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The morphological s t ructure of the inner plexiform layer in the region of sharp vision was 
investigated under the light microscope in the retina of five species of herring. This 
layer  is a three-dimensional regular  grid formed by the club-shaped expansions {synapl:ic 
complexes) of the axons of the bipolar cells. These expansions, located at different levels 
of the inner ptexiform layer ,  form mtltually conforming periodic grids differing ha their  
orientation and periods. Analysis of this s tructure shows that at least  three types of bipolar 
ceils participate in its organization. 

IN T R ODUC TI ON 

The receptors in the retina of most species of teleosts are arranged as a mosaic ,  forming a distinct 
geometric pattern [7, 12, 8I. In the study of the spatial org~ization of the retina a regular arrangement 
of the cells has also been found at the level of the horizontal and ganglion cells; the periods of the grids 
formed by these cells conform in a definite way to the receptor  mosaic [15, 14, 5, 10, 16, 4]. Besides 
grids formed by cell bodies, regular grids are also known in the plexiform layers of the retina, In the 
outer plexiform layer the grid is formed by the bases of the cone pedicles and by dendrites of the horizon- 
tal and bipolar cells in contact with them. In the inner plexiform layer  the grid is formed by axons of the 
bipolar cells [15|. 
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Fig. 1. Relations between different types of grids 
forming expansions of bipolar cell  axons with the 
receptor  mosaic. A, B, and C) Three t}upes of e le-  
mentary grids; A +B) overlapping grids of types A and 
B. Topeenter ,  diagram of cone mosaic formedby double 
and s ingle cones. 
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Fig. 2. Diagram showing ove r -  
lapping of two type A grids and 
one type B grid to produce a 
heterogeneous type C grid.  

The study of the organization of the inner p lexi form layer  
(IPL) is ve ry  difficult for this l aye r  is a complex interweaving of 
p rocess  of the amacr ine  ce l l s ,  axons of b ipolars ,  dendri tes  of gang- 
lion ce i l s ,  and MRller 's  f ibers .  To investigate the s t ruc tu re  of the 
I P L ,  p r o c e s s e s  of cel ls  of d i f ferent  types and subtypes [18] and 
the i r  synapses  m u s t  be identified. It is not sufficient  to use only the 
fine s t ruc tura l  fea tures  of the cytoplasm to distinguish (under the 
e lec t ron  microscope)  the p roces se s  of different  types of cei ls .  The 
geomet r ic  cha rac t e r i s t i c s  of the mutual  a r r angement s  of the cell  
s t ruc tu re s  can also be useful for  this purpose.  

Axons of bipolar  ceils  pass through IPL  in a radial  direct ion 
and form expansions along the i r  course .  Anoxs of the rod bipolars 
have a club-shaped expansion at the i r  end, much  l a rge r  than the 
cell  body [6, 11, 13]. Numerous  synapses a re  located on the s u r -  
face of these  club-shaped endings [9, 17]. The axons of different  types of 
bipolar  cells  in the re t ina  of many species  of te leos ts  a re  a r ranged  

in a s t r i c t  geomet r ic  order ;  the mosaic  of the bipolar  axon is seen most  c lea r ly  in the zone of sharp  
vision [15]. 

The s t ruc tu re  of I L P  was studied in the ventral  zone of the re t ina ,  cor responding  to the region of 
sharp  vision [1], in five species  of herr ing.  An at tempt  was made to d iscover  s t ruc tura l  d i f ferences  be-  
tween axc~as of d i f ferent  types of bipolars  that could help substant ial ly with the i r  indentification. 

The morphological  fea tures  distinguishing the s t ruc tu re  of the region of sharp  vision in these five 
species  of f ish at  the r e cep to r  level  have been descr ibed  by Baburina [1, 2] and Baburina and Kovaleva [3]. 
The p resen t  wr i t e r s  found a m o s a i c  of cel ls  not  only at the r ecep to r  level ,  but a lso at  the level  of the 
horizontal  ce l ls ,  in the l aye r  of ganglion cel ls ,  and in IPL  [4]. 

During investigation of the I P L  in this way it was found to contain a set  of periodic "square"  gr ids ,  
located at different  levels and formed by approximate ly  spher ica l  s t ruc tu re s  in the co rne r s  of the grids 
f rom 1.5 to 4t~ in d iamete r .  On staining the re t ina  with azan by Heidenhain's  method the inner par t  of 
these s t ruc tu re s  appeared less  dense than the surrounding space of the IPL.  In ag reement  with the obse rv -  
ations of Vrabec [15] and Goodland [9], these  s t ruc tu re s  must  evidently be rega rded  as expansions and club- 
shaped endings of axons of bipolar  cells .  

The object of the presen t  investigation was to study details  of the geometr ic  s t ruc ture  and mutual 
a r rangements  of these periodic grids formed by expansions of bipolar  axons. 

E X P E R I M E N T A L  M E T H O D  

The re t ina  was studied in five species  f rom the her r ing  family (Clupeidae): the common kilka 
Clupeonella delicatula Nordmann,  the bigeye kilka Clupeonella g r i m m i K e s s l e r ,  the anchovy kilka C h p e o -  
nel la  engraul i formis  Borodin,  the Baltic her r ing  Clupea harengus L . ,  and the Caspian shad Alosa caspia 
caspia E iehwald. 

The mater ia l  was fixed in 10% formalin and cut into sect ions tangentially and radial ly .  The sect ions 
were  stained with azan by Heidenhain's method. All species  except  Clupea h a r e n g ~  were studied on the 
basis  of specimens kindly provided by Baburina.  

RESULTS 

At different levels of II~L in the retinas of all the species of fish studied there are only three types of 
elementary grids formed by expansions of axons of the bipolar cells tl~t conform in their structure with 
each other and with the receptor mosaic. These elementary grids were conventionally described as types 
A, B, and C grids {Fig. i). The type A grid has a period and direction to match the cone mosaic. The 
type B grid has twice as many elements per unit area as the type A grid and it lles at an angle of 45 ° re- 
lative to the direction of the rows of the cone mosaic. The type C grid is four times as frequent as the 

type A grid and its direetic~ is the same. 

The various elementary grids may lie at different levels of IPL or they may overlap. An example of 
overlapping of grids of types A and ]3 is shown in Fig. i. The possibility is not ruled out that an externally 

48 



a 

L 

l i t  

Fig. 3. The two most  probable of 135 possible examples 
of the structure of the inner plexiform layer .  Axons of 
3 (a) and 5 (b) types of bipolar cells form 9 types of ex- 
pansions at 5 levels of the inner plexiform layer .  

homogeneous grid'may be heterogeneous in its component elements. In part icular ,  a heterogeneous type C 
grid may be formed f r o m  several  matching but more widely spaced homogeneous grids (Fig. 2). They 
could not always be broken down into elementary components purely on the basis of their  geometric charac-  
ter is t ics  (the period and direction of the grids). The following additional cr i ter ia  were used: heterogeneity 
of size of the expansions forming the grid; possible omissions of one of the elementary grids in some zones 
of the retina; difference in levels of the components of the grids. 

In the last ease the superposed grids always differed in the level at which they lay and they could be 
differentiated in oblique tangential sections through the retina. 

The IPL of the species of herring studied had a similar organization although each species showed 
individual differences.  

Clupeonella delicatula. The regular  grids of expansions of the bipolar cell axons in IPL were ar~ 
ranged at five levels. The uppermost (close to the amacrine cells) grid belonged to type C. The size of 
the expansions forming it was uniform. At the next level was a heterogeneous grid of type A +B (Fig. 1). 
Expansions forming the type A grid were appreciable la rger  than those forming the type B grid. The nex% 
third level, at which a type A grid was observed, was immediately adjacent to the previous level. In 
oblique tangential sections including both these levels the smaller  expansions forming the type B grid could 
be seen to disappear gradually with a change in depth of the IPL, leaving expansions forming a type A grid. 
The type A grid, located at the third level, was thus formed by the same expansions of bipolar axons as 
one of the elementary grids at the previous level. At the next level there was a type B grid. The or ienta- 
tion and arrangement of the expansions of this grid relative to the squares of the third-level  grid matched 
the arrangement  of the sin,filer expansions forming the type B grid at the second level. On the grounds 
that expansions in the type B grid (at the second and fourth levels) were placed exactly one beneath the 
other,  they can be considered to be formed by two expansions of the same axons at different levels of IioLo 
A type C grid (Fig. 2), formed by very  large (up to 3-4p in diameter) expansions, heterogeneous in size, 
of bipolar cell axons were fotmd at the fifth level {near the ganglion cells)o 

Clupeonella grimmi. Regular grids of bipolar cell expansions could be observed at four levels of the 
IPL. A closely spaced type C grid was found close to the amacrine ceils.  The different sizes and the 
mutual arrangement  of the expansions composing it indicate that at lease one type B grid was a component 
of this heterogeneous grid. At the next level of IPL there was a type A grid, followed by a type ]3 grid, 
and, finally, a type C grid near  the ganglion cells.  The grid at the last level was formed by the largest  
expansions, but no differences in the size of these expansions could be found. 

Clupeonella engrauliformis.  Regular grids of bipolar cell expansions could be observed at two levels 
of IPL. A type A grid was present  near  the amacrine cells,  and a type C grid, consisting of large 
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heterogeneous  expansions nea r  the ganglion cel ls .  It was probably fo rmed by three  e l e m e n t a r y  grids  
(two A +B),  for in some  of its zones one or even two type A gr ids  were  miss ing .  

Clupea harengus .  Regular  gr ids  of b ipolar  cel l  expansions  could be obse rved  a t  th ree  l eve l s  of I P L .  
The l a y e r  of a m a c r i n e  cel ls  was followed by a type C grid.  At the next  level  there  was a type B gr id ,  
n e a r  the ganglion cel ls  there  was a type B gr id ,  and examinat ion of oblique tangential  sect ions  showed that  
the expansions  of the second and third gr ids  lay with one immedia te ly  above the other .  Above the third 
gr id  a r egu la r  gr id fo rmed  by the in terweaving of cell  p r o c e s s e s  could be seen.  I ts  per iod and di rec t ion 
coincided with the per iod and di rec t ion of the th i rd  gr id .  

Alosa  casp ia  casp ia .  Regu la r  gr ids  of expansions  of b ipolar  cell  axons could be obse rved  a t  th ree  
l eve l s  of IPL .  The l aye r  of a m a c r i n e  ce l l s  was followed by a type C grid.  I t  can be concluded f rom the 
di f ferent  s izes  and the mutual a r r a n g e m e n t  of the expansions composing  it that  this grid contained at  l ea s t  
one type B grid.  The second grid had the type A s t ruc tu re .  The thi rd  type B grid was immedia te ly  ad ja -  
cent  to the gangiion cells  and had an except ional ly  c l ea r  pa t te rn .  

DISCUSSION OF RESULTS 

The IPL  in the region of s h a r p  vision of the her r ing  re t ina  was s i m i l a r  in s t ruc tu re  although the de-  
g ree  of its development  di f fered in the d i f ferent  spec ie s .  It  was most  highly developed in C. del icatula 
and l e a s t  developed in C__. harengus .  This  s i m i l a r i t y  sugges ts  a single scheme of s t ruc tu re  of IFL in the 
Clupeidae.  The spec ies  d i f fe rences  obse rved  can be explained by var ia t ions  on this single schemo taking 
p lace ,  for example ,  through a d is turbance  of the regu la r i ty  of a r r a n g e m e n t  of the individual gr ids  of expan-  
sions (so much  so that  the gr ids  could no longer  be observed) ;  through the fact  that  the expansions  a r e  
too sma l l  to allow indentification in the l ight  mic roscope ;  through the possible  absence  of sortie types of 
b ipo l a r s ,  and so on. In the IFL  of the Clupeidae nine e l e m e n t a r y  gr ids  located at  five d i f ferent  levels  
were  descr ibed .  The uppe rmos t  gr id ,  c lose  to the l aye r  of amac r ine  ce l l s ,  has the type C s t ruc tu re .  On 
the grounds that  in some spec ies  (C. g r in lmi  a n d A .  casp ia  c a s p ~ )  it is evident  that the expansions of this 
grid a re  di f ferent  in s i ze ,  and that  omiss ion  of expansions of a pa r t i cu la r  s ize  is found in different  zones 
of the re t ina ,  it can be concluded that  this gr id in all  these  f ish is evident ly  a combinat ion of th ree  different  
g r ids :  two type A gr ids  and one type B gr id .  At the subsequent  levels  the fourth is a type B gr id ,  the fifth 
a type A, and the s ixth  a type B. The grid close to the ganglion cel ls  has the type C s t ruc tu re .  Like the 
gr id  located nea r  the a m a c r i n e  ce l l s ,  it cons is t s  of th ree  superposed  e l e m e n t a r y  gr ids  of type A and B. 
P r e s u m a b l y ,  t he r e fo re ,  the basic  e lements  of all  the gr  ids a r e  gr ids  of type A and B, and the type C grid does 
not  exis t  as an independent enti ty.  

I t  must  not,  however ,  be supposed that  each  of these  nine gr ids  must  n e c e s s a r i l y  be fo rmed by ex -  
pansions  of axons of a spec ia l  type of b ipo la r s .  Vrabec  [15], who desc r ibed  the region of s h a r p  vision in 
the g r e a t e r  dragonet ,  showed that  b ipolar  cel l  axons m a y  have s e v e r a l  expansions along their  length,  and 
these  fo rm grids  with the s~me direct ion and per iod in different  sub layers  of IPL.  On the bas is  of this 
feature  the nine types  of expansions  d i scovered  by the p re sen t  wr i t e r s  can be dis t r ibuted in different  ways 
(two of these  a r e  i l lus t ra ted  in Fig.  3) on the bipolar  cell  axons (not l ess  than 3 and not more  than 9 d i f f e r -  
ent  types  of b ipo la r s  a r e  needed for  this purpose) .  Which of these  s chemes  is actual ly  found in the he r r ing  
re t ina  cannot at  p r e s en t  be s ta ted  more  definitely on the bas i s  of these  data alone. 

In Kaneko 's  expe r imen t s  [11] r e sponses  of b ipolar  cel ls  in the goldfish re t ina  were  r eco rded .  Kaneko 
desc r ibed  two e lec t rophys io logica l  types of b ipolar  cel ls :  with an on-  and of f -cen te r .  A su rp r i s ing  feature  
of his paper  is the absence  o f m o r p h o l o g i c a l  cor re la t ion .  The staining of the cel ls  with Procion yellow 
showed that  both types of r e sponse  were  r eco rded  in cel ls  of the same morpho log ica l  type - -  the so -ca l l ed  
rod  b ipo la r s .  These  ce l l s  r a m i f y  widely in the outer  p lex i fo rm l aye r  and fo rm contacts  chiefly with the 
rods ,  whereas  in I P L  they f o r m  c lub-shaped  endings in the immedia te  vicini ty of the l aye r  of ganglion cel ls  
[6, 17, i1] .  The r e su l t s  of the p resen t  investigation show that  a t  this  level  of IFL in the fish re t ina  there  
a r e  l a rge  c lub-shaped  endings of at  l e a s t  th ree  types ;  consequent ly,  the rob  b ipolars  a r e  heterogeneous 
and, in turn ,  they can be divided into a number  of subtypes .  

The use of geomet r i c  c r i t e r i a  of identification can thus provide a bas i s  for c lass i f ica t ion  of cell  sub-  
types  and for a m o r e  deta i led ana lys i s  of the a rch i tec ton ics  of a s t ruc tu re  so  complex as  the inner p lex i -  
fo rm layer  of the re t ina .  

The authors  a r e  gra teful  to E . A .  Babur ina  for providing the ma te r i a l  and for her  constant  in teres t  in 
the r e s e a r c h .  
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