  of Na2-EDTA (1 mM) and 
K21.1PO4 (0.05M)~ The solut ion was ac t iva ted  at  340 nm 
in the  spec t ro i luor imeter  (Hitachi  Pe rk in -E lmer  MPF-2A) 
and the  resul tant  f luorescence was nleasured at  460 rim. 
Under  these condit ions the  react ion was l inear for 60 min.  
The  I C D H  ac t iv i ty  remained  cons tan t  in a frozen s ta te  
( - -20  ~ for a t  least  2 h af ter  ireezing, and all of the  
de te rmina t ions  of enzyme ac t iv i ty  were per formed wi th in  
this period. The  I C D H  ac t iv i ty  was given as ~tmoles of 
the  N A D P H  formed per  h and per  mg of tissue (wet 
weight) .  The  prote in  content ,  being in the  order of 4 ~g 
per  1 section ( :  30-40 btg), was de te rmined  according 
t o  L O N G  a n d  S T A P L E S  5 and to S E A R S 3  r e t  a l .  6. 

The h is tochemical  de te rmina t ion  of I C D H  ac t iv i ty  was 
per formed according to BALOGH et al. 7 in a mix tu re  
conta in ing  0 . 1 M  verona l  buffer  (pH 7.4), N i t ro -BT as 
the  electron acceptor,  sodium DL-isocitrate as the  sub- 
strafe,  and N A D P  as the  coenzyme.  

As shown in Figure  1, I C D H  ac t iv i ty  increased f rom 
the  2nd h on l inear ly  up to the  f i f th  day. No t  before 2 
days af ter  in ju ry  did the  enzyme ac t iv i ty  in the  wounds 
reach the  level  of the  so-called control  wound.  His to-  
chemical ly,  the  first increase in I C D H  ac t iv i ty  could be 
observed about  8 h af ter  the  operat ion.  In  the  immed ia t e  
v ic in i ty  of the  wound edge, a central  zone, 200-500 p.m 
in depth,  showed decreasing enzyme act iv i ty .  Surrounding 
this, a 100-300 [zm deep per ipheral  wound zone exhib i ted  
a progressive increase in I C D H  ac t i v i t y  af ter  8 h. In  
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24-hour wounds (Figure 2) the  per ipheral  zone consisted 
main ly  of in tensely  act ive  mononuclear  phagocytes  and 
fibroblasts. 2 days af ter  in jury  an i m m i n e n t  demarca t ion  
of the  necrotic  central  zone was noticed. This  process 
was accompanied by  a ve ry  intense I C D H  ac t iv i ty  in the  
per ipheral  zone. At  t h a t  t ime  the  prepara t ions  had 
reached such a colour in tens i ty  tha t  no fur ther  increase 
could be perceived by  eye dur ing the  rest  of the  experi-  
menta l  period. The demarca t ion  was complete  5 days 
af ter  injury.  

The decreasing enzyme ac t iv i ty  in the  central  zone 
should be regarded as an early, h is tochemical ly  demon-  
strable sign of i m m i n e n t  necrosis in this i r revers ibly  
injured area 3. The  increase in ac t iv i ty  in the  per ipheral  
zone represents  an enzymat ic  response to injury.  The  
dehydrogenat ion  product  of I C D H  is 2-oxoglutarate.  
This  compound  is a v e r y  impor t an t  in te rmedia te  in 
amino-car ry ing  react ions (EC sub-group 2.6.1). A suf- 
f icient  supply of 2-oxoglutarate  is thus  significant  in 
amino acid metabol ism,  including protein synthesis. 
Fur ther ,  I C D H  is indispensable in the  opera t ion  of the  
citric cycle, forming an essential par t  of cellular respira- 
t ion, i e .  of energy product ion.  Act ive  mitosis in mam-  
mal ian  epidermis,  for example,  can develop only when 
a carbohydra te  substra te  is eff iciently oxidized in the  
citric cycle s. The increase in I C D H  ac t iv i ty  in wounds 
thus  reflects several  impor t an t  processes associated wi th  
heal ing 9. 
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Fig. 1. ICDH activity in early wound healing, determined bio- 
chemically. The broken line indicates the level of ICDH activity in 
the control wounds. 
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Fig. 2. Histochemical demonstration of ICDH 
activity in a one-day-old wound. • 100. 

Zusammen/assung. N a c h  e i n e m  A b s i n k e n  w ~ h r e n d  de r  
zwei  e r s t e n  p o s t t r a u m a t i s c h e n  S t u n d e n  s t i e g  d ie  f l uo r i -  
m e t r i s c h  b e s t i m m t e  A k t i v i t ~ t  d e r  N A D P - a b h ~ n g i g e n  
I s o c i t r a t - D e h y d r o g e n a s e  b i s  zu  1 2 0 h .  H i s t o c h e m i s c h  
e r k a n n t e  m a n  e ine  A k t i v i t ~ t s v e r m i n d e r u n g  in  u n m i t t e l -  
b a r e r  N~Lhe de r  W u n d f l ~ c h e .  D i e  Ak t i v i t ~ t t  n a h m  zwi-  

s c h e n  d e r  8. b i s  48. h in  d e r  / i u s se ren ,  d ie  n e k r o t i s c h e  
W u n d n ~ L h e  u m g e b e n d e n  Z o n e  zu.  
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L - L a c t a t e  d e h y d r o g e n a s e  ( L D H )  e x i s t s  in  m u l t i p l e  
m o l e c u l a r  f o r m s  ( i s o z y m e s  1) a n d  s e r v e s  as  a n  e x c e l l e n t  
m o d e l  for  t h e  s t u d y  of  e v o l u t i o n  of  p r o t e i n s  2-~. T h e  
l a c t a t e  d e h y d r o g e n a s e  p o l y p e p t i d e  m o n o m e r s ,  d e s i g n a t e d  
A a n d  B,  of  v e r t e b r a t e s  a r e  e n c o d e d  in  a t  l e a s t  2 g e n e t i c  
loci8, 9. T h e  r a n d o m  a s s o r t m e n t  of  t h e s e  2 s u b u n i t s  
g e n e r a t e s  5 t e t r a m e r i c  i s o z y m e s  in  h i g h e r  v e r t e b r a t e s  l~ 
h o w e v e r  a s m a l l e r  n u m b e r  is c o m m o n l y  o b s e r v e d  in  i i s h  
b e c a u s e  of  r e s t r i c t e d  a s s e m b l y  7,11-~a. 

T h e  t i s s u e  a n d  d e v e l o p m e n t a l  spec i f i c  s y n t h e s i s  of  t h e  
L D H  i s o z y m e s  h a s  b e e n  a t t r i b u t e d  to  t h e i r  d i s t i n c t i v e  
k i n e t i c  p r o p e r t i e s ,  w h i c h  p e r m i t  t h e m  to  o p e r a t e  m o r e  
e f f i c i e n t l y  d u r i n g  d i f f e r e n t  c o n d i t i o n s  of  a n a e r o b i o s i s  in  
t h e  cell  14,15 

A t h i r d  L D H  l o c u s  ( the  E locus)  h a s  b e e n  p o s t u l a t e d  
to  f u n c t i o n  in  t h e  n e r v o u s  s y s t e m  of  t e l e o s t s  ~ ,  a~, ~7. T h e  
e x i s t e n c e  of t h i s  E l ocus  in  t e l e o s t s  h a s  s i n c e  b e e n  e s t a b -  
l i s h e d  b y  gene t i c ,  i m m u n o c h e m i c a l ,  p h y s i c a l ,  a n d  k i n e t i c  
c o m p a r i s o n s  of  t h e  t e l e o s t  L D H  i s o z y m e s  ~-~, 13,18,19. T h e  
E g e n e  is a c t i v a t e d  a t  t h e  t i m e  of  r e t i n a l  d i f f e r e n t i a -  
t ionT,  is,=~ a n d  is m a i n l y  f u n c t i o n a l  w i t h i n  t h e  p h o t o -  
r e c e p t o r  cei ls  of  t h e  n e u r a l  r e t i n a  w h i c h  s u g g e s t s  t h a t  
t h e  ]?;4 i s o z y m e  p l a y s  a u n i q u e  ro le  in  t h e  v i s u a l  m e t a b -  
o l i s m  of  te leos tsV,  21. 

I m m u n o c h e m i c M ,  k i n e t i c ,  a n d  p h y s i c a l  a n a l y s e s  i nd i -  
c a t e  t h a t  t h e  L D H  E p o l y p e p t i d e  is m o r e  c lo se ly  r e l a t e d  
t o  t h e  B s u b u n i t  t h a n  to  t h e  A s u b u n i t  5-v, la, is, 19, 2~. T h e  
E g e n e  p r o b a b l y  a r o s e  b y  g e n e  d u p l i c a t i o n  a t  t h e  t3 l o c u s  
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