MORPHOLOGICAL TYPES OF BIPOLAR CELLS IDENTIFIED
BY REGULAR GRIDS OF THEIR AXONAL EXPANSIONS IN THE
INNER PLEXIFORM LAYER OF THE HERRING RETINA

T. A. Podugol'nikova and V., V. Maksimov UDC 812.,843.15

The morphological structure 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 (synaptic
complexes) of the axons of the bipolar cells, These expansions, located at different levels
of the inner plexiform layer, form mutually conforming periodic grids differing in their
orientation and periods. Analysis of this structure shows that at least three types of bipolar
cells participate in its organization,

INTRODUCTION

The receptors in the retina of most species of teleosts are arranged asg a mosaic, forming a distinct
geometric pattern [7, 12, 8]. In the study of the spatial orgaization of the reting 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 dendrifes 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 types of ele-
mentary grids; A +B) overlapping grids of types A and
B. Topcenter, diagram of cone mosaic formedby double
and single cones,
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O 0O 0 O 0 The study of the organization of the inner plexiform layer
00 0 0 O (IPL) is very difficult for this layer is a complex interweaving of
o 0o 00000000 O process of the amacrine cells, axons of bipolars, dendrites of gang-
o o o 08%’898280 OO lion cells, and Miiller's fibers. To investigate the structure of the
0 00000000 O IPL, processes of cells of different types and subtypes [18] and
°o o ° 088 g% g 8 gOOO their synapses must be identified. It is not sufficient to use only the
o o 00003060 0O fine structural features of the cytoplasm to distinguish (under the
o o 00898(3888000 electron microscope) the processes of different types of cells. The
00 0 00 geometric characteristics of the mutual arrangements of the cell
2448 structures can also be useful for this purpose,
Fig. 2. Diagram showing over- Axons of bipolar cells pass through IPL in a radial direction
lapping of two type A grids and and form expansions along their course, Anoxs of the rod bipolars
one type B grid to produce a have a club-shaped expansion at their end, much larger than the
heterogeneous type C grid. cell body [6, 11, 13]. Numerous synhapses are located on the sur-

face ofthese club-shaped endings [9, 17]. The axons of different types of
bipolar cells in the retina of many species of teleosts are arranged
in a strict geometric order; the mosaic of the bipolar axon is seen most clearly in the zone of sharp
vision [L15].

The structure of II.P was studied in the ventral zone of the retina, corresponding to the region of
sharp vision [1], in five species of herring, An attempt was made to discover structural differences be-
tween axons of different types of bipolars that could help substantially with their indentification,

The morphological features distinguishing the structure of the region of sharp vision in these five
species of figsh at the receptor level bave been described by Baburina [1, 2] and Baburina and Kovaleva [3].
The present writers found a mosaic of cells not only at the receptor level, but also at the level of the
horizontal cells, in the layer of ganglion cells, and in IPL [4].

During investigation of the IPL in this way it was found to contain a set of periodic "square” grids,
located at different levels and formed by approximately spherical structures in the corners of the grids
from 1,5 to 4¢ in diameter, On staining the retina with azan by Heidenhain's method the inner part of
these structures appeared less dense than the sufrounding space of the IPL, In agreement with the observ-
ations of Vrabec [L5] and Goodland [9], these structures must evidently be regarded as expansions and club-
shaped endings of axons of bipolar cells.

The object of the present investigation was to study details of the geometric structure and mutual
arrangements of these periodic grids formed by expansions of bipolar axons.

EXPERIMENTAL METHOD

The retina was studied in five species from the herring family (Clupeidae): the common kilka
Clupeonella delicatula Nordmann, the bigeye kilka Clupeonella grimmi Kessler, the anchovy kilka Clupeo-
nella engrauliformis Borodin, the Baltic herring Clupea harengus L., and the Caspian shad Alosa caspia
caspia Eichwald,

The material was fixed in 10% formalin and cut into sections tangentially and radially. The sections
were stained with azan by Heidenhain's method, All species except Clupea harengus were studied on the
basis of specimens kindly provided by Baburina.

RESULTS

At different levels of IPL 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 that 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, 1). 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 lies at an angle of 45° re~
lative to the direction of the rows of the cone mosaic, The fype C grid is four times as frequent as the
type A grid and its direction 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 B is shown in Fig. 1. The possibility is not ruled out that an externally
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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 particular, a heterogeneous type C
grid may be formed from 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-
teristics (the period and direction of the grids). The following additional criteria were used: heterogeneity
of size of the expansions forming the grid; possible omissions of one of the slementary grids in some zones
of the retina; difference in levels of the components of the grids.

In the last case 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 expansiong 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 larger than those forming the type B grid. The next,
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 orienta-
tion and arrangement of the expansions of this grid relative to the squares of the third-level grid matched
the arrangement of the smaller 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 IPL.
A type C grid (Fig. 2), formed by very large (up to 34y in diameter) expansions, heterogeneous in size,
of bipolar cell axons were found at the fifth level (near the ganglion cells),

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 cells. 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 B 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 near the ganglion cells, It was probably formed by three elementary grids
{two A +B}, for in some of its zones one or even {wo type A grids were missing,

Clupea harengus. Regular grids of bipolar cell expansions could be observed at three levels of IPL,.
The layer of amacrine cells was followed by a type C grid. At the next level there was a type B grid,
near the ganglion cells there was a type B grid, and examination of oblique tangential sections showed that
the expansions of the second and third grids lay with one immediately above the other, Above the third
grid a regular grid formed by the interweaving of cell processes could be seen, Its period and direction
coincided with the period and direction of the third grid.

Alosa caspia caspia. Regular grids of expansions of bipolar cell axons could be observed at three
levels of IPL, The layer of amacrine cells was followed by a type C grid. It can be concluded from the
different sizes and the mutual arrangement of the expansions composing it that this grid contained at least
one type B grid., The second grid had the type A structure., The third type B grid was immediately adja-
cent to the ganglion cells and had an exceptionally clear pattern.

DISCUSSION OF RESULTS

The IPL in the region of sharp vision of the herring retina was siniilar in structure although the de-
gree of its development differed in the different species. It was most highly developed in C. delicatula
and least developed in C. harengus. This similarity suggests a single scheme of structure of IPL in the
Clupeidae. The species differences observed can be explained by variations on this single scheme taking
place, for example, through a disturbance of the regularity of arrangement of the individual grids ofexpan-
gions (so much so that the grids could no longer be observed); through the fact that the expansions are
too small to allow indentification in the light microscope; through the possible absence of sonie types of
bipolars, and so on, In the IPL of the Clupeidae nine elementary grids located at five different levels
were described. The uppermost grid, close to the layer of amacrine cells, has the type C structure. On
the grounds that in some species (C. grimumi and A, caspia caspia) it is evident that the expansions of this
grid are different in size, and that omission of expansions of a particular size is found in different zones
of the retina, it can be concluded that this grid in all these fish is evidently a combination of three different
grids: two type A grids and one type B grid. At the subsequent levels the fourth is a type B grid, the fifth
a type A, and the sixth a type B, The grid close to the gangiion cells has the type C structure. Like the
grid located near the amacrine cells, it consists of three superposed elementary grids of type A and B.
Presumably, therefore, the basic elements of allthe gridsare grids of type Aand B, and the type C griddoes
not exist as an independent entity.

It must not, however, be supposed that each of these nine grids must necessarily be formed by ex~
pansions of axons of a special type of bipolars. Vrabec [15], who described the region of sharp vision in
the greater dragonet, showed that bipolar cell axons may have several expansions along their length, and
these form grids with the same direction and period in different sublayers of IPL. On the basis of this
feature the nine types of expansions discovered by the present writers can be distributed in different ways
(two of these are illustrated in Fig. 3) on the bipolar cell axons (not less than 3 and not more than 9 differ-
ent types of bipolars are needed for this purpose), Which of these schemes is actually found in the herring
retina cannot at present be stated more definitely on the basis of these datfa alone.

In Kaneko's experiments [11] responses of bipolar cells in the goldfish retina were recorded. Kaneko
described two electrophysiological types of bipolar cells: with an on- and off-center. A surprising feature
of his paper is the absence of morphological correlation. The staining of the cells with Procion yellow
showed that both types of response were recorded in cells of the same morphological type — the so-called
rod bipolars, These cells ramify widely in the outer plexiform layer and form contacts chiefly with the
rods, whereas in IPL they form club-shaped endings in the immediate vicinity of the layer of ganglion cells
[6, 17, 11]. The results of the present investigation show that at this level of IPL in the fish retina there
are large club-shaped endings of at least three types; consequently, the rob bipolars are heterogeneous
and, in turn, they can be divided into a number of subtypes.

The use of geometric criteria of identification can thus provide a basis for classification of cell sub-
types and for a more detailed analysis of the architectonics of a structure so complex as the inner plexi-
form layer of the retina.

The authors are grateful to E, A. Baburina for providing the material and for her constant interest in
the research,
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