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p e r i m e n t  (see Table) ,  N A  a n d  5 - H T  in  t h e  h igh - speed  sedi- 
m e n t  a c c o u n t e d  for 9 4 %  a n d  70% of t o t a l  SH a n d  14C re- 
spec t ive ly ,  cons ide rab le  a m o u n t s  of b o t h  isotopes  a p p e a r e d  
in t b e  f i rs t  4 or  5 f r ac t ions  of t h e  g rad ien t .  Th i s  obse rva -  
t i on  suggests  tha~ b i n d i n g  of t he  a m i n e s  is no t  suf f ic ien t ly  
f i rm to  p r e v e n t  some loss d u r i n g  r e suspens ion  a n d  cent r i -  
f uga t i on  in a sucrose  g rad ien t .  

Rdsumd. Apr~s i n j ec t i on  i .v.  de  5 - h y d r o x a t r y p t a m i n e -  
C :4 e t  de  n o r a d r 6 n a l i n e - H  a ~ des  ra ts ,  on  a p r6pa r6  e t  
cen t r i fug6  des  h o m o g ~ n a t e s  de leurs  p o u m o n s  d a n s  u n  
g r a d i e n t  l in6aire  de  sucrose.  Apr6s  sacrif ice i m m 6 d i a t  ces 
deux  a m i n e s  son t  r e t rouv~es  d a n s  une  g r a n d e  f r ac t ion  de 
pa r t i cu l e s  p u l m o n a i r e s  s 6 d i m e n t a n t  d a n s  1 M de  sucrose. 

Aprbs  30 m i n  tes p o u m o n s  des  r a t  o f f r en t  u n  pic add i t ione I  
de n o r a d r ~ n a l i n e - H  3 c o r r e s p o n d a n t  A une  dens i t6  de  
sucrose  de  0.4 h 0.5. 
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N e u r o n a l  T y p e s  in L o n g - T e r m  Culture of Avian  

Tissue  cu l t u r e  of n e r v o u s  s y s t e m  h a s  p r o v i d e d  a n  ideal  
mode l  s y s t e m  for  e x p e r i m e n t a l  s tud ies  in  t h e  va r ious  dis- 
c ipl ines  of t h e  neurosciences .  F o r  u n d e r s t a n d i n g  a n d  in- 
t e r p r e t a t i o n  of a n y  e x p e r i m e n t a l  s tudies ,  precise  de f in i t ion  
of n e u r o n a l  t ypes  in  a g iven  cu l tu re  is m o s t  crucial ,  s ince 
n o  va l id  conc lus ion  can  b e  d r a w n  w i t h o u t  such  i n fo rma-  
t ion .  A l t h o u g h  t h e r e  h a v e  b e e n  a few r epo r t s  on  cu l t u r e  of 
m a m m a l i a n  a n d  a v i a n  r e t i na ,  l i t t l e  is k n o w n  a b o u t  t he  
n e u r o n a l  t y p e s  d i f f e r e n t i a t e d  in cu l tu re l -S .  T he  p r e sen t  
c o m m u n i c a t i o n  is p r i m a r i l y  conce rned  w i t h  t he  ident i f ica-  
t i o n  of n e u r o n a l  t y p e s  in  s i lver  i m p r e g n a t e d  ch ick  ret i -  
na l  cu l tures .  

The  eyes  of 10 -14-day-o ld  ch ick  e m b r y o s  were  d issected  
o u t  u n d e r  s ter i le  cond i t i ons  a n d  t h e  g lobes  were  incised 
a n t e r i o r  to  t h e  e q u a t o r i a l  p lane .  T h e  r e t i n a e  were  de-  
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Fig. 1. Neuronal elements of 13-14-day-old chick embryo retina. 
Pr, photoreceptors (rods and cones); be, bipolar cells; he, horizontal 
cell; ac, amacrine cell; gc, ganglion cell (modified from RAMON 
r CAJALS), 

Ret ina  

t a c h e d  g e n t l y  a n d  cu t  in  sma l l  pieces for e x p l a n t a t i o n .  T h e  
e x p l a n t s  were  p laced  on  r a t  t a i l  col lagen c o a t e d  cover-  
sl ips (11 b y  22 m m  rec t angu la r ) ,  a n d  t h e n  sealed in Maxi -  
m o w ' s  sl ides 4 or  in ro l le r  t u b e s  5. T h e  n u t r i e n t  f lu id  con-  
s i s t ed  of equa l  p a r t s  of hor se  se rum,  m e d i u m  199, H a n k s "  
b a l a n c e d  sa l t  so lu t ion  a n d  s u p p l e m e n t a r y  glucose  g iv ing  
a c o n c e n t r a t i o n  of 600 m g  pe r  100 m l  n u t r i e n t .  T h e  cul-  
t u r e s  were  i n c u b a t e d  a t  36 °C. A t  va r ious  t i m e  i n t e r v a l s  
(12-34  d a y s  in v i t ro )  cu l tu re s  were  t a k e n  o u t  a n d  f ixed for  
s i lve r  i m p r e g n a t i o n  b y  a mod i f i ca t i on  of B o d i a n ' s  p r o t a r -  
gol m e t h o d  s, 7. 

T h e  n o r m a l  d e v e l o p m e n t a l  s tage  of t h e  r e t i n a  i r o m  
13-14-day-o ld  ch ick  e m b r y o s  is dep ic ted  in F igu re  1, 
w h i c h  is modi f i ed  f rom t h e  ske t ches  of ~g{AMON Y CAJAL s. 
T h e  cell e l e m e n t s  i l l u s t r a t ed  are  p h o t o r e c e p t o r  cells  (rods 
a n d  cones) ,  b ipo la r  cells, gang l ion  cells, a n d  two  t y p e s  of 
a s soc ia t ion  cells, h o r i z o n t a l  a n d  a m a c r i n e  cells. N e u r o n s  
d e m o n s t r a t e d  in  s i lver  i m p r e g n a t e d  cu l tu res  were closely 
co r re l a t ed  morpho log ica l l y  to  t he  n e u r o n a l  t ypes  shown  in 
F i g u r e  1. 

T h e  d e v e l o p m e n t  of ch ick  r e t i na l  cu l tu res  in genera l  was  
s imi l a r  to  t h e  desc r ip t ions  m a d e  b y  p r ev ious  a u t h o r s  in  
cu l t u r e s  of n e w - b o r n  r a t  r e t i n a  such  as  t h e  r o s e t t e  f o r m a -  
t i o n  of p h o t o r e c e p t o r s  :, 2 A m o n g s t  t h e  h e a v y  p o p u l a t i o n  
of p h o t o r e c e p t o r s  a n d  gl ial  cel ls  ( inc lud ing  Miil ler  cells), 
v a r i ous  n e u r o n a l  t y p e s  were obse rved .  A l t h o u g h  n e r v e  
cells in  cu l tu re  were i r regu la r ly  or ien ted ,  4 p r inc ipa l  t ypes  
of n e u r o n s  were  iden t i f i ed  as such  b y  cha rac t e r i s t i c  
f ea tu re s  of t h e i r  m o r p h o l o g y  a n d  size. Gang l ion  cells were  
t h e  l a rges t  a m o n g  t h e  n e u r o n s  obse rved  in r e t i na l  c u l t u r e s  
(14-20  ~ m  soma) ,  w i t h  m u l t i p o l a r  o r i e n t a t i o n  of dendr i t e s .  
T h e y  closely r e s e m b l e d  t yp i ca l  n e u r o n s  d e m o n s t r a t e d  in  
cu l t u r e s  of o t h e r  regions  of t h e  ch i ck  c e n t r a l  n e r v o u s  
t issueg,  1° (F igure  2). B ipo la r  cells were  d i s t i n g u i s h e d  
f rom o t h e r  neu rons  b y  t he i r  smal le r  size (6-10  ~ m  soma)  
a n d  2 long  processes  e x t e n d i n g  f rom t h e  cell  b o d y  (Figure  

I H. A. HANSSON and P. SOURANDER, Z. Zetlforsch. 62, 26 (1964). 
W. HILD and G. CALLAS, Z. Zellforsch. 80, 1 (1967). 

z L. BARR-NEA and R. Y. BARISnAK, Invest. Ophthal. 9, 447 (1970). 
4 M. B. BORNSTEIN and M. R. MuRr~AY, J. biophys, biochem. Cytol. 
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bromide solution for 24 h at room temperature, then transferred 
to 95% ethyl alcohol to extract lipids to improve the stainability 
of neuronal elements for 48 h at 36 °C. After a brief wash in distilled 
water, the fixed cultures were incubated in a Columbia staining 
dish containing 0.7% protargol solution and copper fragments 
(0.2 g per i0 ml solution) for 24 h at 36°C. After the incubation 

in protargol solution, the cultures were processed in a reducing 
bath, 0.5% gold chloride (without acetic acid added), 1% oxalic 
acid, and 5% sodium thiosulfate, for 5, 3, 3 and 3 min respectively. 

T When the protargols (silver proteinate) from various manufacturers 
were tested in our cultures, the quality of staining was rated in the 
following order: Prewar Beyer, Roque (French), Winthrop (Ameri- 
can), Chroma (German), Merck (German), Gurr (British), British 
Drug House. 
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3). Two types  of associa t ion neurons ,  hor izonta l  and  ama-  
crine cells were of an  i n t e r m e d i a t e  size (10-14 t~m soma).  
A pecul iar  fea ture  of amacr ine  cells enab led  us to  dis t in-  
guish th is  t y p e  of neurons .  The  processes  of amacr ine  cells 
po in t ed  to  one  s ide  of soma.  This  fea tu re  seemed  to  be  a 
ref lect ion of t he  m o r p h o l o g y  in v ivo  (Figure 4, also ac in 
Figure  1). On the  o the r  hand ,  hor izon ta l  cells had  a typ ica l  

mul t ipo la r  conf igura t ion  wi th  4 to  6 processes  e x t e n d i n g  
f rom the  soma  (Figure 5). There  also was  a s t rong  indica-  
t ion  of de novo  fo rma t ion  of t he  in t e rneurona l  connec t ions  
ev idenced  b y  t h e  d e m o n s t r a t i o n  of t he  t e r m i n a l  b o u t o n s  
which  were  closely app l ied  to  t h e  surface of neurona l  soma  
a n d  dendr i t e s  (Figure  6). These  t e rmi n a l  b o u t o n s  ap p ea red  
as del icate  neurof ibr i l lar  r ings  w i t h  clear cen t ra l  cores. 

P rev ious  inves t iga to r s  have  a t t e m p t e d  unsuccessfu l ly  
t o  iden t i fy  neurona l  t y p e s  d i f f e ren t i a t ed  in re t ina l  cul- 
tu res  1-3. BARR-NEA a n d  BARISHAK S m a i n t a i n e d  t h a t  in 
chick  re t ina l  cu l tures  all  neurons  ex cep t  hor izon ta l  cells 
degene ra t ed  wi th  t h e  process  of aging. This  exp l ana t i on  
for t he i r  fai lure to  def ine  neurona l  t y p e s  in cul ture  is un-  
w a r r a n t e d :  the i r  o ldes t  cu l tures  were  mere ly  3 weeks  in 
vi t ro ,  in t h a t  s tage  we h a d  scores of cul tures  w i t h  well  
s i lver  s ta ined  neurons .  The i r  c la im of t he  iden t i fy ing  hori-  
zonta l  cells is also ques t ionable ,  since the i r  i l lus t ra t ion  
only  d e m o n s t r a t e s  n e t w o r k  of ne rve  f ibers w i t h o u t  show- 
ing n e r v e  cell itself.  

KIM 5,11 has  r e p o r t e d  t h a t  s y n ap t i c  connec t ions  were  
newly  fo rmed  in cu l tures  of cen t ra l  ne rvous  t issue,  de-  
m o n s t r a t i n g  r ing - shaped  t e rmina l  bou tons  in si lver  im- 
p r e g n a t e d  cul tures  of k i t t en  cerebel lum.  S u b s e q u e n t  re- 
p o r t s l i ,  is h a v e  shown  s imi lar  s y n ap t i c  conf igura t ions  in 
s i lver  i m p r e g n a t e d  cul tures  of cen t ra l  ne rvous  t issue.  F ine  
s t ruc tu ra l  accoun t s  of such synap t i c  connec t ions  in cul- 
tu res  have  also been  repor ted l* - lL  F u r t h e r  ev idences  of 
t h e  tunc t iona l  ope ra t ion  ot i n t e rneurona l  connec t ions  in 
cu l tures  were  g iven b y  e lec t rophys io logica l  m e t h o d s  is. 
The  t e r m i n a l  b o u t o n s  shown  in t h e  p r e s e n t  c o m m u n i c a -  
t ion  are morphologica l ly  ident ica l  to  those  observed  by  
prev ious  authors .  Recen t l y  t he re  has  been  an  a b s t r a c t  re- 
po r t i ng  an e lec t ron  microscopic  obse rva t ion  of synapse  in 
r a t  r e t ina l  cul tures lL Thus  i t  is ev i d en t  t h a t  t h e  in ter -  
neurona l  connec t ions  are  p r e s en t  in t h e  r e t i na  e x p l a n t s  
deve loped  in long- t e rm t issue  cul ture.  

We  def ined  4 pr inc ipa l  t y p e s  of re t ina l  neurons  in sil- 
ve r  i m p r e g n a t e d  cul tures .  W e  bel ieve t h a t  such  s t u d y  will  
serve as a base  l ine s t u d y  for  t h e  i n t e r p r e t a t i o n  of o n c o m i n g  
e x p e r i m e n t a l  s tud ies  us ing  re t ina l  cul tures .  

Zusammen/assung. Morphologische Befunde  an Nerven-  
zellen der  R e t i n a  yon  H i i h n e r e m b r y o n e n  werden  mi tge-  
te i l t .  Mit  de r  Bodian-Si lber impr~ignat ion  in Langze i t -Ge-  
webeku l tu r en  k o n n t e n  mul t ipo la re  Gangl ienzel len,  b ipo-  
lare und  Hor izonta lze l len ,  A m a k r i n e  und  Sy n ap s en  iden-  
t i f iz ier t  werden .  
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Fig. 2. Two ganglion cells (gc) are shown. An axon from the left 
ganglion cell terminates on the soma of the ganglion ceU at the 
right (arrow). 
Fig. 3. Bipolar cell with a thicker dendritic process heading to 
upward and the thinner axon heading to downward. 
Fig. 4. Amacrine cell with its processes originating from one pole 
of the soma. 
Fig. 5. Horizontal celt with multipolar projections of dendrites and 
an axon. 
Fig. 6. Two terminal boutons (arrows), fine neurofibrillar rings, 
localize on and nearby the neuronal soma possibly a horizontal cell. 
Figures 2 through 6 are light micrographs of Bodian silver impreg- 
nated nerve cells in chick retinal cultures fixed after 12-34 days 
in vitro. Figures 2 through 5 are at the same magnification. 

xt S. U. KIM, Arch. Histol. Jap. 25, 371 (1965). 
1~l W. HILD, Z. Zellforsch. 69, 155 (1966). 
is C. D, ALLERAND, Expl Neurol. 25, 482 (1969). 
14 G. CALLAS and W. HILD, Z. Zellforsch. 63, 686 (1964). 
is R. P. BUNGE, M. B. BUNGE and E. R. PETERSON, J. Cell Biol. 

24, 163 (1965). 
1* C. E. LUMSDEN, in The Structure and Function o/Nervous Tissue 

(Academic Press, New York 1968), vol. 1. 
x7 S. U. KIM, Z. Zellforseh. 107, 454 (1970). 
18 S. M. CRAIN, Int. Rev. Neurobiol. 9, 1 (1966). 
19 M. M. LAVAIL, Ana t .  Ree. t66, 335 (1970). 

This work was supported by the Medical Research Council of 
Canada, 


