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Ontogenesis  of Lactate Dehydrogenase Isozyme Patterns in two Salmonids  (Salmo salar and S. trutta) 

Five  forms of Iac ta te  d e h y d r o g e n a s e  (LDH)  exis t  in  
mos t  h igher  ve r t eb ra t e s .  These  forms, cal led isozymes,  are 
t e t r a m e r s  g e n e r a t e d  b y  r a n d o m  aggrega t ion  of two 
genet ica l ly  and  b iochemica l ly  d i s t i nc t  subuni fs ,  A an d  
B ~. I n  addi t ion ,  some b i rds  a n d  m a m m a l s  possess a t h i r d  
s n b u n i t  C, wh ich  is encoded  in a t h i r d  locus a n d  is 
a p p a r e n t l y  on ly  ac t ive  in t he  p r i m a r y  s p e r m a t o c y t e  2. 

The  p a t t e r n  of L D H  isozymes  in lower v e r t e b r a t e s  is 
more  complex.  Teleosts  h a v e  been  r epo r t ed  to  possess f rom 
2 i sozymes  in some species to  22 in o thers  a. Sa lmonids ,  in 
par t i cu la r ,  h a v e  been  ex tens ive ly  s tudied.  The i r  zymo-  
g rams  revea l  18 or more  b a n d s  of L D H  a c t i v i t y  4. 

I sozyme p a t t e r n s  of L D H  are  t i ssue  specific. I n  a d u l t  
m a m m a l s ,  L D H  a c t i v i t y  of the  h e a r t  muscle  is concen-  
t r a t e d  in t he  anoda l  t e t r a m e r  (B4) and  in ske le ta l  musc le  
a n d  l iver  in  t he  ca thoda I  t e t r a m e r  (A~). Since L D H  
p a t t e r n s  of a d u l t  o rgans  are dif ferent ,  i t  follows t h a t  
these  arize d u r i n g  deve lopmen t .  The  deve lop ing  organs  
of Xenopus  laevis h a v e  been  s tud ied  b y  KuNz 5,~ 
who  compared  t he  p a t t e r n  changes  w i t h  his to logical  
da ta .  I t  was  s h o w n  t h a t  in  all o rgans  t e s t ed  t h e  
full  n u m b e r  of L D H  isozymes is ach ieved  in each, 
once t he  in t r ace l lu la r  yo lk  p la te le t s  h a v e  d i sappeared .  
The  adu l t  express ion  of t he  d i f fe rent  t i ssue  pa t t e rns ,  
however ,  does  n o t  seem to  be  associa ted  w i t h  c o m p a r a b l e  
h is to logical  events .  The  L D H  isozyme changes  in de- 
ve lop ing  te leosts  h a v e  been  e x a m i n e d  b y  va]:ious au thors ,  
b u t  on ly  e x t r a c t s  of whole  embryos ,  and  no t  of single 
organs,  were ana lyzed  ~. 

The  purpose  of t h i s  research  was to s t u d y  t he  o n t o g e n y  
of t he  t i ssue  specific L D H  p a t t e r n s  in  2 sa lmon ids  w i t h  
merob la s t i c  d e v e l o p m e n t  and  compare  i t  w i t h  t he  a l r eady  
es t ab l i shed  p a t t e r n  changes  in Xenopus  laevis 5,6 w i t h  
ho lob las t i c  deve lopmen t .  

Material and methods. S a l m o n  a n d  t r o u t  eggs were 
o b t a i n e d  local ly an d  rea red  in t h e  l abo ra to ry .  T h e  L D H  
isozymes were s epa ra t ed  b y  s t a r c h  gel e lec t rophores i s  and  
s t a ined  as p rev ious ly  descr ibed  5. 

Results and discussion. P a t t e r n s  of a d u l t  o rgans  of t h e  
s a l m o n  a n d  t r o u t  are in  genera l  a g r e e m e n t  w i t h  t h e  
f ind ings  of MASSARO a n d  MARKERT 4. These  a u t h o r s  
classify t h e  t i ssue  specific L D H  isozyme p a t t e r n s  of 
a d u l t  s a lmonids  acco rd ing  to t he i r  e lec t rophore t i c  
m o b i l i t y  in to  4 groups,  each  composed  of 5 equa l ly  spaced  
i sozymes:  T h e  mos t  ca thod ic  g roup  (a) is res t r ic ted ,  
a lmos t  exclusively ,  to  ske le ta l  musc le ;  t h e  n e x t  g roup  (b) 
comprises  t h e  m a j o r  i sozymes  ill hea re  a n d  b r a i n ;  t h i s  is 
followed, anodal ly ,  b y  group  (d), wh ich  is t h e  on ly  group  
p r e s en t  in t h e  d iges t ive  s y s t e m  ; t h e  m o s t  a n o d a l  g roup  (e), 
of wh ich  on ly  3 b a n d s  are resolved,  is loca ted  exc lus ive ly  
in t h e  neu ra l  r e t i n a  an d  also in t h e  op t ica l  p a r t  of t he  
b ra in  s . This  c lass i f ica t ion is used for t h e  fol lowing 
desc r ip t ion  of t h e  on togene t i e  changes .  I t  shou ld  be  
noted,  however ,  t h a t ,  u n d e r  t h e  e x p e r i m e n t a l  cond i t ions  
of th i s  s tudy ,  t h e  mos t  a n o d a l  i sozyme of g roup  (a) a n d  
t h e  m o s t  c a t h o d a l  i sozyme of g roup  (b) over lap  (Figure 1). 

a) Early ontogeny. I n  t h e  unfer t i l i zed  egg of b o t h  
sa lmon  an d  t rou t ,  t h e  3 ca thod ic  b a n d s  of g roup  (b) are  
resolved,  w i t h  t h e  midd le  b a n d  p r e d o m i n a n t .  I n  t h e  
ferLilized egg, all 3 b a n d s  increase  in i n t e n s i t y  u n t i l  t h e  
end  of gas t ru la t ion .  Also, a t  t h e  b e g i n n i n g  of gas t ru la t ion ,  
a 4 th  (anodal)  b a n d  ap p ea r s  whi le  a 5 th  b a n d  is resolved  
a t  t h e  end  of gas t ru la t ion .  HAGENMAIER 9, on t h e  bas is  of 
b iochemica l  an d  cy tochemica l  i nves t i ga t i ons  in Salmo 
irideus an d  S. trutta /ario, concludes  t h a t  m - R N A  is 
s to red  in  t h e  yolk  a n d  g radua l ly  t a k e n  up  in to  t h e  embryo .  
Only  w h e n  g a s t ru l a t i o n  has  begun ,  t h e  s tore  of m - R N A  is 
dep le ted  a n d  new syn thes i s  t akes  place.  O t h e r  workers  ~ 
h a v e  es t ab l i shed  t h a t  no increase  in levels of enzymes ,  in  
general ,  is obse rved  d u r i n g  c leavage  of te leos ts ;  i t  is 
on ly  at ,  or s u b s e q u e n t  to, g a s t ru l a t i o n  t h a t  syn thes i s  of 
new e n z y m e  molecules  occurs  to  a s ign i f i can t  ex t en t .  
E a r l y  o n t o g e n y  then ,  oi t h e  sa lmon ids  tes ted ,  is charac-  
te r ized  b y  t h e  presence  exc lus ive ly  of g roup  (b) (hear t  
bands) ,  wh ich  reflects  aerobic  me t ab o l i s m .  Also in 
Xenopus laevis 5,6, t h e  f i rs t  i sozymes to  appear ,  d u r i n g  
deve lopmen t ,  are those  p r e d o m i n a n t  in  t h e  a d u l t  hea r t .  

Tes ts  of pos tga s t ru l ae  of s a l m o n  a n d  t r o u t  show t h a t  a t  
t h e  eye p i g m e n t a t i o n  s tage  t h e  second b a n d  of g roup  (a) 
(muscle bands )  is resolved  a n d  s h o r t l y  a f t e r  h a t c h i n g  t he  
full  c o m p l e m e n t  of group (a) is achieved.  D e v e l o p m e n t  of 
t h e  muscle  b a n d s  coincides  w i t h  t h e  beg inn ing  of m o t i l i t y  
in  the  embryo .  Th i s  is in accordance  w i t h  o b s e r v a t i o n s  on  
Xenopus laevis 5, 6. 

Fig. 1. LDIct isozyme pattern of tail muscle of trout showing grad- 
ual development. Left, end of yolk sac phase; middle, 1 year old; 
right, 2 years old (prespawning). The origin is at the bottom of the 
gel; migration is towards the anode at the top. Designation of groups 
a e after MASSARO and .3)~ARKERT 4 
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Soon a f t e r  ha t ch ing ,  also, the  3 cha rac t e r i s t i c  e -bands  
m a k e  t h e i r  appea rance .  This  m a y  be c o n n e c t e d  w i t h  t h e  
d i f f e r en t i a t i on  of t h e  p h o t o r e c e p t o r s  of t h e  re t ina ,  s ince 
accord ing  to t~INGGENBERG 1~ t he  r e t i n a  of t he  t r o u t  is 
ful ly d i f f e ren t i a t ed ,  ove r  m o s t  of i ts  area,  sho r t l y  a f t e r  
ha t ch ing .  I n  Lebistes reticulatus, where  t he  eyes of all  
e m b r y o n i c  s tages  were t e s t ed  for e - b a n d s  as well  as 
his tological ly ,  t he  a p p e a r a n c e  of t he  e-group coincides 
w i t h  t he  d i f f e r en t i a t i on  of rods  a n d  cones11. 

W h e n  t he  e m b r y o  a n d  yo lk  sac of b o t h  s a l m o n  a n d  t r o u t  
are t e s t ed  separa te ly ,  t he  m o s t  a n o d a l  i sozymes  of g roup  
(b) m o v e  more  rap id ly  in t he  l a t t e r .  Th i s  m a y  be  due  to a 
possible  b i n d i n g  of yo lk  m a t e r i a l  to  t i le  e n z y m e  ill a 
s o m e w h a t  ana logous  fash ion  to t he  b i n d i n g  of N A D  to 
a lcohol  d e h y d r o g e n a s e  le. The  p a t t e r n  of t he  yo lk  sac - 
w i th  inc reas ing  a c t i v i t y  f rom the  c a t h o d a l  to  a n o d a l  end  
of g roup  (b) a n d  a f a i n t  s m e a r  a n o d a l l y  to i t  - r e m a i n s  t h e  
same un t i l  t h e  las t  s tage.  

b) Development o~ organ patterns. 1. Tai l  muscle.  W h e n  
t he  p a r r  m a r k s  a p p e a r  on  t he  pos t embryo ,  t he  full  a d u l t  
c o m p l e m e n t  of b a n d s  in  g roups  (a) a n d  (b) is p resen t ,  w i t h  
g roup  (b) s t a in ing  less in tense ly .  However ,  t he  r e l a t ive  
a c t i v i t y  w i t h i n  group  (a) is d i f fe ren t  f rom the  adul t .  In  t h e  
p o s t e m b r y o ,  t he  a n o d a l  b a n d s  are more  p ronounced ,  
whereas  in t he  a d u l t  t he  c a t h o d a l  b a n d s  s t a in  more  
in tense ly .  On ly  in  t he  s m o l t  s tage of t he  s a l m o n  a n d  t h e  
p r e s p a w n i n g  s tage  of t h e  t rou t ,  t h e  muscle  p a t t e r n  
acqui res  a d u l t  express ion  (Figure 1). 

2. Eye.  Group  (b) a n d  group  (e) deve lop  sho r t l y  a f t e r  
h a t c h i n g  (group (e) m o v e s  fas te r  ill t h e  s a l m o n  t h a n  in 
t he  t rou t ) .  The  re la t ive  i t l tens i t ies  w i t h i n  b o t h  g roups  are 
t h e  s ame  as for the  adu l t .  2 b a n d s  of g roup  (d) a p p e a r  
t o w a r d s  t he  end  of yo lk  sac resorp t ion .  Thus ,  b y  t h e  end  
of t he  p o s t e m b r y o n i c  phase,  t he  eyes of b o t h  s a l m o n  
a n d  t r o u t  possess t he  a d u l t  n u m b e r  a n d  d i s t r i b u t i o n  of 
L D H  a c t i v i t y  (Figure  2). The  p a t t e r n  r e m a i n s  t h e  same 
d u r i n g  s u b s e q u e n t  deve lopmen t .  

3. Hea r t .  H e a r t  e x t r a c t  of b o t h  s a l m o n  a n d  t r o u t  f ry  
(1 week  a f t e r  yo lk  resorp t ion)  yield g roup  (b), b u t  w i t h  
t he  excep t ion  of t he  second m o s t  r ap id ly  m o v i n g  b a n d .  
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Fig. 2. LDH isozyme pattern of trout heart (left) and sahnon eye 
(right) showing that both organs have acquired an adult pattern 
alreday at the fry stage. 

The  n u m b e r  of b a n d s  a n d  d i s t r i b u t i o n  of a c t i v i t y  are 
t h e  same  as in  t h e  adu l t  f ish (Figure  2). The  p a t t e r n  
r e m a i n s  u n c h a n g e d  in  all  s tages  of t h e  s u b s e q u e n t  g r o w t h  
period.  

4. Bra in .  5 b a n d s  of equa l  i n t e n s i t y  (group (b)) are 
resolved  in t h e  f ry  of s a lmon  a n d  t rou t .  F a i n t  an d  diffuse 
a c t i v i t y  in  t h e  region of g roup  (a) a n d  g roup  (d) is also 
observed .  The  p a t t e r n  r e m a i n s  t h e  same  t h r o u g h o u t  t he  
g r o w t h  per iod  in to  a d u l t h o o d .  

5. Liver .  L ive r  e x t r a c t s  of s a lmon  an d  t r o u t  f ry  
exhib i t ,  w i t h  inc reas ing  a c t i v i t y  f rom t h e  c a t h o d a l  to  t i le 
a n o d a l  end,  all 5 b a n d s  of g roup  (b). A t  t h e  pos i t ion  of 
g roup  (d) diffuse a c t i v i t y  is some t imes  ev iden t .  Th i s  
ear ly  l iver  p a t t e r n  resembles  closely the  i sozyme p a t t e r n  
for t h e  yo lk  sac. Morphologica l  a n d  h is to logica l  obse rva -  
t ions  show t h a t  in  te leos ts  t h e  l iver  is in close c o n t a c t  
w i t h  t h e  yolk :  in  sa lmonids  tile c o n t a c t  is p a r t i c u l a r l y  
close, w h i c h  m a k e s  some a u t h o r s  sugges t  t h a t  t h e  l iver  
is a r e so rp t ive  o rgan  for  yo lk  13. The  s imi la r i ty  of b o t h  ea r ly  
l iver  a n d  yo lk  p a t t e r n s  m a y  ref lect  t i le  p resence  of yo lk  
m a t e r i a l  in t h e  l iver.  The  a d u l t  d i s t r i b u t i o n  of l iver  L D H  
ac t iv i ty ,  where  g roup  (d) is p r o n o u n c e d  a n d  g roup  (b) is 
smeared ,  is ach ieved  in the  s a lmon  a t  t h e  s m o l t  s tage  a n d  
in t h e  t r o u t  a t  t h e  p r e s p a w n i n g  stage.  

Thus ,  t i le d e v e l o p m e n t a l  L D H  isozyme p a t t e r n  of ear ly  
organogenes is  in  t h e  2 sa lmonids  s tud ied  seems to  para l le l  
o b s e rv a t i o n s  in Xenopus laevis~,6: Once t h e  yo lk  d isap-  
pears  e i the r  as i n t r ace l lu l a r  p la te le ts ,  as in Xenopus, or 
c o n c e n t r a t e d  ex t r ace l lu l a r ly  in  a yo lk  sac, as in  s a p  
m o n i d s  t h e  adu l t  n u m b e r  of b a n d s  in all o rgans  t e s t e d  
(l iver excepted)  is es tab l i shed .  The  presence  of yo lk  m a y  
h a v e  some inf luence  on  gene r egu la t i on  or  d i r ec t ly  on  
e n z y m e  express ion.  Also, w h e n  t h e  yo lk  is a b s o r b e d  or 
i m m e d i a t e l y  a f te rwards ,  eye, h e a r t  musc le  a n d  b r a i n  show 
a d u l t  d i s t r i b u t i o n  of ac t iv i ty .  However ,  in  skele ta l  
muscle  an d  in t h e  d iges t ive  t r a c t  ( in tes t ine  in Xenopus 
an d  l iver  in  sa lmonids) ,  t h e  a d u l t  p a t t e r n s  emerge  
g radua l ly  a n d  are ful ly e s t ab l i shed  a t  a v e r y  m u c h  l a t e r  
stage. 

Zusammen/assung. Die o n t o g e n e t i s c h e n  A n d e r u n g e n  des 
I s o e n z y m - M u s t e r s  der  L a k t a t d e h y d r o g e n a s e  (LDH)  v o n  
Salmo salar u n d  S. trutta wurde  mi t t e l s  St/ irkegeI- 
E l e k t r o p h o r e s e  verfolgt .  WX h ren d  der  f r i ihen  E n t -  
w i ck l u n g s s t ad i en  ( F u r c h u n g  u n d  Gas t ru l a t i on )  s ind al lein 
die <~ H e r z - B a n d e n  ~ v o r h a n d e n .  I n  a l len gepr i i f t en  O r g a n e n  
wird  die adu l t e  B a n d e n z a h l  u n m i t t e l b a r  n a c h  der  
D o t t e r s a c k - R e s o r p t i o n  erre icht .  I m  se lben S t a t i u m  weisen 
Herzmuske l ,  Auge  n n d  G e h i r n  bere i t s  das  adu l t e  Ver-  
t e i l u n g s m u s t e r  auf, wS~hrend dieses im Ske l e t tmuske l  
u n d  der  Lebe r  ers t  n a c h  2-3 J a h r e n ,  v o r  E r r e i c h u n g  der  
Geschlechtsre i fe ,  a u t t r i t t .  
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Metabolic Changes Induced by Galactose 

D i e t a r y  c a r b o h y d r a t e s  h a v e  been  r epo r t ed  to decrease  
blood choles terol  ill man1,  ~, b u t  l i p a e m i a  rises w i t h  
glucose, sucrose a n d  f ruc tose  a-10. W e  h a v e  s tud ied  
glucol ipidic  m e t a b o l i s m  a f t e r  a n  oral  dose of galactose.  

Material and methods. Blood samples  were t a k e n  f rom 
9 v o l u n t a r y  h e a l t h y  sub jec t s  a f t e r  a f a s t i ng  per iod  of 8 h, 
a n d  i m m e d i a t e l y  a f t e r -wards  100 g of ga lac tose  dissolved 
in w a t e r  were a d m i n i s t e r e d  orally.  F u r t h e r  b lood samples  


