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Qualitative and Quantitative Studies of Succinic Dehydrogenase in the Retina of Chick Embryos 
Treated with Iodoacetate 

Because  in m a m m a l s  ~ as  well  as in  t h e  ch i ck  ~, iodo- 
a c e t a t e  (IA) specif ical ly  induces  a d e g e n e r a t i o n  of t h e  
p h o t o r e c e p t o r s  w h i c h  r e sembles  r e t in i t i s  p igmen tosa ,  a 
gene t ic  r e t i n o p a t h y  of man ,  t h e  effect  of t h i s  i n h i b i t o r  on  
t h e  r e t i n a  of deve lop ing  ch i ck  e m b r y o s  h a s  b e e n  s tud ied .  
P r e l i m i n a r y  resu l t s  showed  t h a t ,  a m o n g  h i s t ochemica l l y  
d e t e c t a b l e  e n z y m e s  of t h e  K r e b s  cycle  in  t h e  e m b r y o n i c  
r e t ina ,  succ in ic  d e h y d r o g e n a s e  (SDH)  is t h e  m o s t  d i s t inc-  
t ive ,  a n d  t h e  reac t ion ,  as  in  t h e  case  of t h e  m o n k e y  a n d  t h e  
f rog 3, is con f ined  m o s t l y  to  t h e  el l ipsoids of t h e  rods  a n d  
cones  whe re  m i t o c h o n d r i a  are  aggrega ted .  T h e  v i sua l  cell 
a c c o u n t e d  for  m o r e  t h a n  ha l f  of t h e  glycolysis  in  t h e  
r e t i n a l  

A single dose of 50 p g  of s o d i u m  iodoace t a t e  in  1 ml  
aqueous  so lu t ion  (pH 7.4) was  in j ec t ed  in to  t h e  a i r  c h a m b e r  
of h e n s '  eggs of ' H y l i n e '  b r eed  a t  12 days  of i n c u b a t i o n ,  
a n d  t h e s e  e m b r y o s  (E), t o g e t h e r  w i t h  s h a m  con t ro l s  (C), 
were  sacr i f iced  a t  24 h i n t e r v a l s  t h e r e a f t e r  u n t i l  h a t c h i n g  
a t  20 d a y s  or  la te r .  A l t h o u g h  E showed  a h i g h e r  m o r t a l i t y  
t h a n  t h e  C a t  a n y  g i v e n  t ime ,  n e i t h e r  a n  e x t e r n a l  a n o m a l y  
n o r  a d e v e l o p m e n t a l  r e t a r d a t i o n ,  acco rd ing  to  t h e  e m b r y -  
onic  s tage  5, was  de tec ted .  E a c h  o b s e r v a t i o n  was m a d e  
f rom more  t h a n  4 pa i r s  of E a n d  C f rom d i f fe ren t  b a t c h e s  
of eggs. T h r o u g h o u t  t h e  e x p e r i m e n t  on ly  t h e  s t r ip  of 
r e t i n a  a long  t h e  e q u a t o r  of t h e  lef t  eyeba l l  was  used.  Fo r  
t h e  h i s t o c h e m i e a l  r eac t ion  of SDH,  t h e  s a m p l e  was  f ixed  
for  10 m i n  in cold  6 .25% h y d r o x y  a d i p a l d e h y d e  in phos -  
p h a t e  buf fe r  (pH 7.4) be fore  c u t t i n g  i n to  4 /~ c r y o s t a t  
sect ions ,  a n d  i n c u b a t e d  for  t h e  e n z y m e  e u s ing  n i t r o - B T  7 
as a h y d r o g e n  acceptor .  Some  samples  were  processed  for 
e l ec t ron  mic roscopy  of t h e  e n z y m e  r e a c t i o n  b y  t h e  ferri-  
cyan ide  m e t h o d  s a f t e r  t h e  p r e - f i x a t i o n  desc r ibed  above .  
S p e c t r o p h o t o m e t r i c  a s say  of t h e  e n z y m e  0 us ing  I N T  ~ was  
also ca r r ied  o u t  w i t h  10% w a t e r  h o m o g e n a t e  of t h e  whole  
r e t i na ,  a n d  t h e  a c t i v i t y  was  expressed  in  t e r m s  of p ro t e i n  
c o n t e n t  ~o 

I n  13-day-old  embryos ,  24 h a f t e r  i n j e c t i o n  (F igures  
I a n d  2), t h e  h i s t o c h e m i c a l  e n z y m e  ac t iv i ty ,  in  t h e  fo rm of 

f o r m a z a n  g r an u l e  deposi ts ,  was  s t r o n g e r  in  E t h a n  in 
c o r r e s p o n d i n g  C in 4 o u t  of 5 cases examined .  I n  E t h e  
g ranu les  were  especia l ly  consp icuous  in t h e  deve lop ing  
inne r  s e g m e n t s  of t h e  rods  a n d  cones  (IS) which ,  a t  t h i s  
s tage,  cons i s ted  of sp rou t - l i ke  p ro j ec t i o n s  e x t e n d i n g  ex- 
t e r n a l  to  t h e  ou t e r  l imi t ing  m e m b r a n e  (OL) f rom t h e  o u t e r  
nuc l ea r  l aye r  (ON). Some  depos i t s  were  no t i ced  also in t h e  
o u t e r  p l ex i fo rm laye r  (OP). A s imi la r  increase  of e n z y m e  
a c t i v i t y  was  o b s e r v e d  u n t i l  4 d a y s  a f t e r  in jec t ion .  Thus ,  in  
15-day-old  embryos ,  w h e n  t h e  rods  a n d  cones  were  b a r e l y  
d i s t i n g u i s h ab l e  f rom each  o t h e r  a n d  t h e i r  el l ipsoids were  
c lear ly  shown,  t h e  I o r m a z a n  depos i t s  in  E were m o r e  in-  
t ense  t h a n  in  C in all  5 r e t i n a s  obse rved  (Figures  3 a n d  4). 
T h e  cone d i sp layed  a more  d i s t i n c t  r e ac t i on  t h a n  t h e  rod, '  
w h i c h  is c o n t r a r y  to  t h e  f i nd ing  t h a t  i o d o ace t a t e  af fec ts  
m a i n l y  t h e  rod  in  a d u l t  m a m m a l s L  T h e  u l t r a s t r u c t u r a l  
o b s e r v a t i o n  of t h e  e n z y m e  r eac t i on  a t  t h i s  age con f i rmed  

Figs. 1-4. Photomicrographs of the inner layers of chick embryo 
retinas showing SDH activity, representing 13oday-old C and E, and 
15-day-old C and E, respectively. × 1200. See text for the keys to 
abbreviations used in all figures. 
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Figs. 5 and 6. Electron micrographs of the developing IS of cones 
from 15-day-old C and E chick embryos, respectively, showing SDH 

t h e  h i s t o c h e m i c a l  resul t .  I n  C, on ly  a few m i t o c h o n d r i a  in  
a cone el l ipsoid showed  t h e  r eac t i on  p roduc t ,  coppe r  ferro-  
cyanide ,  w i t h i n  t h e  u n i t  m e m b r a n e  s y s t e m  (ar rows in  
F igures  5 a n d  6), whe reas  in  E t he  p r o d u c t  was  local ized in 
m o s t  of t h e m .  T h e r e  a p p e a r s  to  be  a c lear  accord  b e t w e e n  
t h e  h i s t o c h e m i c a l  a n d  e l ec t ron  microscopica l  m e t h o d s  
employed ,  each  se rv ing  to  v e r i i y  t h e  v a l i d i t y  of t h e  o ther .  
Because  no  morpho log ica l  c h a n g e  was  ev iden t ,  t h e  n e t  
effect  of I A  in t h i s  e x p e r i m e n t  c an  be  s t a t e d  as a n  increase  
in t h e  n u m b e r  of r eac t i ve  m i t o c h o n d r i a .  One  of t he  ear l ies t  
u l t r a s t r u c t u r a l  changes  o b s e r v a b l e  in  t h e  I A - t r e a t e d  
r a b b i t  was  also in  t h e  m i t o c h o n d r i a  n .  Af t e r  4 days  of 
in jec t ion ,  however ,  t he  d i f ference  in  h i s t o c h e m i c a l  r e a c t i o n  
b e t w e e n  E a n d  C was  n o t  a p p a r e n t ,  sugges t ing  a r eve r s ib le  
n a t u r e  of t h e  effect.  I n  t h e  ra t ,  w i t h i n  ce r t a i n  l imits ,  t h e  
m e t a b o l i c  c h a n g e  i n d u c e d  b y  I A  was  reversible*.  

T h e  re su l t  of e n z y m e  a s say  (Figure  7b) agreed  w i t h  t h a t  
of t h e  morpho log i ca l  f indings .  W h e n  a 6-day-o ld  e m b r y o  
was  t r e a t e d  s imi la r ly  t h r o u g h  t h e  chor ioa l lan to is ,  t h e  
r ecove ry  a f t e r  t he  in i t i a l  increase  also occur red  w i t h i n  
5 d a y s  a f t e r  i n j ec t i on  (Figure  7a). The  p r i m a r y  ac t ion  of 
I A  is r e g a r d e d  class ical ly  as a depress ion  of t h e  m e t a b o l i c  
ene rgy  p r o d u c t i o n  b y  i n h i b i t i n g  glycolysis  a t  t r iose  phos-  
p h a t e  dehyd rogenase ,  a n d  in m a m m a l s  b o t h  a n a e r o b i c  a n d  

activity in the mitochondria (arrows). x 27,000. CC, connecting 
cilium; CT, centrioles. 
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Fig. 7. Effect of iodoacetate on the chick embryo retina. Each 
observation represents the mean of 4 or more determinations. 
* stat ist ical ly significant change (p of 0.05 or less). 
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aerobic  glycolyses  a re  lowered b y  I A  4,12. I n  v iew of t h e  
i m p o r t a n c e  of r e t i na l  g lucose  m e t a b o l i s m  in t h e  ch ick  ~a, 
t h e  S D H  increase  in t h i s  e x p e r i m e n t  m a y  s imp ly  ind ica t e  
a n  e l eva t ed  e n z y m e  a c c u m u l a t i o n  due  to  th i s  inh ib i t ion .  
On  t h e  o t h e r  h a n d ,  i t  m a y  also i nd i ca t e  t he  acce le ra ted  
r a t e  of o x i d a t i v e  ac t iv i t i e s  of t h e  v i sua l  cell w i t h  such  
non-g lucose  s u b s t r a t e s  as g l u t a m a t e  a n d  a s p a r t a t e  seen 
in  m a m m a l s  a4. I n  t h e  I A - t r e a t e d  r a b b i t ,  t h e  s igni f icance  
of t h e  hoxose  m o n o p h o s p h a t e  s h u n t  p a t h w a y  h a s  b e e n  
e m p h a s i z e d  1~, a l t h o u g h  in ch ick  e m b r y o s  t h e  h i s tochemica l  
r eac t ion  of e n z y m e s  of t h i s  p a t h w a y  was negl igible  1~. 

Rdsumd. P a r  l ' i n j ec t i on  d ' i o d o a c 6 t a t e  d a n s  l 'oeuf de  
poute,  o n  peu t ,  p a r  l ' ana ly se  h i s t o c h i m i q u e  e t  l ' u sage  du  
mic roscope  61ectronique,  d 6 m o n t r e r  la  pr6sence  d ' u n e  aug-  

m e n t a t i o n  de  l ' a c t i v i t 6  du  succ inodShydrog6nase  p e n d a n t  
la  p6r iode  e m b r y o n n a i r e .  
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T h e  S u b s t a n t i a  G e l a t i n o s a  of R o l a n d o  

Ear l i e r  a n a t o m i c a l  s tud ies  of t he  t e r m i n a l  d i s t r i b u t i o n  
of dorsa l  roo t  a x o n s  in t he  ca t  a n d  rhesus  m o n k e y  1,* 
d e m o n s t r a t e d  t e r m i n a l  f ibers  of:  (1) mass ive  p r o p o r t i o n s  
in  t h e  nuc leus  p rop r iu s  co rnus  dorsalis ,  c e n t r o b a s i l a r  
reg ion  of t he  dorsa l  h o r n  a n d  a c c o m p a n y i n g  zona  in te r -  
m e d i a  (plexus du  n o y a u  gris i n t e rm6d ia i r e  of RAM6N Y 
CAJAL), Clarke ' s  co lumn,  n. cervical is  cen t ra l i s  a n d  i ts  
ros t r a l  c o n t i n u a t i o n  i n to  t h e  c a u d a l  m edu l l a  (nucleus  of 
Sti l l ing),  nuc leus  i n t e r m e d i o m e d i a l i s  t h o r a c o l u m b a l i s ,  a n d  
(2) a d d i t i o n a l  n u m e r o u s  c o n n e c t i o n s  a r o u n d  ax ia l  a n d  
a p p e n d i c u l a r  v e n t r a l  h o r n  m o t o r  neurons .  T h e  s a m e  
s tud ies  failed, however ,  t o  p r o v i d e  conc lus ive  ev idence  for 
s y n a p t i c  c o n t a c t s  w i t h  cells of t he  s u b s t a n t i a  ge la t inosa ,  
a l t h o u g h  a t e r m i n a l  p lexus  was  seen a r o u n d  t h e  ove r ly ing  
m a r g i n a l  cells of Waldeye r ,  a n d  a n  e x t r e m e l y  dense  
t e r m i n a l  a r b o r  iden t i f i ed  in t h e  large  u n d e r l y i n g  nuc leus  
p r o p r i u s  co rnus  dorsa l i s  (Figure  1). O t h e r  s tud ies  also h a v e  
been  done  in t h e  ca t  us ing  t h e  se lec t ive  s i lver  i m p r e g n a t i o n  
m e t h o d  of NAUTA for d e g e n e r a t e d  f ibers  3-8, ye t  t h e  resu l t s  
h a v e  s o m e t i m e s  been  di f ferent .  SZENT~GOTHAI s, a n d  
SPRAGUE a n d  HA s r epo r t ed  f ind ing  t e r m i n a l  f ibers  in t he  
ge la t inosa  of t h e  c a t  whi le  LIu  8,4 found  t h a t  t h e  ge la t inosa  
rece ived  v e r y  few f ibers  c o m p a r e d  w i t h  o t h e r  r ec ip i en t  
sp ina l  nucle i  such  as  t h e  nuc l eus  p rop r iu s  c o r n u s  dorsal is ,  
C la rke ' s  c o l u m n  a n d  m o t o r  v e n t r a l  h o r n  neurons .  RAL- 
STON 5 found  t h a t  t h e  nuc leus  p rop r iu s  c o r n u s  dorsal is  was  
a m a j o r  p r o j e c t i o n  a rea  for  dorsa l  r oo t  a x o n s  a n d  on ly  
r a re ly  d id  dorsa l  roo t  t e r m i n a l s  a p p e a r  to  end  in t h e  
ge la t inosa  of t h e  cat .  STERLING a n d  KUYPERS 7, u s ing  a 
modi f ied  ALBRECHT-FERNSTROM procedu re  in a d d i t i o n  to 
t h e  NAUTA-GYGAX m e t h o d ,  fai led to  f ind  t e r m i n a l s  in  t h e  
s u b s t a n t i a  ge la t inosa  (Rexed ' s  l a m i n a  I I  of these  au thors ) ,  
whi le  conf i rming ,  in t h e  same  sect ions,  t h e  p resence  of a 
mass ive  t e r m i n a l  p lexus  in t he  s u b j a c e n t  nuc leus  propr ius .  
RAM6N Y CAJAL 8, in  c o n t r a s t  to  m o s t  of these  resul ts ,  
r epo r t ed  f inding,  in  GOLGI p r e p a r a t i o n s  of m a m m a l i a n  
sp ina l  cord,  dorsa l  fun icu la r  f ibers  fo rming  dense  a rbors  
in  i n t i m a t e  c o n t a c t  u p o n  ge la t inosa  dendr i t e s .  W h i l e  lack- 
ing good ev idence  for  a dorsa l  roo t -ge la t inosa  l ink  in ou r  
o w n  s tud ies  x,2 t h e  poss ib i l i ty  could  no t  be  exc luded  t h a t  
dorsa l  r oo t  t e r m i n a l s  m i g h t ,  never the less ,  ga in  access to  
t h e  ge l a t inosa  v i a  t h e  v e n t r a l l y  d i r ec ted  ge l a t inosa  den-  
d r i t e s  p e n e t r a t i n g  t h e  n. p rop r iu s  co rnus  dorsal is% On 
t h e  o t h e r  h a n d ,  i t  a p p e a r e d  equa l ly  diff icul t  t o  ascr ibe  t h e  
p resence  of e x t r e m e l y  t i n y  n u m b e r s  of d e g e n e r a t e d  f ibers  
in  t h e  ge la t inosa  as e n d i n g  exclus ive ly  u p o n  ge la t inosa  
cells for  th i s  would  t h e n  re s t  u p o n  t he  d e m o n s t r a t i o n  t h a t  
these  f ibers  d id  no t  fo rm s y n a p t i c  j u n c t i o n s  w i t h  t he  

p e n e t r a t i n g  d e n d r i t e s  of nuc leus  p rop r iu s  n e u r o n s  9 or  
W a l d e y e r ' s  cells 9. 

T h e  c u r r e n t  e x p e r i m e n t s  were  u n d e r t a k e n  w i t h  t h e  v iew 
of p r o v i d i n g  new d a t a  which  ove ra l l  m i g h t  exp la in  b e t t e r  
t he  d i f ferences  p reva i l i ng  b e t w e e n  t h e  NAUTA da ta ,  or  i ts  
i n t e r p r e t a t i o n ,  a n d  some of  these  resu l t s  w i t h  t h e  GOLGI 
f indings .  The  pr inc ip les  of l a b o r a t o r y  a n i m a l  care  as  pro-  
m u l g a t e d  by  t h e  N a t i o n a l  Soc ie ty  for Medica l  R e s e a r c h  
were  obse rved .  R h i z o t o m i e s  were p e r f o r m e d  in ca t s  a n d  
rhesus  m o n k e y s .  Ca t s  were  a l lowed to  s u r v i v e  for  4, 7 a n d  
8 d a y s  a n d  m o n k e y s  for 1, 2, 3, 4, 5, 7, 8, 10, 1 3 a n d  14 d a y s  
pos tope ra t i ve ly .  U n d e r  deep  N e m b u t a l  anes thes ia ,  t he  
c en t r a l  n e r v o u s  s y s t e m  was per fused  w i t h  phys io log ica l  
sa l ine  fol lowed b y  10% formal in .  F u r t h e r  f i xa t i on  in 
fo rmal in  was c o n t i n u e d  b y  i m m e r s i o n  in  t he  f i xa t i ve  for  
a t  leas t  7 days.  Hor i zon ta l ,  s ag i t t a l  or  t r a n s v e r s e  sec t ions  
were cu t  above ,  t h r o u g h  a n d  below t h e  les ioned segments .  
Sec t ions  were s t a ined  acco rd ing  to  t he  m e t h o d s  of NAUTA, 
FINK a n d  HEIMER and,  w h e n  app rop r i a t e ,  c o u n t e r s t a i n e d  
for cell bodies.  A d d i t i o n a l  c o m p a n i o n  sec t ions  were s t a i ned  
for cell bodies  a n d  m y e l i n a t e d  f ibers  in  o rde r  to  fac i l i t a te  
t he  i den t i f i c a t i on  of sp ina l  nuclei  a n d  co r re la t e  these  w i t h  
t he  p a t t e r n  of f iber  a n d  b o u t o n  degene ra t ion .  
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