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ABSTRACT

An e lectron m icroscopic  invest igation of the morphogenesis of 

photoreceptor c e l l s  in the domest ic fowl (Gallus g a l lu s ) retina is pre

sented in th is  study. The fine structural  observations  i l lustrate  photo

receptor  development ranging from five to twenty-one days of incubation 

and one to two days p o s t -h a tc h in g .  Retinal t i s s u e s  were fixed in 

buffered aldehyde f ix a t iv e ,  p o s t - f ix ed  in buffered 2 %  osmium tetroxide 

and otherwise  conventionally  prepared for e lec tron  microscopy.

The neural (sensory) retina of the chick  is  largely occupied by 

undifferentiated c e l l s  within the outer neuroblast ic  layer from the 5th to 

9th days of incubat ion.  This layer  is la ter  divided into the inner and 

outer nuclear  layers  a s  a result  of the es tab l ishm ent  of the outer p le x i -  

form lay er .  The e l l ip so id  c e l l s  of the outer nuclear  layer  wil l  develop as 

the photoreceptors of the chick  re t ina .  Numerous ce n tr io le s  are c o n 

spicuous within th ese  c e l l s  at the le ve l  of the outer l imiting membrane.

The first  indication of dif ferentiation in the photoreceptor proper 

occurs during the 9th to 11th d ay s ,  as  the ap ic a l  cytoplasm of the future 

receptor  c e l l s  extends beyond the outer limiting membrane.  These  bulbous 

cytoplasmic  pro je ct ions  occupy the optic ventr ic le  and represent the 

forming inner segments with their  c h a r a c te r i s t i c  e l l ip s o id .  By the 16th

x



day,  the inner segments are e x te n s iv e ly  e longated .  They are divided 

into the following two definitive portions:  (1) the e l l ip so id  which 

occu p ies  the d is ta l  one-third and (2) the myoid which represents the 

proximal tw o-th irds .

During the 17th day,  irregularly arranged membranous d is c s  are 

observed within the forming outer segm en ts .  This portion of the photo

receptor  proper develops  as  a modified cil ium which originates from a 

b a s a l  body within the e l l ipso id  region of the inner segment.  The mem

branous d i s c s  are c l o s e l y  a s s o c i a t e d  with the microtubules of the 

"connect ing cil ium" and many are continuous with cyl indrica l  tubules 

measuring 240 to 400 A in diameter.  The d is c s  (135 A thick) become 

oriented at right an g le s  to the plasmalemrna by the 19th day. Some of 

the membranous d isc s  are continuous with the plasmalemrna. Groups of 

d i s c s  are found within the pigment epithelium during the second day 

p o s t -h a tch in g .  This observation indicates  that the pigment epithelium 

a c t iv e ly  part ic ipates  in the removal of membranous d i s c s .

During the early  s ta g e s  of photoreceptor development,  the b asa l  

portions of the receptor  c e l l s  are not very co nspicuo u s ,  with the 

exception  of a large n u c le u s .  By the 16th day b a sa l  arborizations  begin 

to develo p.  Extensive synaptic  terminals are plentiful and extend into 

the outer plexiform layer  by the 19th day. They contain numerous synapt ic  

v e s i c l e s  and synapt ic  r ibbons.  Both conventional and invaginated



ribbon) sy n ap se s  occur between the photoreceptors and secondary 

leurons (bipolar and horizontal  c e l l s ) .

This study ind ica tes  that the morphogenesis of photoreceptors in 

he ch ick  retina corresponds well  with that in other vertebrate  s p e c ie s  . 

vloreover, the b a s i c  fine structure of the mature photoreceptor corre la tes  

avorably with that in a number of v e r te b ra te s ,  including amphibians,  

)ther av ian s p e c ie s  and numerous mammals.

x n
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CHAPTER I 

INTRODUCTION

The vertebrate  eye  develops as  a peripheral  extens ion  of the 

developing central  nervous system (CNS) . The paired evaginat ions 

known as  the optic  v e s i c l e s  soon invaginate to form the optic  cups.  As 

a re s u l t ,  the retina becom es a double layered epithelium,  the surface 

c e l l s  of  which are joined by desmosomes (maculae a d h e r e n te s ) . These 

intercellu lar  junct ions form the following fenestrated "membranes" :

(1) the outer l imiting membrane (OLM) which represents  junct ions 

betw een the peripheral  c e l l s  of the neural retina and (2) Verhoeff 's  mem

brane which c o n s i s t s  of ju nct ions  between the pigmented ep ith e l ia l  c e l l s  

(Fine,  1961) .  The free su r faces  of th e se  c e l l s  face  an embryonic lumen 

which is  continuous with the lumen of the neural tube (CNS) . It is often 

referred to a s  the "optic v e n t r ic le "  (Cohen, 19 63 b ) . It remains as  a 

potential  space  in the adult vertebrate  retina (Fine,  19 61).  The outer 

layer of the optic cup wil l  develop a s  the pigment epithelium,  whereas 

the inner layer represents  the neural (sensory) retina (Copenhaver,  et a l . , 

1971) .  The external portion of the developing neural re t in a ,  located 

nearer to the s c l e r a ,  represents  the outer neuroblast ic  layer .  This

11
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expansive  layer contains  irregularly arranged undifferentiated c e l l s .  

Following progressive ce llu lar  div is ion and migration,  the outer neuro- 

b l a s t i c  layer becomes divided into two nuclear zones  (Mann, 1950;  

Duke-Elder  and Cook,  1963;  Patten ,  1968) .  These  zones  are recognized 

as  the inner and outer nuclear  layers  (INL, ONL), separated by the outer 

plexiform layer (OPL). The ONL represents  the la s t  two generat ions of 

the "germinal"  nu cle i  within the outer neuroblast ic  layer (Weysse  and 

Burgess ,  1906) .  These  c e l l s  are destined to become the future photo

receptors of the neural re t ina .  The c e l l  bodies of the photoreceptors 

will  remain within the ONL, while a b a sa l  synaptic  terminal will  expand 

into the OPL. The photoreceptors proper will  extend beyond the OLM 

into the optic  v e n tr ic le ,  forming the rod and cone layer  of the neural 

r e t i n a .

Thorough reviews on the l ight m icroscopic  morphology of the 

vertebrate retina are offered by Polyak (1941) ,  Wolf f  (1948) ,  and Duke- 

Elder and Wybar (1961) .  With the advent of elec tron microscopy,  the 

vertebrate  retina has undergone e x te n s iv e  study. Reviews on the fine 

structure of the vertebrate  retina are given by Cohen (19 63 b ) , Dowling 

(1970) ,  Young (1970 ,  1971 a ) ,  Hebei (1971) ,  and Hogan, et a l . (1971) .  

The fine structural  morphology of mature photoreceptors (rod and cone 

c e l l s )  is w el l  substantiated in severa l  vertebrate  s p e c ie s  through the 

observat ions  of numerous in v e s t ig a to rs .  These  s p e c ie s  include the mud-

puppy, Necturus maculosus (Brown, et  a l . , 19 63; Dowling and W erbl in ,



1969) ,  newt,  Triturus v i r id e sce n s  (Dickson and Hollenberg,  1971,

1972;  Keefe ,  1971) ,  leopard frog,  Rana pipiens (N i lsson ,  1964 a ,

1964 b ,  1964 c ;  Young, 1967;  Cohen, 19 68; Dowling, 1968) ,  water frog,

R. e scu len ta  (Young, 1968 ,  1969 a ;  Young and D ro z , 1968) ,  domest ic  

pigeon, Columba livia (Cohen, 1963 a ) ,  domestic fowl (Vil legas ,  1960; 

Morris and Shorey,  1967) ,  domest ic mouse,  Mus musculus (Cohen,

1960;  Young, 1967) ,  domestic  ra t ,  Rattus norvegicus (Ladman, 1958;

Pedler and T i l ly ,  1967; Young, 1967) ,  American gray squirrel ,  Sciurus 

c a ro l in e n s is  (Cohen, 19j64) , th irteen l ined ground squirre l ,  C ite llus  

tr idecemlineatus  (Hollenberg and Bernste in ,  1966) ,  guinea pig,  Cavia 

cobaya (S jostrand,  1949 ,  1953 a ,  1953 b;, Pedler and T i l l y , 1967) ,  

domestic rabbit ,  Oryctolagus cuniculus (De Robertis  , 1956 a ,  1956 b;

De Robertis and Franchi ,  1956;  De Robertis and L a s a n s k y ,  1958) ,  

domest ic dog, C an is  familiar is (Shively,  et a l . , 1970;  H ebe i ,  1971) ,

Rhesus monkey, M a ca ca  mulatta (V i l legas ,  1960;  Cohen , 1961 a ,

1961 b ,  1965 a ,  1965 b; Dowling, 1965;  Dowling and Boycott ,  1966;
. :"i ■ ,  . . .i. >

Young, 1971 b ,  1971 c) and man, Homo sapiens  (Cohen, 1965 a ,  1965 b; 

Dowling, 1970;  Spi tznas and Hogan, 1970;  U g a , et a l . , 1970) .  These 

reports indicate that the fine structural  morphology of photoreceptors 

from various vertebrates  is e s s e n t i a l l y  comparable .  Note Figure 1 which 

diagrammatical ly  depic ts  the typ ica l  f ine structure of a mature photo

receptor  (cone c e l l ) . All of the terminology given is appl icable  to both

3
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PHOTORECEPTOR
(CONE CELL)

F ig .  1 . — Mature photoreceptor in the ch ick  r e t i n a . 
All vertebrate  photoreceptor  c e l l s  p o s s e s s  th is  b a s i c  
structure with the except ion  of the parabolo id ,  which is 
not found in mammalian r e t i n a s .  The terminology given 
appl ies  to both rods and c o n e s .

rod and cone receptor  c e l l s .  The fine structure of vertebrate  photo

recep to r  components  may be summarized as  fo l low s.

Inner Segment

The inner segment represents  the proximal o n e -h a l f  of  the e lo n 

gated photoreceptor  proper, which extends beyond the OLM to the
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le v e l  of  the outer segment (Polyak, 1941) .  It is divided into the follow

ing two regio ns :  (1) the e l l ipso id  and (2) the myoid. The e l l ipso id  

o ccu p ie s  approximately the d is ta l  one-third of the inner segment,  and 

c o n s i s t s  primarily of dense  accumulat ions  of mitochondria which are 

usually  oriented paralle l  to the long a x i s  of the inner segment (S jostrand,  

1953 b;  Hogan, et a l . , 1971 ,  and o thers ) .  Frequently,  a large lipid 

droplet is observed in the d is ta l  part of the inner segment of cones  

(Cohen, 1963 b; Copenhaver,  et a l . , 1971) .  The surrounding cytoplasm 

co n ta in s  free r ibo so m e s ,  a few membrane bound v e s i c l e s  and o c c a s io n a l  

microtubules .  A b a s a l  body is lo cated e c c e n t r i c a l ly  at the d is ta l  end of 

the inner segment (Vil legas ,  19 64 ) .  Often,  another centr io le  is present ,  

posi tioned perpendicularly to the b a s a l  body. Both of th e s e  organelles  

c o n s i s t  of nine co n ce n tr ica l ly  arranged tr iple ts of microtubules  which 

are c h a r a c te r i s t i c  of  centr io le  structure (Brown, et a l . , 19 63;  Faw cett ,  

1966) .  A "connect ing ci l ium" is continuous with the b a s a l  body and 

extends  d is ta l ly  into the outer segment.  The morphology of the cilium is 

t y p ic a l ,  with the exception  of the two centra l  microtubules which are 

abse nt  (De Robert is ,  1956 a ) .  Frequently,  " c i l ia ry  r o o t l e t s " are 

observed originating from the two centr io les  and extend toward the 

vitreous into the myoid. These  fi laments  p o s s e s s  a regular pattern of 

periodic ity  measuring about 700 A (S jostrand,  1953 b;  Cohen,  19 60; 

O rza le s i  and Bairat i ,  1964) .  Narrow, elongated cytoplasmic  p r o c e s s e s

of  the d is ta l  inner segment extend along the outer segment for varying
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d i s t a n c e s .  These  are usual ly  referred to a s  " c a l y c e a l "  p r o c e s s e s  

(Cohen, 1961 b ,  1963 b ,  1964) or o c c a s io n a l ly  a s  "dendrites"  (Brown, 

et  a l . , 19 63; D ick son  and Hollenberg,  19 71) .  The c e l l  membranes of 

the inner and outer segments  are uninterrupted. Continuity between the 

inner and outer segments is by means of the modified cil ium which 

inc ludes  a small  s ta lk  of cytoplasm and the c e l l  membrane.

The myoid represents  the proximal two-thirds of the inner segment,  

extending toward the vitreous from the e l l ipso id  to the level of the OLM. 

The cytoplasm of the myoid is direct ly  continuous with that of  the photo

receptor  c e l l  body which l ie s  within the ONL. The myoid contains 

numerous ribosomes often in the form of polyr ibosom es,  v e s i c l e s  of 

smooth endoplasmic  reticulum,  c i s t e rn s  of rough surfaced endoplasmic 

reticulum and numerous microtubules which are primarily oriented with 

the long a x i s  of  the inner segment.  Numerous v e s i c l e s  of the Golgi 

apparatus are observed in the proximal portion of the myoid (Cohen,

1963 b;  Hogan, et a l . , 1971) .  The c i l iary  root le ts which traverse  the 

myoid are often c l o s e l y  a s s o c i a t e d  with v e s i c l e s  of the smooth endo

plasm ic  reticulum and Golgi apparatus (Cohen, 19 63 b; U g a , et a l . , 

1970) .  A structure known as  the "paraboloid" is observed within the 

cytoplasm of the myoid. It is peculiar  to retinal  photoreceptors and is 

usually  reported to be present in c o n e s ,  although it is o c c a s io n a l ly  

observed in rods (Morris and Shorey,  1967;  D ickson and Hol lenberg,

1971;  Keefe ,  1971) .  The paraboloid is present in the retinas  of numerous
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vertebrates  including f i s h ,  r e p t i l e s ,  amphibians and birds .  However,  it 

has not been observed in the mammalian re t ina .  The paraboloid is round 

to oval in shape ,  and c o n s i s t s  of glycogen granules interspersed between 

v e s i c l e s  of smooth endoplasmic reticulum (Cohen, 19 63 b; M el ler  and 

Breipohl,  1965) .  However,  c i s t e r n s  of rough surfaced endoplasmic  

reticulum have been observed to be continuous with the v e s i c l e s  at the 

periphery of the paraboloid (C a ra sso ,  19 60;  Yamada, 19 60) .  M eller  and 

Breipohl (19 65) refer to the paraboloid as  a s p e c ia l iz e d  portion of the 

smooth endoplasmic  reticulum and indicate that it may be involved with 

g lycogen storage or g ly c o ly s i s  (Dickson and Hollenberg,  1972) .

Individual inner segments are separated from one another by 

e longated v il lous  p r o c e s s e s  of the Muller c e l l s  (Meller and G l e e s ,

1965) .  In addition,  f ine p r o c e s s e s  of the bipolar c e l l s  commonly referred 

to a s  "Landolt 's  c l u b s , "  penetrate into the optic ventr ic le  and further 

iso la te  individual inner segments (Cohen, 1963 b; Keefe ,  1971) .

Outer Segment

The outer segment represents the d is ta l  ha lf  of  the photoreceptor 

proper.  It extends toward the sc le ra  from the inner segment to in ter-  

dig itate  with the pigment epithelium. M icrovi l l i  of the pigmented 

e p i th e l ia l  c e l l s  extend inward and iso la te  outer segments  from one 

another (Bairati and O r z a l e s i ,  1963) .  In addition to th ese  vil lous  

p r o c e s s e s ,  Spi tznas  and Hogan (1970) report that "broad cytoplasm ic
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s h e e t s "  extend from the pigment epithelium and envelop individual outer 

segments in the human ret ina .  Both types  of p r o c e s s e s  contain pigment 

gran u les ,  and e ach  plays an important role in the normal re lationship 

between the neural retina and the pigment epithelium (Spitznas and 

Hogan, 1970) .

The "connect ing  c il ium" is e c c e n t r i c a l ly  posi tioned in the outer 

segment.  As it extends into the outer segm ent,  it undergoes a transi tion 

from the normal c i l i a ry  doublets  to s ing le ts  of microtubules (Cohen,

19 65 a ) , which however ,  account  for very l i t t le  of  the volume of the 

outer se g m e n t .

The fine structural  morphology of the main portion of the outer s e g 

ment is unique.  It c o n s i s t s  of s t a c k s  of membranous d i s c s  or s a c c u l e s  

which are positioned perpendicularly to the c e l l  membrane.  Each disc  

c o n s i s t s  of  two unit membranes which are continuous at their  periphery 

(Hogan, e t  a l . , 1971) .  Considering membrane th ic k n e s s  and the sl ight 

" in tradisc  s p a c e , "  the total  th ic k n e s s  of the membranous d i s c s  averages 

from 140 to 150 A (S jostrand,  1953 a ,  1961;  Moody and Robertson, 1960;  

Young, 1969 b; Cohen,  1964;  Hogan, et a l . , 1971;  Korenbrot, et a l . , 

1973) . These  measurements vary according to photoreceptor type (rod or 

cone) , s p e c i e s ,  and techniqu es  of f ixat ion .  The number of d i s c s  present 

in an outer segment v ar ies  from 600 to 1 , 2 0 0  depending on photoreceptor 

type and s p e c ie s  (Hogan, et a l . , 1971) .  The relationship  between the

membranous d i s c s  and the plasmalemma varies  co n s id e rab ly .  In
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prim ates ,  the d is c s  of both rods and co nes  are usual ly  completely 

separate  from the c e l l  membrane (Young, 19 69 b; Cohen, 19 65 a;  Hogan, 

et  a l . , 19 71 ) .  However,  in many lower v e r t e b r a t e s , the d i s c s  are 

continuous with and appear to form as  invaginat ions of the c e l l  membrane 

(N i lsson ,  1964 c ;  Young, 1969 a ,  1971 c ;  L e e s o n ,  1971 ,  and o thers) .

As a result  of  this  continuity ,  the " in tradisc  s p a c e "  is continuous with 

the e x trace l lu lar  space  (Cohen, 19 68) .  Rods generally  display  th is  

continuity with the c e l l  membrane at the b a s a l  portion of the outer s e g 

ment,  whereas  it is observed throughout the co ne .  These  continuit ies  

become progress iv e ly  fewer towards the d is ta l  end of the cone outer 

segment.  When observed in c r o s s  s e c t io n ,  the d i s c s  of rods are 

lobulated while th ose  of cones  have a smooth spher ica l  shape .

Through the use of radioact ive ly  labe led  amino a c i d s ,  it is evident 

that there is constant renewal of the membranous d i s c s  in rods of v e r t e 

brate retinas (Droz, 1963;  Young, 1967,  1968 ,  1969 a ,  1970 ,  1971 b,

19 71 c ;  Young and Droz,  19 68) .  Mature c o n e s ,  on the other hand, do not 

form new d is c s  (Young, 1971 a ) ,  but evid ence  suggests  that they may 

regain th is  ca p a c i ty  when injured (Kroll and M achemer,  1968) .  During 

the renewal p r o c e s s ,  d i s c s  are formed at the b a se  of the outer segment 

by invaginat ions of  the c e l l  membrane.  Once contact  is  lo s t  with the 

plasmalemma, the d i s c s  are pushed toward the sc le ra  by newly formed 

d i s c s .  After reaching the a p ic a l  end of the outer segm en ts ,  groups of 

d i s c s  are " sh e d "  and engulfed by the pigment epithelium.  These



10

phagosomes then undergo progressive digestion within the cytoplasm of 

the pigmented ep ith e l ia l  c e l l s  (Porter and Yamada, 1960;  Yamada, 1961;  

Bairati  and O r z a le s i ,  1963;  Moyer,  1969;  Young and B o k , 1969;  Ishikawa 

and Yamada, 1970;  Spitznas and Hogan, 1970;  M arshall  and A n s e l l ,

1971;  Young, 1971 b ,  1971 c ) .

Photoreceptor F i b e r s , Cel l  
Body and Synaptic Terminal

The remainder of the photoreceptor which l ie s  on the vitreous side 

of the OLM, c o n s i s t s  of  three portions:  (1) the outer f iber which extends 

from the c e l l  body to the OLM, (2) the c e l l  body containing the n u c le u s ,  

and (3) the inner f iber which ends as  a synaptic  terminal within the outer 

plexiform layer (OPL; Polyak, 1941) .  The extent  of the outer and inner 

f ibers  v ar ies  considerably  among numerous v er teb ra tes .  The nucleus 

occu pies  nearly the entire c e l l  body. Often the nucle i  of cone c e l l s  

protrude through the OLM and into the proximal portion of the myoid.

The number and position of rod and cone nucle i  within the ONL vary 

among s p e c i e s .

The cytoplasm of the outer f iber contains numerous r ibo so m e s ,  

microtubules predominantly arranged paralle l  with the long a x i s  o f  the 

c e l l ,  and v e s i c l e s  of Golgi and smooth endoplasmic reticulum. The 

sparse  cytoplasm surrounding the nucleus conta ins  a few ribosomes and 

microtubules (Hogan, et a l . , 1971) .
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The inner f iber of photoreceptors contains  irregularly arranged 

microtubules ,  r ibosomes and numerous synaptic  v e s i c l e s .  The synapt ic  

v e s i c l e s  usually  range in s ize  from 300 to 600 A in diameter (Evans,

19 66) which is  the s ize  range generally  a s s o c i a t e d  with most v e s i c l e s  

containing neurotransmitter su b s ta n c e s  (Dickson and Hol lenberg,  1971) .  

The synapt ic  terminations of the inner f ibers are commonly referred to as  

rod "sp h e ru le s "  and cone " p e d i c l e s . "  These  structures synapse  with 

dendrites of bipolar c e l l s  and cytoplasmic  p r o c e s s e s  of horizontal  c e l l s .  

The c e l l  bodies  of t h e s e . c e l l  types  l ie  within the inner nuclear  layer  

(INL). The entire " synapt ic  complex"  c o n s i s t s  of  the following three 

e lem ents :  (1) the presynaptic  membrane (synaptic terminal) ,  (2) the 

ce l lu lar  c o n tac ts  ( synapse) ,  and (3) the postsynaptic  membrane (bipolar 

and horizontal  c e l l s ;  Hogan, et a l . , 1971) .  Where synapses  occur ,  

there are always two common observat ions :  (1) synaptic  v e s i c l e s  and 

(2) increased densi ty  of e i ther  the pre-  or postsynaptic  membrane or 

both (Cohen, 1965 b ) . Two general  types of sy n ap se s  occur  between 

photoreceptors and bipolar and horizontal  c e l l s .  They are ei ther co n 

ventional (superficial)  or "invaginated"  (ribbon) synapses  (Dowling,

1970) .  The conventional synapse which is observed throughout the 

vertebrate  nervous sy s te m ,  usually  c o n s i s t s  of an aggregation of 

synaptic  v e s i c l e s  in the presynapt ic  cytoplasm and an increased density  

of ei ther the p re -  or postsynaptic  membranes or both ,  depending on the 

s p e c i e s  and photoreceptor types (Dowling, 1968;  D ickson and
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Hollenberg,  1971,  and o t h e r s ) . Moreover,  only one postsynaptic  

e lement is present at th ese  sy napses  (Dowling, 1970) .  Synaptic ribbons 

are not genera l ly  a s s o c i a t e d  with th is  type of s y n a p se ,  although they are 

observed (Dowling and W e r b l in , 1969) .

The invaginated or ribbon synapse  incorporates a s p e c ia l ize d  

structure known as  the " synapt ic  ribbon" or " synapt ic  la m el la"

(Lasansky,  1969) .  It is unique to s p e c ia l  sensory  receptor c e l l s  (Fine,  

1963) ,  for it is found only in the photoreceptor and bipolar c e l l s  o f  the 

retina (Dowling and Boycott ,  1966) ,  and in the hair c e l l s  of  the co ch lea  

(Smith and S jo strand,  1961) and vest ibular  apparatus (Hogan, et a l . ,

1971) .  The synaptic  ribbon averages  350 A in width (M atsu ska ,  1967) 

and is an e lec tron  dense band or bar within the presynaptic  cytoplasm .

It is  ad jac en t  to the plasmalemma and is usually  oriented perpendicularly 

to i t .  The synapt ic  ribbon is surrounded by synapt ic  v e s i c l e s  in the 

form of e ither  an irregular c lu s te r  or arranged in paralle l  rows on each 

side of the ribbon. Frequently,  a dense globule is observed interposed 

between the synaptic  ribbon and the plasmalemma.  This structure was 

first  observed by Ladman (19 58) and is known as  the "arciform densi ty .  " 

In contrast  to conventional s y n a p s e s ,  the ribbon synapse  has  multiple 

po stsynaptic  e lem en ts .  The bipolar and horizontal  c e l l s  make synaptic 

contact  with the photoreceptors  by means of a structural  "triad.  " Two 

horizontal  c e l l  p r o c e s s e s  extend deeply into the synaptic  terminal and 

are posi tioned la t e r a l ly ,  one on e a ch  side of the synapt ic  ribbon, while
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a bipolar dendrite is lo cated centra l ly  and more superf ic ia l ly  (Dowling, 

1965) .  Ribbon (invaginated) sy n a p se s  are much more numerous in cones  

than in rods .

Interce llular  c o n tac ts  occur between individual photoreceptors at 

various l e v e ls  on the vitreous side of the OLM. These  contacts  may 

represent  desmosomal ju n c t io n s ,  s in c e  the photoreceptors are ep i th e l ia l  

in origin.  Synaptic sp e c ia l iz a t io n s  are generally  not a s s o c i a t e d  with 

th e s e  c o n t a c t s ,  although increased  d e n s i t ie s  of the plasmalemma are 

reported (Cohen, 19 64) .  These  interreceptor c o n tac ts  are observed in 

the re t inas  of severa l  vertebrate s p e c i e s  (S jostrand,  1958;  Cohen,  1964 ,  

1965 b; N i l s s o n ,  1964 b; Dowling and,Boycott ,  1966;  Hogan, et a l . ,

1971 ,  and o thers ) .  To d a te ,  there is not enough evidence to support the 

idea that th e se  intercel lu lar  contacts  are funct ional  s y n a p s e s .

Morphogenesis of Photoreceptors

Fine structural  s tudies  of the developing vertebrate  retina are few,  

in comparison to those  which concern the adult re t ina .  The morphogenesis 

of photoreceptors ,  a s  revealed by elec tron microscopy,  is descr ibed for 

amphibians (C a ra s s o ,  1958,  1959 ,  1960;  N i l s s o n ,  1964 c ) , the domestic 

fowl ( M e l le r , 1964;  M eller  and Breipohl,  1965;  Sheff ie ld and F ischm an,  

1970) ,  domest ic  mouse (De Robertis ,  1956 b ,  1960; Tokuyasu and 

Yamada, 1959; C a le y ,  et a l . , 1972) ,  domestic rat (De Robertis ,  1960;

Weidman and Kuwabara, 1968) ,  domest ic  c a t ,  Fe l i s  domest ica  (Tokuyasu
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and Yamada, 1959) ,  the Rhesus monkey (Samorajski ,  et a l . , 1965;

Keefe ,  et a l . , 1966) ,  and man (Yamada and Ish ikaw a,  1965).

The differentiat ion of neurons in the vertebrate  retina begins  at the 

center  of the optic cup and progresses  towards the periphery (W eysse  

and Burgess ,  1906;  N oel l ,  1958;  Fujita and Horii ,  19 63; Aguire,  et a l . ,

1972) .  M orphogenesis of the photoreceptors occurs  at different rates 

among vertebrate s p e c i e s .  Once the ONL is e s ta b l i sh e d  the inner s e g 

ment begins  to develop as  a large bulbous p r o c e s s .  It extends beyond 

the OLM and into the optic ventr ic le  (Sheffield and F ischm an,  1970) .

The inner segment p o s s e s s e s  mitochondria,  r ibo so m e s ,  c i s te rn s  of 

rough surfaced endoplasmic  reticulum, and v e s i c l e s  of Golgi and smooth 

endoplasmic  reticulum. In e s s e n c e ,  the inner segment contains  a l l  of 

the "metabolic machinery" n e c e s s a r y  for the sy nthes is  of proteins 

required for the manufacture of membranous d i s c s  (Nilsson and 

C r e s c i t e l l i ,  1970) .  A primitive cil ium appears at the d is ta l  end of the 

forming inner segment and pro jects  into the optic ventr ic le  (Keefe,  et a l . , 

1966) .  The cil ium enlarges  and numerous v e s i c l e s  and tubules are 

observed within the cytoplasm.  These  are referred to as  "morphogenetic 

materia l"  (De Robertis , 1956 b ,  1960) ,  " c i l ia ry  v e s i c l e s " (Tokuyasu and 

Yamada, 1959) and smooth endoplasmic reticulum (Weidman and 

Kuwabara, 1968) .  These  irregularly arranged v e s i c l e s  en large ,  f la tten 

out and assume a final  d isposit io n perpendicular to the c e l l  membrane,  

forming the membranous d i s c s  of the outer segment.  De Robertis (1960)
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reports that the tubular f i laments  of the cil ium a ls o  contribute to this 

me mbra ne s ynthe s i s .

Infoldings of the c e l l  membrane at the d is ta l  end of the developing 

outer segment are observed.  These  c o a l e s c e  with the tubular and 

v e s ic u la r  s t ructures ,  and as  a result  aid in the sy n th es is  of membranous 

d i s c s  (Tokuyasu and Yamada, 1959) .  In the leopard frog tadpole ,  the 

membranous d i s c s  of the photoreceptors develop e x c lu s iv e ly  from 

invaginations of the plasmalemma at the b a s a l  surface  of the outer s e g 

ments (N i lsson ,  1964 c ) . This p rocess  occu rs  on the side opposite from 

the connect ing cil ium. Older d i s c s  are then pushed toward the sc le ra  by 

newly formed o n e s .  In c o n e s ,  many d is c s  remain continuous with the 

c e l l  membrane,  whereas in rods most of them are pinched off .  This 

phenomenon has been observed in the adult vertebrate  retina during the 

renewal of d i s c s  in rod outer segments  (Young, 1967 ,  1971 c ) .

During regeneration of photoreceptor outer segments in ver tebrates  

with retinal damage, the membranous d i s c s  reform by means of irregularly 

arranged membrane bound v e s i c l e s  and tu b u le s .  Eventually,  f la ttened 

s a c c u l e s  (discs)  become reoriented at right angles  to the c e l l  membrane.  

These  observations  were made during retinal detachment due to vitamin A 

d e f ic ie n cy  (Dowling and G ibbon s ,  19 61) ,  experimental  retinal  detachment 

(Kroll and Machemer,  19 68) and retinal damage by v is ib le  light (Kuwabara 

and Gorn, 1968;  O 'S te e n ,  et a l . , 1972) .  These  regneration patterns
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agree  with earlier  fine structural observations  of normal photoreceptor 

developm ent .

The presence  of developing membranous d i s c s  in the outer segment 

does not insure a funct ional  re t ina .  ERG's are not obtained in the 

developing retina until the following mature synaptic  components are 

present:  (1) synapt ic  v e s i c l e s , (2) synapt ic  ribbons and (3) invaginated 

(ribbon) sy n ap se s  (Nilsson and C r e s c i t e l l i ,  1970) .

M ost  of the fine structural  s tudies  in the vertebrate  retina are 

performed on the adult .retina . The mature morphology of photoreceptors 

cannot be fully appreciated or understood without f irst  observing their 

development in the embryo. The highly complex structure of mature rods 

and cones  is v a s t ly  simplified when observed during morphogenesis .  

Previous s tudies do not report on the development of the entire photo

receptor  from its in it ia l  appearance to maturity.  A detai led account  of 

th is  developmental  pro cess  is thus deemed n e c e s s a r y .  The ch ick  is 

ch o se n  for this study b e c a u s e  a complete developmental  s e r ies  is 

readily  obta in ab le .  It is the purpose of this paper to report,  in d e ta i l ,

on the morphogenesis of photoreceptors in the chick re t ina .



CHAPTER II

MATERIALS AND METHODS

Ferti le pullet eggs  (G. g a l l u s ; White Leghorn strain) were incu

bated at 38°  C for periods ranging from five to twenty-one d ay s .  Chicks  

aged from one to two days p o st-hatching  were a l s o  used .  In a l l ,  f i f ty -  

f ive c h ic k s  were sa c r i f i c e d  at one day in terv a ls .  Each was staged 

according to the Hamburger-Hamilton ser ies  (Hamilton,  1952).

Eyes were e x c i s e d  and immersed in cold cacodylate-buffered  

aldehyde f ixat iv e  (pH 7 . 4 ;  Karnovsky, 1965) for two to three hours.

After halving each eye  along the choroid f issure  and removing the 

vitreous and s c l e r a ,  equatoria l  bands of retinal  t i s s u e  were obtained.

The t i s s u e  was then washed in buffer and p o s t - f ix e d  in c a c o d y la t e -  

buffered 2 %  osmium tetroxide (Karnovsky, 1965) .  After a buffer w ash ,  

the t i s s u e  was dehydrated in ascending  grades of ethanol and pure 

propylene o x ide .  Once the equatoria l  bands of t i s s u e  were p a s s e d  into 

Epon 812 (6:4 ratio;  Luft ,  19 61) ,  they were progress iv ely  cut into small 

p i e c e s ,  from the iris to the fundus.  Each piece  was embedded separate ly  

and oriented for c r o s s - s e c t i o n a l  microtomy. After hardening,  b locks  

were chosen  from the mid-portion of each  band of t i s s u e .  Thick se c t io n s

17
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were stained with 1% toluidine blue solution at high pH. These se c t io n s  

were used for the purpose of light microscopic  ident ification and photo

micrography in a Z e iss  Photoscope .  Thin se c t io n s  were mounted on 

membrane covered (Formvar) grids and stained with uranyl a ce ta te  

(Greenlee ,  et al ■ , 1966) for one hour and lead ci trate  (Venable and 

C o g g e s h a l l ,  1965) for f if teen minutes .  All t i s s u e s  were examined in a 

Philips EM-2 00 e lectron m icroscope .



CHAPTER III

OBSERVATIONS

The following paragraph offers a br ief  resume of photoreceptor 

morphogenesis  in the chick  from five to tw enty-one days and one to two 

days p o s t -h a tc h in g ,  as  summarized in Figure 2 .  A thorough descript ion 

of th is  developmental  p rocess  w il l  fol low.

The external  portion of the neural retina in the chick  represents  the 

outer neuroblast ic  layer during the 5th to 9th day of incubation (Figure 3) .  

By the 11th day a definit ive outer plexiform layer (OPL) is present ,  

dividing the outer n euroblast ic  layer into outer and inner nuclear layers  

(ONL, INL). The ONL is ty p ica l ly  two to three c e l l  layers  in t h i c k n e s s .  

From the 9th to 11th day, cytoplasm ic  e x te n s io n s  of the developing 

photoreceptors (within the ONL) migrate beyond the le ve l  of the outer 

limiting membrane (OLM) and pro je ct  into the optic v e n tr ic le .  These  

spher ica l  to oval pro jections  represent  the forming photoreceptor inner 

segments (Figure 4 ) .  By the 16th day the ONL is for the most part ,  one 

to two c e l l  layers  th ick  (Figure 5) .  Numerous arborizations  are formed 

at the b a s e s  of the developing receptor  c e l l s .  These  synapt ic  terminals 

contain  a few synaptic  v e s i c l e s  and o c c a s io n a l  synapt ic  r ibbons.  The

19
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F ig .  2 . — Morphogenesis  of  photoreceptors in the ch ick  
r e t i n a . The chronology given is  a s  fo llows:  (A) 7th day 
(Figures 3 ,  8 ,  9 ) ,  (B) 11th day (Figures 4 ,  10),  (C) 14th day 
(Figures 1 1 - 1 4 ) ,  (D) 16th day (Figures 5 ,  6 ,  15 ,  16 ,  1 7 ,  24) 
and (E) 19th day (Figures 7 ,  19 ,  31) .

photoreceptor inner segments  e longate  e x t e n s iv e ly  by the 17th day 

(Figure 6) .  During th is  s t a g e ,  irregularly arranged membranous d i s c s  and 

their  a s s o c i a t e d  connect ing  c i l i a  are observed in forming outer s e g m e n ts .  

As a resul t  of  th is  progressive  photoreceptor  growth, the neural retina 

b e co m e s  farther removed from the pigment epithel ium, although the rods 

and co n e s  remain c l o s e l y  a s s o c i a t e d  with i t .  Mature outer segm ents  with

s tack ed  membranous d i s c s ,  oriented at right a n g le s  to the plasm alemma,
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are present in the rod and cone layer during the 19th day (Figure 7) .  The 

ONL is two to three c e l l  layers th ick from the 2 1 s t  day to one and two 

days p o s t -h a tc h in g .  Numerous synapt ic  complexes  are observed between 

the photoreceptors  and bipolar and horizontal  c e l l s  within the OPL. 

Throughout development,  numerous g lia l  e lements  (Muller c e l l s )  are 

interspersed among the photoreceptors within the ONL.

Inner Segment

External to the OLM, the optic ventr ic le  is in it ia lly  a very narrow 

potent ia l  space  due to the c lo s e  apposi t ion of t h e ’neural (sensory) retina 

to the pigment epithelium.  It is further obl iterated by microvill i  from the 

bordering c e l l s  of both the neural retina and the pigment epithelium. At 

th is  time (5th to 8th day) the c e l l s  of the outer neuroblast ic  layer  are 

embryonic c e l l s  showing li t t le  dif ferentiat ion .  The future photoreceptor 

c e l l s  sta in  more d ense ly  than the g l ia l  e lements  (Muller c e l l s ) .  The 

developing photoreceptors are ty p ica l ly  polarized with respec t  to 

organelle placement within their cy toplasm .  The a p ic a l  portions of th ese  

c e l l s  (next to the optic ventr ic le )  p o s s e s s  numerous mitochondria and 

free r ib o so m e s ,  in addition to o c c a s i o n a l  c i s t e rn s  of rough surfaced 

endoplasmic  reticulum and v e s i c l e s  of the Golg i .  The b a s a l  portions of 

the photoreceptors (nearer to the vitreous) are almost e x c lu s iv e ly  

occupied by the nucleus  plus some free r ibo so m e s .  Desmosomal  

junct ions  are present between photoreceptor and Muller c e l l s  at the
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outer extent of the neural re t ina .  These  intercellular  junct ions  form the 

fenestrated OLM (Figure 8) .  Centr io les  are very conspicuous at the 

leve l  of  the OLM and are a s s o c i a t e d  o c c a s io n a l ly  with a cil ium that 

pro je cts  into the optic  ventr ic le  (Figures 8 , 9 ) .

From the 9th to 11th day,  the ONL becomes e s ta b l i s h e d  as  a result  

of  the appearance  of the outer plexiform layer (OPL). In many i n s t a n c e s ,  

the a p ic a l  cytoplasm of the developing photoreceptor c e l l s  may be 

observed protruding beyond the le ve l  of the OLM into the optic  v e n tr ic le .  

Numerous centr io les  (diplpsomes) are found within th ese  cytoplasm ic  

pro je ct ions  (Figure 10).

A large portion of the a p ic a l  cytoplasm of the photoreceptors c o n 

tinuously  migrates through the OLM, forming ex te n s iv e  oval cytoplasmic  

p r o c e s s e s  during the 12th to the 15th day (Figure 11).  The optic ventr ic le  

is expanded considerably  by the differentiating receptor c e l l s .  In addi

t io n ,  numerous microvi ll i  from the pigment epithelium and the Muller 

c e l l s  extend into th is  s p a c e .  The bulbous pro jec t ions  of the photo

receptors contain ce l lu lar  organel les  which occupy the future inner s e g 

m e n t s . A large c lu s te r  of mitochondria is very conspicuous in the d is ta l  

portion of the inner segment;  an observat ion which re la te s  to the develop

ing e l l ip so id .  The remaining cytoplasm contains  numerous r ibosom es ,  

.ves ic les  of the Golgi apparatus and smooth endoplasmic reticulum, and 

c i s t e r n s  of rough surfaced endoplasmic  reticulum (Figure 12).  O c c a s io n a l  

centr io les  are a l s o  observed (Figure 13).  Not a l l  of th ese  const ituents
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are present in every se c t io n  of the inner segment.  Rather,  one or two 

e lements  may predominate depending on the plane of t i s s u e  se c t io n .  At 

the leve l  of the OLM, the photoreceptors are constr ic ted  and numerous 

microtubules occupy th is  region, oriented primarily with the longitudinal 

a x i s  of  the c e l l  (Figure 14).

By the 16th to 17th day, the optic ventr ic le  shows expansion due to 

further growth of the inner segm en ts .  A larger number of microvill i  are 

present in the optic  v e n t r ic le .  Many are from the pigment epithelium and 

contain  mature pigment granules .  Several  of the inner segments now 

have an elongated shape (Figures 15,  16).  Most of the supranuclear 

organel les  have migrated into the elongat ing inner segm ents .  Often
a

there is a polarization of organelles  within the inner segm en ts .  From 

dis ta l  (sc leral)  to proximal (toward the v i treou s) ,  th e se  include:  a 

ci l ium, b a s a l  body and ce n tr io le ,  an o c c a s io n a l  lipid droplet,  the 

e l l ipso id  (mitochondria) and v e s i c l e s  of the Golgi apparatus and smooth 

endoplasmic  reticulum. Ribosom es ,  c i s te rn s  of rough surfaced endo

plasm ic  reticulum and microtubules are sca t tered  throughout the inner 

segments  (Figures 15,  16),  Many rounded and oval  inner segments are 

s t i l l  observed,  p o s s e s s i n g  the typ ica l  organel les  which vary according 

to the plane of t i s s u e  se c t io n  (Figure 17).  O c c a s io n a l  nucle i  bulge out 

into the myoid region of the inner segm en ts .  At the base  of the inner 

segments the OLM sta ins  more dense ly  than in previous s t a g e s .  Vert ical  

desmosomal junct ions  are numerous between photoreceptors and Muller
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c e l l s ,  in addition to horizontal  d e n s i t ie s  within the g l ia l  e lements  

(Figure 18).  Numerous ce n tr io le s  are a l so  observed within the glial  

c e l l s  at the le v e l  of  the O L M .

The optic  ventr ic le  cont inues  to enlarge during the corresponding 

growth of the receptor  c e l l s .  Mature photoreceptors are observed within 

the rod and cone layer from the 19th to the 2 1 s t  day and from one to two 

days p o s t - h a t c h i n g . The developing inner segments  have continued to 

e longate  and now are morphologically differentiated into two primary 

regions (Figure 1).  The accumulation of mitochondria in the d is ta l  o n e -  

third represents  the e l l ip s o id ,  whereas  the proximal two-thirds of the 

inner segment is known a s  the myoid. At the d is ta l  end of the e l l ipsoid  

are located  the previously  mentioned cil ium and a s s o c i a t e d  b a s a l  body, 

centr io le  and frequent lipid droplet (Figure 19).  Often c a l y c e a l  p r o c e s s e s  

extend from the e l l ip s o id ,  along the s id e s  of the outer segment (Figure 1). 

The myoid primarily c o n s i s t s  of v e s i c l e s  of Golgi and smooth endo

plasm ic  ret iculum,  r ibosomes and c i s te rn s  of rough surfaced endoplasmic 

reticulum.  In many myoid regions  a peculiar  o rgan el le ,  the paraboloid,  

is  often in i t ia l ly  observed during the 19th day (Figures 2 0 ,  2 1). It f re 

quently o ccu p ie s  the proximal two-thirds of the myoid. It is oval to 

e l l ip so id a l  in shape and c o n s i s t s  of glycogen granules interspersed 

-between v e s i c l e s  of smooth endoplasmic  reticulum and Golgi (Figure 20) .  

Free r ib o so m e s ,  c i s te rn s  of rough surfaced endoplasmic reticulum and 

microtubules are found throughout the cytoplasm of the inner segm ents .
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By the 19th day, the inner segments  of individual photoreceptors are 

iso lated  from one another by e x te n s iv e  bundles of microvill i  originating 

from the Muller c e l l s  (Figure 2 2 ) .  In addition,  v il lous  p r o c e s s e s  c o n 

taining pigment granules often extend from the pigment epithelium as  far 

inward as  the d is ta l  end of the inner segment (Figure 23 ) .

Outer Segment

Ci l ia  which pro ject  from receptor  c e l l s  are often observed within 

the optic v e n t r ic le .  It is not until the 17th day that c i l i a  are a s s o c ia t e d  

with the membranous d i s c s  of the forming outer segm ents .  In i t ia l ly ,  the 

d i s c s  are irregularly arranged and it is  very diff icult  to d iscern  their 

re la tionship  with one another or with the plasmalemma of  the outer s e g 

ment (Figures 2 4 ,  2 5) .  More d i s c s  are added as  growth p ro ce ed s .  After 

their in it ia l  ap p e aran ce ,  the d i s c s  become intimately a s s o c i a t e d  with the 

c i l iary  microtubules on one side and with numerous membrane bound 

cyl indrica l  tubules on the other (240 to 400 A diameter) .  In many 

in s ta n ce s  direct  continuity of the d is c  membranes with th ose  of the 

tubules are observed (Figures 2 6 - 3 0 ) .  By the 19th day and thereaf ter ,  

mature outer segments are present with s t a c k s  of membranous d isc s  

(135 A thick) oriented at right ang les  to the plasmalemma (Figure 31) .  

O c c a s io n a l ly  direct  continuit ies  are observed between the membranous 

d i s c s  and the c e l l  membrane,  particularly at the base  of the outer s e g 

ment. These  appear to be invaginations of the plasmalemma (Figure 32) .
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The connecting ci l ium, including a small  amount of cytoplasm and the 

c e l l  membrane are the only source of continuity between the outer and 

inner segments (Figures 2 6 ,  3 3 ) .  By the second day p o s t -h a tc h in g ,  the 

outer segments are iso lated  from one another by the vil lous p ro ce ss  of 

the pigment epithel ium. During this  s t a g e ,  numerous groups of d isc  

membranes are found within the cytoplasm of the pigmented ep ithe l ia l  

c e l l s  (Figures 3 4 ,  3 5 ) .  This observation suggests  a constant  turnover of 

membranous d i s c s ;  th eir  degradation thus occurring in the pigment 

epithelium.

Photoreceptor F i b e r s , Cel l
Body and Synaptic Terminal •

Throughout the early  s tag e s  of development,  the c e l l  bodies  of the 

photoreceptors do not p o s s e s s  very conspicuous c h a r a c t e r i s t i c s .  A 

nucleus  with one to several  nu cleol i  o ccu p ie s  most of the cytoplasm.  

Although numerous free r ibosomes and microtubules are observed in th is  

a r e a ,  the majority of the supranuclear organel les  (Golgi apparatus,  

smooth and rough surfaced endoplasmic reticulum and mitochondria) 

migrate beyond the OLM into the forming inner segm ents .  As a re su l t ,  

by the 16th to 17th day,  individual nucle i  sometimes project  a short 

d is tance  into the inner segm en ts .  At this  time arborizations  form at the 

b a s a l  ends of the photoreceptors ,  extending inward to the OPL 

(Figures 3 6 ,  3 7 ) .  These  structures contain numerous microtubules 

(270 A diameter) synaptic  v e s i c l e s  (360 A diameter) and o c c a s io n a l  small
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synapt ic  ribbons which are surrounded by a c lu s te r  of synaptic  v e s i c l e s  

(Figures 3 8 - 4 0 ) .  By the 19th day and th ereaf ter ,  numerous synapt ic  

v e s i c l e s ,  synaptic r ibbons (320 A thick) and sy n ap se s  are a s s o c ia t e d  

with the synapt ic  terminals  of the photoreceptors .  The synapt ic  ribbons 

which l ie within the cytoplasm of the photoreceptor synaptic  terminal ,  

are often perpendicular to the membrane and are surrounded by e ither  a 

c lu ster  or para l le l  rows of synaptic  v e s i c l e s ,  one on each  side 

(Figures 4 1 - 4 5 ) .  O c c a s io n a l ly  a dense globular structure is interposed 

between the synapt ic  ribbon and the receptor c e l l  plasmalemma.  This 

globular structure represents  the "arciform densi ty"  (Figure 46 ) .

Bipolar dendrites and horizontal  c e l l  p r o c e s s e s  make two types  of 

sy napses  with the photoreceptor synaptic  terminals :  (1) conventional  

synapses  (superf ic ia l  c o n t a c ts ;  Figures 4 1 ,  42) and (2) ribbon (invagi-  

nated) sy napses  (Figures 4 2 - 4 6 ) .  There are a l s o  frequent conventional  

synapses  between the secondary neurons (Figures 4 1 ,  4 3 ,  4 4 ,  4 6 ) .

By the second day po st-hatching  no further changes are observed i 

the photoreceptors of the ch ick  re t ina .  A mature funct ional  retina e x i s t s  

a s  is exemplif ied by the p resen ce  of w el l  developed outer segments and

synaptic  co m p le x e s .



CHAPTER IV

DISCUSSION

This e x te n s iv e  study of photoreceptor morphogenesis in the chick 

retina reports on numerous s t a g e s  of development,  from the in it ia l  

presence  of undifferentiated c e l l s  to the mature photoreceptor.  From the 

observat ions  obta in ed,  it is evident that the overall  pattern of photo

receptor  development in the neural retina of the ch ick  is comparable to 

that reported in other vertebrate  s p e c i e s ,  including the leopard frog 

(N i lsson ,  1964 c;  N i lsson  and C r e s c i t e l l i ,  1970) ,  domestic mouse 

(De Robertis , 1956 b ,  1960;  Tokuysau and Yamada, 1959;  C a le y ,  et a l . , 

1972) ,  domestic rat (De Robertis ,  1960;  Weidman and Kuwabara, 1968),  

domest ic cat  (Tokuyasu and Yamada, 1959);  Rhesus monkey (Samorajsk i ,  

et a l . , 19 65;  Keefe ,  et  a l . , 1966) and man (Yamada and Ish ikaw a,  1965) 

Moreover,  the fine structural morphology of mature photoreceptors in the 

ch ick  retina corresponds with that in numerous v e r te b ra te s ,  as  reported 

by others (Sjostrand, 1961;  Cohen, 1963 b; Dowling, 1970;  Young,

1969 b ,  1970 ,  1971 a;  Hogan, et a l . , 1971) .  However , few of the 

previous embryological  s tudies  have emphasized photoreceptor develo p

ment in its  ent ire ty .  Therefore ,  it seem s pertinent to consider  in deta il

28
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the s tages  of th is  continuous developmental  pro cess  for comparison with 

the observat ions  of others in various vertebrate  s p e c i e s .  Many of the 

observations  in th is  study complement th o se  of other in v e s t ig a t io n s ,  but 

certa in  of the observat ions  amplify and add to those  observed previously.

Inner Segment

In the ch ick  embryo, ce n tr io le s  are observed within the a p ic a l  

cytoplasm of the photoreceptors at the leve l  of  the outer limiting mem

brane (OLM) during the very early  s ta g e s  of development.  All vertebrate  

re t inas  examined to date have displayed this  particular ch a ra c te r is t ic  

(De Robertis ,  1956 b ,  1960;  Tokuyasu and Yamada, 1959;  N i lsson ,

1964 c ;  Weidman and Kuwabara, 1968;  Sheff ie ld  and Fischman,  1970;  and 

o th e rs ) .  The ce n tr io le s  are often observed in pa irs ,  commonly referred 

to a s  a " d ip lo s o m e ."  After the protrusion of photoreceptor cytoplasm 

beyond the OLM, the centr io les  are co nstant ly  observed within the inner 

segment throughout a l l  subsequent developmental  s t a g e s .  Since th ese  

o rgan el les  are commonly observed in the chick  and other v e r te b ra te s ,  

they must be of important funct ional  s i g n i f i c a n c e .  It is now e s ta b l i sh e d  

that the "connect ing  cil ium" develops from one of the c e n t r i o le s ,  which 

is then referred to as  the b a s a l  body. In turn, the outer segment of the 

photoreceptor proper develops as  a result  of the differentiation of  this 

primitive cil ium (De Robert is ,  1956 b ,  1960;  Tokuyasu and Yamada, 1959;



N ilsso n ,  1964 c ;  Sam ora jsk i ,  et  a l . , 1965;  Keefe ,  et a l . , 1966; Weidman 

and Kuwabara, 1968; C a le y ,  et  a l . , 1972) .

In addition to c e n t r i o le s ,  the a p ic a l  cytoplasm of the early  photo

receptors  p o s s e s s e s  numerous mitochondria and v e s i c l e s  of the Golgi and 

smooth endoplasmic  reticulum. In the c h i c k ,  as  in many other v e r t e 

brates  , th e se  organel les  migrate beyond the OLM, into the forming inner 

se gm en ts .  Thus,  the fi rst  indication of the development of the photo

receptor  proper is  the appearance of primitive bulbous inner segments 

within the optic  v en tr ic le ' (D e  Robertis ,  1956 b ,  1960) .  Once e s ta b l i s h e d ,  

the inner segments expand and e lo n g a te ,  result ing in the continuous 

enlargement of the optic ventr ic le  (C a ley ,  'et a l . , 1972) .  In the c h i c k ,  

two definit ive regions are readily  recognized within the inner segment 

during the 16th day. The e l l ip so id  o ccu p ie s  the d is ta l  one-third ,  

whereas  the myoid represents  the proximal two-thirds of the inner s e g 

ment.  The paraboloid is observed .within the myoid of the inner segment 

by the 19th day.  Most investigators  report the paraboloid as  being 

peculiar  to the cone c e l l ,  although it is o c c a s io n a l ly  observed in rods 

(Morris and Shorey,  1967;  D ick son  and Hollenberg,  1971) .  In th is  study, 

the paraboloid is observed in both rods and c o n e s .  However,  in cones  

the glycogen granules are a s s o c i a t e d  with v e s i c l e s  of smooth endo

plasmic  reticulum and G o lg i ,  whereas in rods no v e s i c l e s  are present .

Abundant amounts of Golgi are frequently observed within the myoid 

region of the inner segment.  This organelle plays a very important

30
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funct ional  role in the photoreceptor c e l l .  It is now e s ta b l i s h e d  that the 

proteins synthes ized within the Golgi are transported,  via the connect ing 

ci l ium, to the outer segment where they are incorporated into newly formed 

membranous d i s c s  (Young, 19 67 ,  19 68; Young and D ro z , 19 68).

Numerous microtubules are a l s o  present within the proximal portion 

of the myoid, e s p e c i a l l y  at the leve l  of the OLM. Since microtubules are 

often interpreted a s  c y to s k e le t a l  e lements  which play a s ignif icant  role 

in maintaining c e l l  shape and in c i l iary  movement (Fawcett ,  1966) ,  it 

seems like ly  that they contribute to the phy s ica l  s tab i l i ty  of the photo

receptor  proper.  It is a l s o  suggested that they may be involved with 

transport of materia ls  through the cytoplasm of the photoreceptor.

Considering a l l  of the morphological a s p e c t s ,  the fine structure of 

the inner segments in the ch ick  retina corresponds wel l  with studies in 

other vertebrate  forms (Cohen, 19 63 b ) .

Outer Segment

The appearance  of a cil ium extending from a b a sa l  body within the 

e l l ipso id  region of the inner segment (16th day) always precedes the 

formation of the outer segment during the development of the photo

receptor proper (De Robertis , 1956 b ,  1960;  Tokuyasu and Yamada, 1959;  

N i l s so n ,  1964 c ;  Sam ora jsk i ,  et  a l . , 1965;  Keefe ,  et a l . , 1966;  Weidman 

and Kuwabara, 1968; C a l e y ,  et a l . , 1972) . Irregularly arranged mem

branous d is c s  are observed within the forming outer segment during the
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17th day in the c h i c k .  By the 19th day the d i s c s  are arranged perpendicu

larly to the p lasm alem m a. During their formation, the d i s c s  are c lo s e ly  

a s s o c i a t e d  with the microtubules of the connect ing cil ium, and many 

il lu strate  continuity with cy l indrica l  tubules measuring 240 to 400 A in 

diameter .  These  tubules are not continuous with the c i l iary  microtubules 

or the plasmalemma.  These  observations  are not unlike th ose  noted in 

other vertebrates  in which the origin of the membranous d i s c s  is traced 

to v e s i c l e s  or tu b u le s .  De Robertis  (19 56 b) f i rst  suggested that the 

membranous d is c s  are derived from small  tubules  and v e s i c l e s  (50 to 70 A 

in diameter) which are found in the cytoplasm of the primitive cil ium in 

the domest ic mouse.  These  structures are c o l le c t iv e ly  referred to as  

"morphogenetic materia l .  " V e s i c l e s  and tubules (300 to 400 A in 

diameter) are a l so  observed within developing outer segments of various 

amphibian la rv ae ,  and it appears as  though they contribute to d is c  forma

tion (C a ra sso ,  1958 ,  1959) .  V e s i c l e s  are a l s o  observed in immature 

outer segments in the domest ic  cat  (Tokuyasu and Yamada, 19 59) and rat 

(Weidman and Kuwabara, 1968) .  The v e s i c l e s  are referred to as  "c i l iary  

v e s i c l e s "  and smooth endoplasmic  reticulum,  r e s p e c t iv e l y .  Moreover,  

when outer segments  are damaged result ing from retinal detachment 

(Dowling and G ibbon s ,  1961;  Kroll and Machemer,  1968) and v is ib le  

l ight (Kuwabara and Gorn, 1968;  O 'S te e n ,  et  a l . , 1972) ,  regeneration of 

the membranous d i s c s  occurs  by means of irregularly arranged v e s i c l e s

and tu bu le s .  In a l l  of the previously  ci ted  in v e s t ig a t ion s ,  the
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membranous d i s c s  are init ia lly  randomly arranged, followed by reposi t ion

ing perpendicularly to the plasmalemma of the outer segment.

In more mature outer segments in the c h i c k ,  some of the membranous 

d i s c s  are observed to be continuous with the plasmalemma. As a result  

the " intradisc  s p a c e "  is continuous with the extrace l lu lar  s p a c e .  In the 

domest ic  mouse and ra t ,  De Robertis (19 60) notes cont inuit ies  between 

the plasmalemma and the developing d i s c s  on the side of the outer s e g 

ment opposite  from the ci l ium, in addition to the "morphogenetic 

m a t e r i a l . "  In the domest ic  cat  (Tokuyasu and Yamada, 1959) ,  numerous 

infoldings of the plasmalemma are observed at the tip of the outer s e g 

ment.  These make contact  and become continuous with the "c i l iary  

v e s i c l e s , "  and eventually  give r ise  to the fla ttened membranous d i s c s .

In the leopard frog tadpole ,  d i s c s  develop perpendicularly to the long 

a x i s  of the outer segment as  invaginat ions of the plasmalemma.  No 

v e s i c l e s  are observed prior to d isc  formation (N i lsson ,  1964 c ) .

Although, where discont inuit ies  are observed in the d i s c s ,  rows of 

v e s i c l e s  are present .  During the renewal of d i s c s  in the outer segments 

of the adult vertebrate re t ina ,  the d is c s  a l s o  form a s  invaginations of 

the plasmalemma at the base  of the outer segment (Young, 19 67 ,  19 71 c ) .  

Even though the morphology of the outer segment in rods and cones 

differs somewhat,  the membranous d i s c s  of a l l  photoreceptors show the 

same principle  of membrane formation (De Robertis ,  19 60;  N i lsso n ,

1964 c ) .
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34

From the observat ions  of th is  study and o t h e r s , it seems apparent 

that the membranous d i s c s  of the outer segment form by (1) c o a l e s c e n c e  

of v e s i c l e s  and tu bu les ,  (2) invaginations of the plasmalemma or (3) a 

combination of both.  Both of th e se  p r o c e s s e s  are observed in the neural 

retina of the c h i c k .  It seems reasonab le  that both means of d isc  forma

tion are compatible and could p o s s ib ly  occur concurrently during th is  

e x te n s iv e  developmental  p r o c e s s .

The microtubules of the cil ium extend for varying d is ta n c e s  within 

the forming outer segment.  Although, De Robertis  (1956 b) su gg es ts  that 

the membranous d i s c s  are direct ly  connected with the microtubules of the 

c il ium,  no published micrographs have shown this  to be the c a s e .  The 

cil ium is located  e c c e n t r i c a l ly  within the forming and mature outer s e g 

ment.  This study corresponds with previous observat ions  which i l lustrate  

that the lower portion of the cil ium does not d i f fe ren t ia te ,  but rather,  

remains in the adult a s  the only connect ion  between the inner and outer 

se gm en ts .  Thus,  it is referred to as  the "connect ing  ci l ium. "

Groups of membranous d i s c s  are eventually  observed in the pigment 

epithelium of the c h ick  re t in a .  It is now an e s ta b l i sh e d  fact  that mem

branous d i s c s  are shed from the outer segments and engulfed by the pig

ment epithelium.  During th is  study in the chick  and in other v e r te b ra te s ,  

th e s e  phagosomes then undergo digestion within the cytoplasm of the 

pigmented ep ith e l ia l  c e l l s  (Bairati and O r z a le s i ,  1963; Young and Bok, 

1969;  Ishikawa and Yamada, 1970;  Young, 1971 b ,  1971 c) . At the same
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t im e ,  cont inual renewal of the d i s c s  occurs at the base  of the photo

re c e p to rs ,  resulting in an outer segment s ize  which remains re la t ively  

c o n s t a n t .

Photoreceptor F i b e r s , C e l l  
Body and Synaptic Terminal

The outer f iber of the photoreceptor which l i e s  between the c e l l  

body and the O L M , v ar ies  in its  appearance depending on the posi tion of 

the c e l l  body. In the c h i c k ,  numerous receptor c e l l  bodies l ie just  

beneath  the OLM. As a re s u l t ,  the outer f iber is virtually n o n -e x is t e n t .

In o t h e r s , the c e l l  body is farther removed from the OLM and the outer 

f iber is long and attenuated.  These  c e l l s  are usual ly  identified as  rod 

c e l l s ,  although th is  is not a co n s is t e n t  d iagnost ic  feature among a l l  

v e r te b ra te s .  These  observat ions  agree wel l  with those  in other v e r t e 

brate forms (Polyak, 1941) .  Microtubules  are found within the outer f iber 

and continue into the myoid, adding to the s tab i l i ty  of the photoreceptor.  

The Golgi apparatus often migrates into the early  forming inner segm en ts ,  

and eventually  becom es  a prominent feature in the myoid region rather 

than in the outer f iber of the mature receptor  c e l l .

In a l l  vertebrates  including the c h i c k ,  the c e l l  bodies  of developing 

and mature photoreceptors are largely occupied by the nucleus  (Cohen, 

1963 b ) . Microtubules are present in the surrounding cytoplasm which is

void of any other conspicuous o rg a n e l le s .
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The inner f iber develops a s  the synaptic  terminal of a given photo

receptor  (Hogan, et  a l . , 1971) .  These  structures form below the nucleus 

at  the b a sa l  portion of  the rods and c o n e s .  They begin to appear by the 

16th day in the chick  retina.  During their init ial  appearance ,  few synapt ic  

v e s i c l e s  are present and only o c c a s i o n a l  synaptic  ribbons are observed.

By the 19th day, both conventional and invaginated (ribbon) sy n ap se s  are 

observed.  These  two principal types of synapt ic  contac ts  are observed 

in a l l  vertebrate re t inas  (Dowling, 1970) .  Components of mature synaptic 

complexes include:  synaptic  v e s i c l e s ,  synapt ic  ribbons and the synapt ic  

membranes.  N i lsson  and C r e s c i t e l l i  (1970) note that ERG's are not 

obtained in the developing retina of the leopard frog until th e se  synaptic  

e lements  are presen t .  In view of th e se  f indings ,  it seems apparent that 

by the 19th day, the ch ick  p o s s e s s e s  a fully functional retina b ased  on 

the presence  of w el l  developed synapt ic  co m p lex es .

A deta iled account  of the development of the inner and outer s e g 

ments and the synaptic  terminal is given in this  study. The fine 

structural morphogenesis of photoreceptors in the ch ick  retina appears 

to correspond with that in other vertebrate  forms (De Robertis ,  195 6 b,  

1960;  Tokuyasu and Yamada, 1959;  N i l s so n ,  1964 c ;  Keefe,  et a l . , 1966;  

Weidman and Kuwabara, 1968;  C a le y ,  e t  a l . , 1972) .  The development of 

the photoreceptor proper is f irst  indicated by the appearance of the inner 

segment.  The outer segment d i f ferentiates  from a primitive ci l ium. The

membranous d i s c s  of the outer segment apparently develop through the



c o a l e s c e n c e  of tubules  and as  invaginations of the plasmalemma. Both

forms of d isc  formation are observed in other vertebrate  retinas  

(De Robertis ,  1956 b; N i l s s o n ,  1964 c ,  and o thers) .  During the growth 

of the outer segm ent,  the synaptic terminal is a l s o  developing at the base  

of the photoreceptor ,  resulting in synaptic contact with secondary neurons 

within the outer plexiform layer (OPL).

This study indicates  a need for additional research  on developing 

photoreceptors,  such as  more detailed observations of membranous d isc  

formation, the origin of synaptic  ribbons and v e s i c l e s ,  microtubule 

funct ions and many others .  It is evident that the vertebrate  retina offers 

an e x c e l l e n t  system for the study of ce l lu lar  di f ferentiat ion.  Indeed, 

c e l lu la r  morphology is v a s t ly  simplified when studied during develo p

ment .
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LEGEND TO FIGURES

AD arciform density MY
BB b a s a l  body N
BM Bruch's  membrane NBL
C centrio le ONL
CAP capi llary OPL
CL cilium OV
D desmosome PE
ES e l l ipso id PG
G Golgi apparatus PSY
GLY glycogen RC
INL inner nuclear  layer SER
IS inner segment SR.
MC Muller c e l l ST
MD membranous d i s c s SV
MT microtubules TB
MV microvill i

myoid
nucleus
outer neuroblast ic  layer
outer nuclear layer
outer plexiform layer
optic  ventr ic le
pigment epithelium
pigment granule
postsynaptic  neuron
photoreceptor c e l l
smooth endoplasmic reticulum
synaptic  ribbon
synaptic  terminal
synaptic  v e s i c l e
cy l indr ica l  tubule

Figures 3 -7  are e lectron micrographs which i l lustrate  a brief  

resume of the development of photoreceptors in the chick  re t ina .  A light 

micrograph (inset)  shows the entire retina during the corresponding stage 

of development.  The remaining figures are a l l  e lec tron micrographs.  

Figures 8 -2 3  i l lustrate  the development of the inner segment,  whereas 

Figures 2 4 - 3 5  show the development of the outer segment.  Figures 3 6 - 4 6  

concentrate  on the development of the synaptic  terminal of the photo

receptor .  All t i s s u e s  were sta ined with uranyl a ce ta t e  and lead c i t ra te .
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PLATE I

F ig .  3 . — Outer neuroblast ic  layer of neural retina (7 d a y s ,  s tage  
2 9 ) . The outer l imiting membrane (arrows) marks the separation betwee 
the neural retina and the pigment epithelium (PE). The optic  ventr ic le  i 
virtually  obli terated due to the c lo se  apposi tion of the neural retina anc 
pigment epithelium. The outer neuroblast ic  layer  (NBL) has  not yet 
divided into the outer and inner nuclear  la y e r s ,  a s  i l lustrated in the lig 
micrograph ( i n s e t ) . The future photoreceptor c e l l s  (RC) are e l l ip so id a l  
and stain  more dense ly  than the Muller c e l l s  (MC).  The a p ic a l  cytopla 
of the photoreceptor c e l l s  conta ins  numerous mitochondria,  free riboson 
Golgi and c is tern s  of rough surfaced endoplasmic ret iculum.  The b a s a l  
portions of th ese  c e l l s  are almost entire ly  occupied by the nu c leu s .
1 5 , 000X.  Inset 300X.
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PLATE II

Fig .  4 . - - Establishment of definit ive  outer nuclear  layer (11 d a y s , 
stage  37) .  The outer neuroblast ic  layer is now divided into the outer 
(ONL) and inner nuclear  layers (INL). The outer plexiform layer (OPL) 
separates  th ese  two nuclear  l a y e r s .  The outer nuclear  layer  is from two 
to three c e l l  layers t h ic k .  Beyond the level of the outer l imiting mem
brane (arrows), bulbous expansions  of the photoreceptors now extend 
into the enlarged optic ventr ic le  (OV). These  cytoplasmic  pro ject ions 
represent the future inner segm ents .  The pigment epithelium (PE) and a 
capi llary (CAP) of the choriocapi l lar is  are located above the optic 
v e n tr ic le .  8 , 0 0 0 X .  Inset 220X.
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PLATE III

F ig .  5 . — Developing photoreceptor c e l l s  (16 d a y s ,  s tage  4 2 ) . The 
outer nuclear layer is for the most part ,  one to two c e l l  layers t h ic k .  The 
developing b a s a l  arborizations  of the photoreceptors represent  the 
synapt ic  terminals  (ST), which extend into the outer plexiform layer 
(OPL). In rods and c o n e s ,  th e se  are referred to as  spherules  and 
p e d ic l e s ,  r e s p e c t iv e l y .  Beyond the outer limiting membrane (arrows), 
the optic ventr ic le  is expanded due to the growth of the inner segments 
( IS ) . Microvil l i  (MV) extend into the optic  ventr ic le  from the Muller c e l l s  
and the pigment epithelium (PE). 6 , 5 0 0 X .  I n s e t ' 2 2 0 X .
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PLATE IV

Fig .  6 . - - Elongation of the inner segment (17 d a y s ,  stage  4 3 ) . The 
inner segments of the photoreceptor c e l l s  e lo n g a te ,  and as  a result  the 
pigment epithelium (PE) becom es farther removed from the neural re t ina .  
The e ll ipsoid  (ES) is now v ery 'conspicuous  in the dis ta l  o n e -h a l f  of the 
inner segment.  The myoid region (MY) of the inner segment contains 
abundant Golgi (G ) . Note the marked increase  of pigment granules 
within the pigment epithelium. 9 , 8 0 0 X .  Inset 220X.
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PLATE V

F i g . 7 . — Mature rod and cone layer  (19 d ay s ,  s tage  4 5 ) . The 
inner and outer segments of the photoreceptors extend beyond the level of 
the outer l imiting membrane (arrows) to the pigment epithelium (PE). Both 
mature and forming membranous d i s c s  (MD) are observed within the outer 
segm ents .  The e l l ipso id  (ES) and paraboloid (P) are conspicuous within 
the inner segm ents .  Numerous microvill i  i so la te  individual photo
receptors within the optic  v e n tr ic le .  The outer nuclear layer (ONL) is 
one to two c e l l  layers  in t h i c k n e s s .  Bruch's membrane (BM) and a 
capi llary  (CAP) of the chor io capil lar is  are lo cated above the pigment 
epithelium. 5 ,6 0 0 X .  Inset 220X.
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PLATE VI

Fig .  8 . — The outer limiting membrane (7 d a y s ,  stage  2 9 ) . At the 
periphery of the neural re t ina ,  desmosomes (D) occur between ad jacent  
photoreceptor and Muller c e l l s .  These  intercellu lar  junctions const itute  
the fenestrated outer limiting membrane.  Centr io le s  (small arrows) are 
observed in the ap ica l  cytoplasm of both photoreceptor and g l ia l  c e l l s .  
Note the b a s a l  body and a s s o c i a t e d  cil ium (large arrow) which pro ject  
toward the pigment epithelium (PE). 1 8 ,0 0 0 X .

Fig .  9 . — Cilium and b a s a l  body (7 d a y s ,  s tage  2 9 ) . During th is  
ear ly stage of development,  a ci l ium (CL) pro jects  into the optic ventr ic le  
The c i l iary  doublets (microtubules) which make up the framework of the 
cilium are continuous with a b a s a l  body (BB). An a s s o c i a t e d  centriole  (C) 
is located beneath  the b a s a l  body. 6 8 , 0 0 0 X .
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PLATE VII

F ig .  10 . - - C en tr io les  (11 d ay s ,  s tage  3 7 ) . The a p ic a l  cytoplasm 
of the developing photoreceptor c e l l s  extends beyond the outer limiting 
membrane (large arrows) ,  into the optic v e n t r ic le .  Centr io les  (small 
arrows) are observed within th e se  cytoplasm ic  p ro je c t io n s .  The photo
receptor c e l l s  are constr ic ted  at the leve l  of the outer l imiting membrane.  
Microtubules (MT) which are oriented with the long a x is  of the c e l l  are 
conspicuous in th is  narrow r e g io n . 3 6 , 0 0 0 X .
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PLATE VIII

F ig .  1 1 . - - Bulbous process  of developing photoreceptor (12 d a y s ,. 
stage  3 8 ) . Additional a p ic a l  cytoplasm of the photoreceptors extends 
through the outer l imiting membrane (arrows) with increasing  a g e .  The 
process  contains numerous mitochondria,  smooth endoplasmic  reticulum,  
free r ibosomes and microtubules.  1 5 ,0 0 0 X .

F ig .  1 2 . — Forming inner segment (14 d a y s ,  stage 4 0 ) . The 
i l lustrated organelle placement is suggest iv e  of that found in better 
developed inner segments . An accumulation of mitochondria in the 
dis ta l  portion r e la te s  to the future e l l ip so id .  The remainder of  the inner 
segment conta ins  those  organelles  common to the myoid region,  including 
numerous v e s i c l e s  of the Golgi and smooth endoplasmic reticulum. The 
pigment epithelium (PE) is  farther removed from the sensory  retina.
1 5 , 000X.

F ig .  13 . - - Centr io le  within inner segment (-13 d a y s ,  stage  3 9 ) . The 
fine structural morphology of the centr io le  (C) is ty p ic a l ,  with nine c o n 
centr ica l ly  arranged tr iple ts  of microtubules (MT), e ach  averaging 2 70 A 
in diameter.  The microtubules in the upper o n e -h a l f  of  the centriole  are 
tangent to the plane of t i s s u e  se c t io n  due to a twisting e f f e c t .  Note the 
surrounding smooth endoplasmic  reticulum (arrows).  12 8,OOOX.

Fig .  14 . - - Constr ic t ion  of photoreceptor (14 d a y s ,  stage 4 0 ) . 
Photoreceptors are constr ic ted  at the leve l  of the outer limiting membrane 
(arrows). Numerous microtubules (MT) averaging 2 70 A in diameter are 
observed within th is  region of the photoreceptor.  Mitochondria,  Golgi 
and polyribosomes are abundant within the inner segment (IS).  1 9 ,0 0 0 X .
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PLATE IX

Fig .  1 5 . - - Inner segment of photoreceptor (16 d a y s ,  stage  4 2 ) . By 
16 days ,  the inner segments are more e longated .  The dista l  end of the 
inner segment contains a b a sa l  body and a s s o c i a t e d  c il ium,  a centriole  
and a lipid droplet.  The e l l ip so id  (ES) is  very co n sp ic u o u s .  The myoid 
(MY) p o s s e s s e s  numerous r ibo so m es ,  c i s t e r n s  of rough surfaced endo
plasmic reticulum and microtubules.  On the vitreous side of the outer 
limiting membrane (arrows), the Golgi apparatus (G) is conspicuous in 
the supranuclear r e g io n . 1 6 ,0 0 0 X .

F ig .  1 6 . — Inner segment of photoreceptor (16 d ay s ,  stage 4 2 ) . The 
myoid region differs from the previous one in Figure 15.  The Golgi 
apparatus (G) dominates the cytoplasm of the myoid. Note the pair of 
centr io les  (C) near the outer l imiting membrane (arrows),  within the c y to 
plasm of what appears to be a g l ia l  e lement or a Landolt ' s  club (dendritic 
p rocess  of a bipolar c e l l ) . 1 5 ,0 0 0 X .



PLATE IX



58

PLATE X

Fig .  1 7 . - - Developing photoreceptors (17 d ay s ,  s tage  4 3 ) . Many 
rounded to oval inner segments are present within the optic  v e n tr ic le .  
The e ll ipsoid  and myoid are e a s i l y  recognized in the inner segment near 
the center  of the micrograph (arrow). Within the outer nuclear  layer  
(ONL), the c e l l  bodies of the photoreceptors are readily dis tinguished 
from the Muller c e l l s  which stain  much lighter .  The synapt ic  terminals 
of the receptor  c e l l s  extend into the outer plexiform layer (OPL) to 
synapse with bipolar and horizontal  c e l l s .  The pigment epithelium (PE) 
contains numerous pigment granules .  4 , 7 0 OX.

F ig .  1 8 . - - Organization of the outer limiting membrane (16 d a y s ,  
stage 4 2 ) . The outer l imiting membrane sta ins  very dense ly  and is com
prised of v er t ica l  desmosomes (D) and horizontal  dense  bands (arrows).  
An inner segment pro jects  into the optic ventr ic le  near the center  of the 
f ie ld .  Note the microvill i  (MV) which extend from the Muller c e l l s .  
These p r o c e s s e s  are often referred to as  the "fiber b a sk e ts  of Muller .  " 
3 0 , 000X.
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PLATE XI

F ig .  1 9 . - - The e l l ip so id  region (19 d a y s ,  stage  4 5 ) . A b a sa l  body 
with a s s o c ia t e d  cil ium and a centriole  are present at the d is ta l  end of the 
e l l ipso id  region. A lipid droplet (small arrow) is a l so  observed.  The 
e l l ipsoid  (ES) is  located  proximal to the lipid droplet.  Note the forming 
membranous d i s c s  (MD) within the outer segment,  which at this  stage do 
not occupy it com plete ly .  A v i l lo u s  p ro ce ss  from the pigment epithelium 
extends along one side of the photoreceptor proper (large arrow).
1 1 ,0 0 0 X .

F ig .  2 0 . - - Paraboloid in cone c e l l  (2 1 d a y s ,  s tage  4 6 ) . This 
paraboloid occu p ies  a large portion of the myoid. It c o n s i s t s  of numerous 
v e s i c l e s  of smooth endoplasmic reticulum (SER). These  v e s i c l e s  are 
indist inguishable  from those  of the Golgi complex which a ls o  occu p ies  
the myoid. The in te rs t i c e s  between the v e s i c l e s  contain abundant 
amounts of g lycogen granules  (GLY). These  should not be mistaken for 
ribosomes or polyr ibosomes.  2 1 ,0 0 0 X .

F ig .  2 1 . - - Paraboloid in rod c e l l  (19 d a y s ,  stage  4 5 ) . The 
paraboloid of the rod c e l l  is much more compact than that of the cone 
c e l l .  It a l s o  o c c u p ie s ' t h e  myoid region of the inner segment.  Glycogen 
granules are plent iful ,  but v e s i c l e s  are not present .  1 8 ,0 0 0 X .

Fig .  22 . - - M icrovil l i  (21 d a y s ,  stage 4 6 ) . Numerous microvill i  
(MV) extend beyond the outer limiting membrane (arrows) from the Muller 
c e l l s .  These  p r o c e s s e s  separate  individual inner segm en ts .  Note the 
paraboloid on the right ,  whereas  the myoid on the left  contains  smooth 
endoplasmic  reticulum, polyribosomes and microtubules.  2 1 , 0 0 0 X .

F ig .  23 . - - M icrovi l l i  of the pigment epithelium (20 d a y s ,  s tage  4 5 ) . 
M icrovil l i  containing pigment granules  (PG) extend toward the vitreous as 
far as  the dista l  end of the inner segment ( IS ) . W e l l  developed membra
nous d i s c s  (MD) are present within the outer segment.  Note the c a ly c e a l  
p rocess  (arrow) extending along the surface  of the outer segment.
2 8 , OOOX.
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PLATE XII

F ig .  2 4 . - - Development of membranous d i s c s  (17 days ,  stage 4 3 ) . 
A centrio le  and b a s a l  bod/ are observed within the d is ta l  extent of the 
inner segment (IS) . The "connect ing  ci l ium" (CL) pro jec ts  into the optic 
v e n tr ic le .  Irregularly arranged membranous d i s c s  (MD) are present 
within the outer segment.  In i t ia l ly ,  it is very diff icult  to d iscern  the 
re lationship of the d i s c s  with the plasmalemma or the ci l ium. 7 6 , 0  00X.

F ig .  2 5 . - - Membranous d i s c s  (17 d a y s ,  stage 4 3 ) . Adjacent inner 
(IS) and outer segments are present in the optic v e n t r ic le .  A few mem
branous d i s c s  (MD) measuring 135 A in th ic k n e ss  are observed within the 
outer segment.  A pigment granule (PG) is  lo ca ted  within the pigment 
epithelium in the upper portion of the micrograph. 7 0 , 0 0 0 X .
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PLATE XIII

Figure 2 6 represents  a low magnificat ion of a developing outer s e g 
ment. It i l lus tra tes  the intimate re la tionship  between the connecting  
ci l ium, part ial ly  formed d i s c s ,  cy lindrical  tubules and the plasmalemma. 
Moreover,  it re ve a ls  the continuity between the inner and outer segments 
Figures -27-30 represent  portions of Figure 26 in greater  d e ta i l .  These 
micrographs reveal the continuity between the forming membranous d i s c s  
and the cylindrical  tubules which appear to contribute to d isc  formation.

Fig .  2 6 . - - Developing outer segment (21 d ay s ,  stage  4 6 ) . The 
lower part of  the micrograph i l lustra tes  the d is ta l  end of the inner s e g 
ment (IS) . A small portion of the e l l ipso id  is present in addition to a 
centriole  and b a s a l  body. A c a l y c e a l  pro ce ss  (small arrows) extends 
from the e l l ipso id  along the margin of the outer segment.  Continuity 
between the inner and outer segments is res tr ic ted  to a small  amount of 
cytoplasm ,  the connect ing cil ium and the plasmalemma (large arrows).  
The forming membranous d is c s  (MD) are intimately a s s o c i a t e d  with the 
cilium and cylindrical  tubules (TB) within the outer segment.  4 3 , 0 0 0 X .

F ig s .  2 7 - 2 9  . - - Membranous d i s c s  and cyl indrica l  tubules (21 d a y s , 
stage 4 6 ) . These  micrographs i l lustrate  the direct  continuity between the 
membranous d i s c s  (135 A in th ick n e ss )  and the cylindrical  tubules 
(arrows) which measure from 240 to 400 A in diameter.  Tubules are not 
observed to result  as  invaginations of the c e l l  membrane.  5 4 , 0 0 0 X .

Fig .  3 0 . - - Membranous d i s c s  and cy l indrica l  tubules (21 days , 
s tage  46) . This micrograph il lustrates  more deta il  of Figure 2 9 .  Con
tinuity between the flat tened d is c s  and the cylindrical  tubules is c lear ly  
revealed (arrows). 6 2 , 0 0 0 X .
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PLATE XIV

Fig .  3 1 . — Mature outer segment (19 d a y s ,  stage 4 5 ) . The flat tened 
membranous d i s c s  (135 A thick) are paralle l  to one another and are 
arranged at right ang les  to the plasmalemma. The d i s c s  now extend 
a c ro ss  the entire outer segment.  Note the pigmented microvill i  (MV) 
which iso la te  individual photoreceptors.  The area within the rectangle  
is shown in the following f igure.  30 ,0Q0X.

F ig .  32 . - - A ssocia t ion  of plasmalemma and membranous d is c s  (19 
d a y s , stage 4 5 ) . This micrograph il lustrates  in d e ta i l ,  the b a s a l  portion 
of the outer segment in Figure 3 1 .  The membranous d i s c s  are continuous 
with the plasmalemma of the outer segment (arrows). As a re su l t ,  the 
" in tradisc  s p a c e "  is confluent with the extracel lu lar  s p a c e .  3 5 , 0 0 0 X .

F ig .  3 3 . - - The connect ing cil ium (21 d ay s ,  s tage  4 6 ) . The c i l iary  
doublets of the connect ing cil ium (CL) are i l lustrated in d e ta i l .  They are 
in direct  continuity with a b a s a l  body (BB) in the cytoplasm of the inner 
segment.  An a s s o c i a t e d  centriole  l i e s  beneath the b a s a l  body. The 
extracel lu lar  space  is observed at the immediate margins of the c o n n e c t 
ing cilium (arrows).  5 7 , 0 0 0 X .
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PLATE XV

Figures 34 and 3 5 i l lustrate  groups of photoreceptor membranous 
d i s c s  within the pigment epithelium.

Fig .  34 . - - Membranous d i s c s  within pigment epithelium (2 days 
p o s t -h a tc h i n g ) . A large segment of membranous d i s c s  (MD) are present 
in the cytoplasm of a pigmented e p i th e l ia l  c e l l .  The b a s a l  portion of  this  
c e l l  is highly convoluted (arrows) . Note the desmosome (D) between the 
c e l l s  of the pigment epithelium.  These  form a fenestrated "membrane" 
known as  Verhoeff 's  membrane.  3 0 , 0 0 0 X .

F ig .  3 5 . - - Membranous d i s c s  within pigment epithelium (2 days 
p o s t -h a tc h i n g ) . Several  groups of membranous d i s c s  (arrows) are 
i l lustrated among the pigment granules within the ap ica l  cytoplasm of a 
pigmented ep i th e l ia l  c e l l .  3 3 , 0 0 0 X .
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PLATE XVI

Fig .  3 6 . - - Developing rod c e l l  (16 d a y s ,  s tage  4 2 ) . Numerous 
v e s i c l e s  of the Golgi apparatus (G) occupy the rod outer f iber which l ie s  
between the nucleus (N) and the outer limiting membrane (arrows) . 
Arborizations are developing at the b a sa l  portion of the photoreceptors.  
These represent the synaptic  terminal (ST) which extends into the outer 
plexiform layer (OPL). 8 , 1 0 0 X .

F ig .  3 7 . — Developing cone c e l l  (16 d a y s ,  s tage  4 2 ) . The c e l l  body 
is a lmost entire ly  occupied by the nucleus  (N). The developing synaptic 
terminal (ST) extends toward the v i t re ou s ,  into the outer plexiform layer 
(OPL). 1 7 ,0 0 0 X .
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PLATE XVII

F ig .  3 8 .  — Microtubules within synaptic terminal (16 days ,  stage  
4 2 ) . Numerous microtubules (MT) are i l lustrated in the developing 
synaptic terminal at  the b a se  of the photoreceptor.  Synaptic v e s i c l e s  
(SV) are abundant.  A forming synaptic  ribbon (arrow) is a l s o  present in 
the lower portion of the receptor c e l l .  The nucleus  (N) is at the upper 
l e f t .  11 ,  OOOX.

F ig .  39 . - - Synaptic ribbon (16 d a y s ,  s tage  4 2 ) . This small 
synaptic  terminal p o s s e s s e s  a be tter  developed synaptic  ribbon (SR) 
which is surrounded by an array of synaptic  v e s i c l e s  (arrows) . 6 4 , OOOX.

Fig .  40 . - - Synaptic terminal (16 d ay s ,  stage  42) . The i l lustrated 
photoreceptor d isplays  a more extens iv e  synapt ic  terminal.  Developing 
synapt ic  ribbons (arrows) with a s s o c ia t e d  synaptic  v e s i c l e s  are present.
A few microtubules are a l s o  observed within th ese  cytoplasmic  p r o c e s s e s .  
The neuropile of the outer plexiform layer  (OPL) surrounds the synapt ic  
terminal .  2 5 ,  OOOX.
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PLATE XVIII

Figures 4 1 - 4 4  i l lustrate  the two types of synaptic  arrangements 
observed in the photoreceptors of the chick  retina.  These are as  fol lows:  
(1) the conventional  (superficial)  sy napse  and (2) the ribbon (invaginated) 
s y n a p s e .

F ig .  4 1 . — The conventional synapse  (19 d a y s ,  stage  4 5 ) . The 
plasmalemma of the synaptic  terminal (ST) th ick en s  considerably ,  as  do 
the c e l l  membranes of the postsynaptic  e lements  (PSY). An accumulat ion 
of synaptic  v e s i c l e s  (arrows) is a s s o c i a t e d  with the presynapt ic  mem
brane.  6 3 , 0 0 0 X .

F ig .  42 . - - Combined sy n ap se s  (21 d a y s ,  stage 4 6 ) . Both c o n 
ventional (large arrow) and ribbon synapses  (small  arrows) are i l lustrated 
in this  synaptic  terminal (ST). Synaptic v e s i c l e s  virtually f i l l  the entire 
structure.  Numerous postsynaptic  neurons (PSY) invaginate into the 
photoreceptor.  3 7 , 0 0  OX.

F ig .  4 3 . - - Ribbon (invaginated) synapses  (19 d a y s ,  s tage  4 5 ) . 
Several  synaptic  ribbons (arrows) with a s s o c i a t e d  synaptic  v e s i c l e s  are 
present within the synapt ic  terminal (ST). They are usually  perpendicular 
to ,  and c l o s e l y  a s s o c i a t e d  with the presynaptic  membrane.  Postsynapt ic  
e lements are abundant within the outer plexiform layer  (OPL). 2 1 ,0 0 0 X .

F ig .  4 4 . - - Synaptic ribbons (20 d ay s ,  s tage  4 5 ) . Synaptic ribbons 
appear as e lectron dense  bands within the presynaptic  cytoplasm .  They 
are surrounded by ei ther a c lu ster  of synaptic  v e s i c l e s  (large arrow) or a 
paralle l  row of v e s i c l e s ,  one on each  side (small  arrows).  4 5 , 0 0 0 X .
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PLATE XIX

Fig .  4 5 . — Synaptic ribbons (19 days ,  s tage  4 5 ) . This micrograph 
il lustrates the synaptic  ribbons (SR) in d e ta i l .  They are 320 A th ick  and 
are surrounded by a para lle l  array of synapt ic  v e s i c l e s  on e a ch  side 
(arrows).  The synaptic v e s i c l e s  average 360 A in diameter .  1 1 0 ,0 0 0 X .

F ig .  4 6 . — The arciform densi ty  (2 0 d a y s ,  stage  4 5 ) . A globular ,  
elec tron dense  body is interposed between the synapt ic  ribbon and the 
presynapt ic membrane.  This structure is known as  the arciform densi ty  
(AD). A "triad" of secondary neurons synapse  with the photoreceptor 
c e l l .  A conventional sy napse  occurs  between the two la teral  p o s t -  
synaptic e lements  (arrow). The nucleus (N) of the receptor c e l l  is at the 
upper l e f t . 1 4 0 ,0 0 0 X .
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