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ABSTRACT

Retinal ganglion cells have previously been classified using

morphological, electrophysiological and biochemical criteria that are
sometimes correlated. However, emphasis on morphological details has
often led to complicated classification schemes, which risk creating

artificial cell types rather than discovering natural types.

This study addresses the problem by exploiting the population
characteristic of an independent, regular spatial distribution (mosaic)
as a classification criterion for ganglion cells, alongside individual

morphological features.

Retrogradely labelled large ganglion cells were studied light-
microscopically in five frog species from four genera. These were the
aquatic Xenopus laevis, semi-aquatic Rana esculenta and Rana pipiens,

terrestrial Bufo marinus and arboreal Hyla (Litoria) mooref.

Three large (a) ganglion cell types were identified in each of the
first four species. Each formed an independent mosaic and was
morphologically distinct. One had a dendritic arborisation in the most
scleral sublamina (a) of the inner plexiform layer, the second in both
that sublamina and the middle sublamina (b), and the third mostly in the
vitreal sublamina (c). Accordingly, a nomenclature was devised in which
they are termed a,, agp and og respectively. In Hyla moorei, a larger
and a smaller agp type formed independent mosaics and were termed algp
and a24,. The a. type was present (although not labelled consistently
enough to permit spatial analysis) but no ag type was found. Members of
each mosaic were analysed for within-type and cross-type similarities,

and variations in mosaic properties and morphological features.

The observations are compared with those of other authors to

identify possible cross-species homologies and formulate a broad ; ﬂjiﬁ
classification scheme. Possible functional roles and developmental
mechanisms for different large ganglion cell types and their mosaics

across species are discussed, taking into consideration both potential
phylogenetic links and preliminary evidence for dendritic interactions.

The importance of further mosaic studies is emphasised.
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Figure 1

Two basic forms of ganglion cell appearance in retinal specimens.

A. A figure Ramon y Cajal used a hundred years back to show sections
of ganglion cells and amacrine cells in the retina. It demonstrates how
different types of these cells have their dendrites 'vertically'
stratified in different fashions in a synaptic lamina of the retina
called the inner plexiform layer (IPL). The figure contains two retinal
sections, each with a different selection of cell types. The ganglion
cell layer (GCL) and the lamina where most of the amacrine cells have
their somata, the inner nuclear layer (INL), have been labelled to mark

the extent of the IPL, which is in between.
B. Planar views of ganglion cells in retinal flat-mounts where the

'horizontal' disposition of the ganglion cell dendrites is depicted in a

population relationship.

facing page 12






whole retina or part of it, rather than slices, is mounted flat on the
slide. Manz (1861, cited in Kalinina, 1974) is said to have been the

first to describe retinal ganglion cells in frogs.

1:1.2 Structural organisation of the retina

The retina is the innermost of the three coats of the eyeball, and
itself comprises an outer and an inner part. The following is the
arrangement of the layers of the retina from the outside inwards (see

Figure 2).

Outer retina
Lamina vitrea (glassy membrane)
Pigment epithelium
Photoreceptor layer of rod and cone outer segments
External limiting membrane
Inner retina
Outer nuclear layer (ONL) containing the somata of rods and cones
Quter plexifofm layer (OPL) containing axon terminals of rods and
cones and processes of bipolar and horizontal cells
Inner nuclear layer (INL) divided into:
Horizontal cell layer
Bipolar cell layer
Amacrine cell layer
and also containing the somata of the Miiller glial cells
Inner plexiform layer (IPL) containing bipolar cell terminals,
amacrine cell processes and ganglion cell dendritesl
Ganglion cell layer (GCL)
Optic nerve fibre layer

Internal limiting membrane

Sometimes the neurons are displaced from their usual locations; for
example, ganglion cells displaced to the IPL or to the amacrine cell
layer of the INL, or amacrine cells displaced to the GCL. There are -

glial cells other than the Miiller cells present in the retina.

1 Some cells in the amacrine cell layer have processes in both the IPL and the OPL. These are known as

interplexiform cells.

13



Figure 2

Basic organisation of the retina.

A. The laminar organisation of the neuronal cells in the retina. C
= cone, R = rod, B = bipolar cell, H = horizontal cell, A = amacrine
cell, G = ganglion cell. One chemical synapse (small arrow) and one gap

junction (arrowhead) are marked.

B. Schematic representation of the basic synaptic organisation in the
retina in relation to the ON-, OFF- and ON-OFF ganglion cell responses.
By = flat (hyperpolarising) bipolar cell, Bp = invaginating
(depolarising) bipolar cell, Ag = sustained amacrine cell, AT =
transient amacrine cell, PE = pigment epithelium. Other abbreviations
are the same as in A. Open circles represent excitatory synapses,
filled circles inhibitory junctions and open triangles show reciprocal

synapses (from Dowling, 1987).
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Figure 3

Basic physiology of retinal ganglion cells.

A. Dendritic lamination patterns of different types of ganglion cell
in relation to their response properties (ON- or OFF-centre) in the cat
as summarised by Widssle and Boycott (1991). S1, S2 etc. represent
Cajal's description of IPL strata. a, b and c represent the IPL
sublaminae and OFF, ON and rb (rod bipolar cell terminals) indicate the

type of arborisation that predominates in the respective sublamina.

B. ON and OFF response properties of X and Y ganglion cells. Upward
deflection indicates a depolarisation and downward deflection a
hyperpolarisation. Thick and thin arrows show the times of light onset

and offset respectively.

C. Linear and non-linear response properties of X and Y cells
respectively. The upper part of the figure shows the stimulus. The
middle part shows different positions of the stimulus in the receptive
field. In the lower part, the responses are shown. The null position
of the stimulus and the null response (no response) of the X cell as
opposed to stimulation of the Y cell are shown in the middle column.

L = bright half, D = dark half of the field, RFC = receptive field

centre. (From Hamasaki and Sutija, 1979).
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Figure 4

Morphological features of retinal ganglion cells.

A. Examples of morphological variation in ganglion cells. Those in

the box are from Wédssle and Boycott, 1991.

B. Schematic representation of different dendritic lamination
patterns reported in large ganglion cells. 1. monostratified (outer);
2. monostratified (inner); 3. bistratified; 4. multistratified; 5.

diffuse; 6. very vitreally stratified.
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particular species usually match well enough with the relative values
and architecture in cats to justify the analogy (for example, monkey A
and B cells compared with cat a- and P-cells: Leventhal, Rodieck and
Dreher, 1981). There has been some disagreement in naming the "small to
medium-sized ganglion cells with dendritic patterns similar to those of
y-cells of Boycott and Wassle (1974)" (see Fukuda, Hsiao and Watanabe,
1985). Leventhal, Keens and Tork (1980) used '€' (epsilon) for this
type of cell projecting to the pulvinar.

Another aspect of morphology, the distribution of the dendrites in
different sublaminae of the IPL, has also been in use for a very long
time. As the very early workers on ganglion cells used retinal sections
for their studies, this morphological attribute easily drew their
attention. Thus, it was a hundred years ago that Cajal (1893)
classified the ganglion cells into "one-layer cells of different
'floors', two-layer cells, multi-layer cells and diffuse cells".
Additional distinctions were made among cells stratifying at a given
level, based on soma size, dendritic thickness and form of dendritic
arborisation. The ganglion cells have since been described as
monostratified, bistratified, multistratified or diffuse, denoting their
laminar pattern in general, without direct mention of the IPL sublaminae
involved (for some details on lamination, see next section).

Predominant arborisation in the outer or inner parts of the IPL gave
rise to the terms 'outer' and 'inner' which, being incorporated into the
a, P scheme, resulted in ganglion cell subtypes like 'outer a', 'inner
a' (Wassle, Peichl and Boycott, 1981a) and 'outer B', 'inner B' (Wassle,
Boycott and Illing, 1981).

In naming the ganglion cells, many authors preferred numbers,
either Arabic or Roman, to letters. Using morphological criteria, some
segregated all the ganglion cells into numbered categories (for example,
goldfish: Hitchcock and Easter, 1986; Rana ridibunda: Kalinina, 1974;
Japanese quail: Ikushima, Watanabe and Ito, 1986; rabbit: Amthor, Oyster
and Takahashi, 1983). Others divided the cells first according to their
size, and then classified different size categories into numbered types
based on other morphological attributes (for example, Xenopus laevis:
Straznicky and Straznicky, 1988; Bufo marinus: Straznicky, Téth and
Nguyen, 1990). Combinations of letters and numbers have also been used.

Kock et al. (1989) described frog ganglion cells as 'Gl', 'G2' etc. to

23



distinguish them from the amacrine cell type they called Al. Similarly,
Kolb (1982) used 'Gl', 'G2' etc. for turtle ganglion cells in general.
Dunn-Meynell and Sharma (1986), on the other hand, used 'Gl', 'G2' etc.
for the "giant" ganglion cells and 'Sl1l', 'S2' etc. for the "smaller"
cells in the catfish retina. While assigning numbers to the cells,
authors also differed in the order they chose. Some preferred an
ascending order to represent a broadly ascending order of cell size
(teleost fish: Ito and Murakami, 1984; Xenopus laevis: Sakaguchi,
Murphey, Hunt and Tomkins, 1984; salamanders: Linke and Roth, 1989;
Japanese quail: Ikushima et al., 1986). Others chose a descending order
of numbers for a broadly ascending order of cell size (Rana pipiens:
Frank and Hollyfield, 1987).

Some other morphological features have also been considered,
sometimes for categorising subtypes within a broad classification scheme
(for example, symmetry of the dendritic tree: Frank and Hollyfield, 1987
for Rana pipiens; Straznicky et al., 1990 for Bufo marinus; orientation
of the dendritic tree: Straznicky et al., 1990), sometimes as one of the
criteria for the broad classification (for example, axon calibre,

related to overall cell size: Boycott and Wassle, 1974).

Physiological classification: While anatomists kept on 'perfecting' the
morphological classification systems, physiologists tried to formulate
schemes based on the response properties of the ganglion cell receptive
fields. Although the present thesis is not intended to deal directly
with the physiological properties of the ganglion cells, a short account
of the physiological distinctions among them would help in studying the

morphological variants from a functional perspective.

As mentioned in Section 1:2.2, 'ON-cells', 'OFF-cells' and 'ON-OFF
cells' were described by Hartline (1938, cited in Wassle and Boycott,
1991) who recorded from individual fibres of the frog optic nerve.
Kuffler (1952, cited in Boycott and Wassle, 1974) observed these cells
in the cat with antagonistic surrounds or surround opponency (see
Section 1:2.2), and hence the terms 'ON-centre' and 'OFF-centre' were
used. In 1966, Enroth-Cugell and Robson demonstrated that both ON and
OFF cells in the cat could be further divided into X and Y types
according to the way they processed spatial information. As explained

in the previous section, the X cells had small receptive fields with the

24



property of linear summation and the Y cells had large receptive fields
with non-linear summation. This linear/non-linear dichotomy has also
been found in other mammals and in lower vertebrates (see Levine and
Shefner, 1979). Cleland, Dubin and Levick (1971) noticed that the X
cells showed 'sustained' responses to a steady stimulus in the receptive
field centre and had slow axonal conduction velocities while the Y cells
had 'transient' responses and fast conduction velocities. Fukuda (1971)
called them 'tonic' and 'phasic' types, respectively. In the primate
retina, these two types differed in the size and colour-specificity of
their receptive fields and in their projection layer in the lateral
geniculate nucleus (see Wissle and Boycott, 1991). Later, a new type of
cat ganglion cell that lacked centre-surround organisation and had a
lower conduction velocity than the X cells was added to the X-Y system
and was called the 'W-cell' type (Stone and Hoffman, 1972).

On the basis of cell responsiveness, Cleland and Levick (1974)
described 'brisk' and 'sluggish' categories of cat ganglion cells. The
brisk cells showed a steep increase in their response with increasing
stimulus strength, while the response of the sluggish cell increased far
less steeply and remained relatively feeble regardless of the form and
conditions of the stimulation. Thus, a fourth dichotomy
(brisk/sluggish) was added to the existing ON-centre/OFF-centre,
linear/non-linear and sustained/transient dichotomies, each being
assessed independently of the others. Combining two of them resulted in
calling the Y cells 'brisk transient' and the X cells 'brisk sustained'.
The sluggish concentric cells belong to the W cell type (Koch, Poggio
and Torre, 1982). For different combinations of these independent
properties, as identified in mammalian retinae, see Rodieck and Brening
(1983) and Amthor, Takahashi and Oyster (1989).

Correlations between anatomical (morphological) and physiological
cell types have been drawn as well. Thus the a, B and y cells have been
described as the anatomical correlates of the Y, X and W cells
respectively (Wassle and Boycott, 1974). Combination of morphological
and physiological properties in naming cells has given rise to hybrid
terms like 'on-alpha' and 'off-alpha' cells (Wassle, Peichl and Boycott,
1981a) and 'on-beta' and 'off-beta' cells (Wassle, Boycott and Illing,
1981).

25
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Secondly, there is a tendency among morphologists to rely too much
on individual morphological features in ganglion cell classification.
Minute details of morphology are thus highlighted, resulting in varied
and often complicated schemes segregating cells into too many types.

One such scheme has described 21 morphological types of ganglion cell in
the turtle (Kolb, 1982). With a comparatively modest approach, Griisser-
Cornehls, Pipke and Grover (1989) identified "11 main types" from "48
ganglion cells" studied in Rana esculenta. Physiologists are not
exempt, however: at least 13 different functional classes have been

described for cat ganglion cells (see Wassle and Boycott, 1991).

It can be assumed that somewhat broader characteristics,
especially those by which cells relate to each other in a population
along with broad individual features, could well be exploited to arrive
at simpler classification schemes that look more for commonality than
for diversity. Minute morphological and physiological variations could
then be regarded as subcategories of structure and function. Such a
population characteristic, the spatial distribution of cells in their
horizontal disposition, is described in some detail in the next section.
An analogy for these two approaches to ganglion cell classification can
be drawn from the way Welty and Baptista (1988) described taxonomists'
attempts to classify birds. They concluded that "taxonomists can be
grouped into 'species' too: the 'splitters' who delight in classifying
birds according to minute differences, and the 'lumpers' who

differentiate species on the basis of grosser discriminations".

It should be noted here that the usage of the terms 'class',
'type' and 'subtype' has not been consistent in different classification
schemes. In the present thesis, the three varieties of a-cell (the
reasons to call them so are considered in Methods, Section 2:2.1) that

have been identified and described are mentioned as three 'types'.

1:2.4 Dendritic stratification and retinal sublamination

Historical perspective: Dogiel (1891) demonstrated more than a hundred
years back that the processes of different types of bipolar, amacrine
and ganglion cells formed plexuses at specific levels of the primate IPL

by arborising in a stratified fashion. With Golgi preparations, Ramon y
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Cajal (1893) described five "étages" or levels of arborisation in the
IPL of dog and ox retinae, and enumerated them from sclerad to vitread
as S1 to S5. However, he mentioned that those "étages" were very close
and difficult to discern in mammals. Polyak (1941, cited in Wassle and
Riemann, 1978) reported five sublayers in Golgi preparations of primate
IPL as well. Cajal (1893) described eleven different ganglion cell
types. However, he grouped them into four classes on the basis of their
levels of arborisation in the IPL: cells monostratified at different
levels, bistratified cells, multistratified cells and diffuse cells
(Cajal, 1893). Since then, various authors have studied retinal neurons
in a wide variety of species: the lamination pattern of neuronal
processes, especially the dendritic lamination pattern, continues to be

an important feature in describing and classifying retinal neurons.

The outer/inner subdivision: Famiglietti and Kolb (1976) described two
sublaminae in the cat IPL: a (outer) and b (inner), and related them to
the presence of the 'flat' and 'invaginating' cone bipolar cell
terminals. Although such anatomical relationships between the processes
of amacrine, bipolar and ganglion cells in the IPL have been considered
while dividing it into sublaminae, it is the physiological correlation

that maintained the wide use of the a|b sublaminar division.

Even though carp and cat are very distant in their phylogenetic
relationship, both have been shown to follow a general rule linking
dendritic lamination and physiological response properties of the cells.
In the IPL of the cat, sublamina a (of Famiglietti and Kolb, 1976) was
found to contain synaptic connections for OFF-ganglion cells, while
sublamina b had connections for ON-ganglion cells (Nelson, Famiglietti
and Kolb, 1978). Similarly in the carp retina, bipolar, amacrine and
ganglion cells branching in sublamina a (equivalent to Cajal's strata
S1, S2 and S3) showed OFF (hyperpolarising) responses and those
branching in sublamina b (S4 and S5) showed ON (depolarising) responses
(Famiglietti, Kaneko and Tachibana, 1977). Bistratified cells with
dendritic trees in both sublaminae a and b have been shown to produce
brisk ON-OFF responses (Maturana et al., 1960). Naka (1976)
demonstrated direct excitatory connections between ON-bipolars and ON-
ganglion cells and between OFF-bipolars and OFF-ganglion cells in the

catfish retina.
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A third sublamina: In a review on the mammalian retina, Wéssle and
Boycott (1991) have summarised the available data on the lamination
pattern of the a-, P- and 6-ganglion cell dendrites and the bipolar cell
axonal processes in the cat IPL, derived from Golgi staining,
intracellular recordings and intracellular staining. They divided the
IPL into sublaminae a, b and ¢ of approximately equal depths in an
outer-to-inner sequence. These sublaminae were described as containing
OFF-cell dendrites, ON-cell dendrites and rod bipolar cell terminals
respectively. Widssle and Boycott considered that this scheme may hold
for all retinal eccentricities and for all mammalian retinae, although
the relative proportions of the different sublaminae may vary. As
already mentioned, sublaminae a and b have been found to contain
terminals of the 'flat' and 'invaginating' bipolar cells, respectively,
as well (Kolb and Famiglietti, 1974). Using protein kinase C (PKC) like
immunoreactivity, Greferath, Griinert and Wiassle (1990) demonstrated rod
bipolar cell axon terminals close to the ganglion cell layer. As shown
in Figure 3A, dendrites of B and & ganglion cells (but not of a-cells)
are also present in this sublamina c. It is believed that the thickness
of sublamina c would depend on whether the retina is rod-dominated as in

the cat, or cone-dominated as in the tree shrew (see Widssle and Boycott,

1991).

Different descriptions of dendritic lamination: It may be noted that,
even though ganglion cells can be classified on the basis of their
lamination pattern, cells belonging to one broad type may show
variations in lamination within limits. Thus, terms like
'monostratified' and 'bistratified' or 'inner' and 'outer' do not
necessarily mean that the dendrites are strictly confined to one or two
very thin strata. Kock et al. (1989) observed this sort of broad
laminar dendritic distribution (their Fig. 7) with frog ganglion cells
that could nevertheless be designated as 'single scleral layer-',
'single vitreal layer-' or 'strict double layer-' cells with reference
to their dominant planes of dendritic arborisation. This phenomenon
becomes more obvious when a population characteristic (such as
membership of a regular mosaic, described in Section 1:2.6) is used to
single out a particular type of cell, putting less emphasis on

morphological details. Cook, Becker and Kapila (1992) observed that
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many of their 'inner a-cells' in goldfish belonged either to Hitchcock
and Easter's (1986) Type 1.3 (with dendrites in all three sublaminae and
Type 1.4 (with dendrites in the middle and outer sublaminae) or to an
additional, undefined, subtype that was bistratified in the inner and
middle IPL.

Lamination pattern may even change during the course of
development. Dann, Buhl and Peichl (1988) noticed some degree of
bistratification in some developing cat a-cells which began to diminish
by the fifth postnatal day, and all the cells were monostratified by 13-
15 days after birth. However, according to Wdssle and Boycott (1991),
bistratified ganglion cells seem to be present in all adult mammalian
retinae. Bistratification has also been observed in some types of frog
ganglion cell (Xenopus laevis: Sakaguchi et al., 1984; Rana pipiens:
Frank and Hollyfield, 1987; Rana temporaria: Kock et al., 1989; Bufo
marinus: Straznicky, T6th and Nguyen, 1990). It is to be noted that
'tristratified' ganglion cells and ganglion cells with no definite
stratification ('diffuse' and 'multistratified') have been described in
different species (Cajal, 1893; Kock, 1982a; Frank and Hollyfield,
1987).

Dividing the IPL into inner and outer sublaminae only, Kock
(1982a) demonstrated monostratified (either in the outer or in the inner
sublamina) and bistratified amacrine cells, as well as similarly
stratified ganglion cells, in the carp retina (see also Famiglietti et
al., 1977). This occurred irrespective of variations in retinal size
and presumably, therefore, IPL thickness. There may, however, be a
slight difference in their dendritic depths within a lamina. In Rana
temporaria, the dendrites of one type of amacrine cell were found to be
slightly further from the ganglion cell layer than the inner dendrites
of the bistratified large ganglion cells (Kock, Mecke, Orlov, Reuter,
Vdissdnen and Wallgren, 1989). Famiglietti (1987) observed bistratified
ganglion cells having synapses with outer and inner amacrine cells. In
addition, Kock (1982a) found ganglion cells with a "diffuse and
multilayered appearance". 'Biplexiform' ganglion cells with dendritic
branches in both IPL and OPL have also been observed (goldfish:
Hitchcock and Easter, 1986; cichlid: Cook and Becker, 1991; Xenopus
laevis: T6th and Straznicky, 1989a; Rana pipiens: Frank and Hollyfield,
1987; macaque monkey: Mariani, 1982).
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It should be noted that the ways various authors have divided the
IPL into different sublaminae have been variable. Consequently, the
designations sublaminae a and b (and strata 1, 2, 3 etc.) do not always
represent exactly similar portions of the IPL. Famiglietti and Kolb
(1976) divided the cat IPL into outer (a) and inner (b) sublaminae. In
the carp IPL, Famiglietti et al. (1977) showed similar (a and b)
sublaminae of equal thickness. Sublamina a was further subdivided into
three strata and sublamina b into two. Obviously, these strata did not
have equal thickness. In a later study, however, Famiglietti (1987)
divided the cat IPL into five equal strata but two unequal sublaminae,
and this time there were two strata in a and three in b. The boundary
between sublaminae a and b was shown at the outer border of Cajal's

stratum 3.

Sublamination based on synaptic organisation: Marshak, Ariel and Brown
(1988) observed in goldfish that 94% of the inputs to the ganglion cells
were through conventional synapses mostly, if not entirely, from the
amacrines, whereas ribbon synapses from the bipolars constituted only 6%
of the inputs. In the carp retina, the number of conventional synapses
was six to seven times that of the ribbon synapses (Witkovsky and
Dowling, 1969). Again, only 25% of the processes postsynaptic at the
bipolar ribbon synapses were ganglion cell dendrites. Similar findings
have been reported in goldfish (Fisher and Easter, 1979). This trend,
of amacrine inputs outnumbering bipolar inputs on ganglion cells, seems
to be quite common across species, varying only in proportion
(salamander: Wong-Riley, 1974; rat: Chernenko and West, 1976; human:
Foos and Miyamasu, 1973). The high proportion of amacrine input to
ganglion cells indicates a greater degree of processing of visual
information to 'shape' ganglion cell responses in the IPL, where the
amacrines receive their own input. A high proportion of bipolar input
would reflect processing occurring somewhere else. The OPL, where the
bipolars receive most of their input, could be this processing zone
(Dowling and Boycott, 1966; Dowling, 1968).

Dowling (1987) presented the ratios of conventional (amacrine)
synapses to ribbon (bipolar) synapses in the frog, the pigeon and
different orders of mammals. While in the pigeon and the frog they were

10.8 and 9.6 respectively, this ratio was only 1.7 in man (see Table 3.1
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outermost IPL stratum (S1 of Cajal; Ehinger, 1983), while the A-20
amacrines would stratify in between the ON- and OFF-related sublaminae
(S2 and S3 of Cajal; Wassle, Voigt and Patel, 1987). In the monkey IPL,
a higher density of amacrine cell synapses has been observed in between
the ON- and OFF-related sublaminae as well (Koontz and Hendrickson,
1987). The neurochemical organisation of the retina is a vast field by

itself, and a detailed discussion is not attempted here.

The convention adopted in this thesis: To describe the dendritic
lamination patterns of the frog ganglion cells of the present study, the
IPL will be considered as comprising three sublaminae (a b and c) of

similar depth, varying slightly in proportion according to the species.

1:2.5 Displaced ganglion cells

As mentioned in Section 1:1.2, ganglion cell somata may be found
displaced into the IPL or INL from their normal (orthotopic) location in
the GCL. It was Dogiel (1888, cited in Reiner, Brecha and Karten, 1979)
who first described the displaced ganglion cells (DGCs) in the retina.
They are said to be present in all vertebrate classes (Stell and
Witkovsky, 1973). Although the first described DGCs were large cells
with somata at the inner margin of the INL and dendrites in the outer
third of the IPL, cells with various morphological properties in
different species have since been found to be displaced. All four major
types'of ganglion cell in goldfish (Hitchcock and Easter, 1986) and all
seven classes in Rana pipiens (Frank and Hollyfield, 1987) were found to
have some displaced cells (see also Cook and Becker, 1991). While the
DGCs in the rat and the cat have been found to arborise in the outer
half of the IPL, those in the primate have been observed doing so in
either half (see Perry, 1982). Cook and Becker (1991) found both outer-

stratified and biplexiform DGCs in the cichlid.

The proportion of DGCs in the total ganglion cell population is
usually small (Perry, 1982; Peichl, 1989). However, in the silver
lamprey, where the pattern of retinal lamination is very different, 74%
of the ganglion cells have been found to lie sclerad to the IPL, making
this the 'orthotopic' location (Fritzsch and Collin, 1990). The
proportion of displaced cells among a particular cell type such as the

outer-a cells is variable in different species and for different types
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of cell (see Cook and Becker, 1991). As is discussed later (see
Discussion, Section 4:9.0) the variability in retinal distribution,
projection and other aspects of the DGCs across species preclude the use

of displacement alone as a criterion for ganglion cell classification.

1:2.6 Regular spatial distributions or mosaics

Mosaics of ganglion cells: In their horizontal disposition in the
retina, the ganglion cells are not haphazardly arranged . Different
types of ganglion cells have been found to be arranged in statistically
regular arrays, called mosaics. For each of these types, there is an
independent mosaic with a characteristic cell spacing and cell number in
addition to a broadly characteristic basic morphology. Ganglion cell
mosaics were first demonstrated in the cat by Wassle and Riemann (1978).
At that time, they did not distinguish between ON- and OFF-alpha types
but nevertheless found a non-random distribution. Later, Wéssle, Peichl
and Boycott (1981a) divided the a-cells into ON and OFF categories and
found an independent mosaic of each. Since then, regular mosaics of
ganglion cells have been reported in various mammals and some non-
mammalian species, mainly among the lower vertebrates (see Table 1 for

various mosaic features in different species).

Since the discovery of regular mosaics, ways of measuring the
degree of regularity, presenting it in numerical and graphical forms and
analysing its statistical significance have been developed. The
distance of an individual to the nearest of its neighbours, or 'nearest
neighbour distance' (NND), is one such accepted measure of spatial
relationships (that is, distribution) in a population. It was
originally devised for ecological studies by Clark and Evans (1954). 1In
a random distribution of cells, distances to nearest neighbour are bound
to vary greatly among cells, taking extreme high and low values. Thus,
the standard deviation (SD) from the mean NND is usually greater than
that for a regular distribution with the same mean density.
Consequently, the ratio of the mean NND to the SD or "mosaic ratio"
(Schall, Perry and Leventhal, 1987) tends to be lower for a more random
distribution, and can be used as a rough measure of regularity (see

Wassle and Riemann, 1978).
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Table 1: Mosaic measurements in different species

Reference Species Cell type NND2SD (pm) NND/SD N  DISPERSION
Wissle & Riemann (1978) cat central a 46.8115.0 3.2 231 -
peripheral a 234.0484.0 2.8 127 -
Wissle, Peichl & Boycott (1981a) cat inner a 260.0258.0 4.5 122 -
outer a 241.0451.0 4.7 147 -
combined a 143.0£59.0 2.4 269 -
Wissle, Boycott & Illing (1981) cat ON B 90.0:17.0 5.2 65 -
OFF B 85.0£16.0 5.3 71 -
combined B 43.0£16.0 2.7 136 -
Peichl, Buhl & Boycott (1987) rabbit inner a 355.0£89.0 4.0 112 -
outer a 322.0:65.0 4.9 141 -
combined a 260.0£89.0 2.1 253 -
Peichl, Ott & Boycott (1987) ferret inner a 242.0+64.0 3.8 71 -
outer a 220.0:47.0 4.7 77 -
combined a 157.0452.0 3.0 148 -
Peichl (1989) rat inner a 247.0151.0 4.8 26 -
outer a 140.0127.0 5.2 80 -
combined a 105.0%35.0 3.0 106 -
Hitchcock (1987) goldfish 1.2 (small ret) 229.0 3.8 - -
1.2 (large ret) U400.0 5.0 - -
Cook & Becker (1991) cichlid inner a 89.5:16.5 5.4 797 1.58
outer a (small) 147.7:29.3 5.1 263 1.50
outer a (large) 208.3:43.5 4.8 276 1.56
biplex. (small) 242.8:98.7 2.5 57 1.15
Cook, Becker & Kapila (1992) goldfish inner a 128.1221.6 5.1 1088 1.60
outer a 232.8153.7 4.3 734 1.50
Collin & Northcutt (in press) garfish scleral 429.7+101.2 4.2 114 -
central 230.0155.4 4.2 207 -
Straznicky & Straznicky (1988) Xenopus scleral/bistr. 85.6140.1 2.0 - -
vitreal B - - -
Hayes, Martin & Brooke (1991) seabirds large GC in
temporal area - 1.60
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It is interesting to note that when a population of cells could be
divided into more than one population of obviously different types, each
type came up with a higher mosaic ratio than when considered together.
Hence, the ON- and OFF-a-cells taken separately were found to be more
regularly arranged than when taken together. Thus, while all the a-
cells observed together showed a mosaic ratio as low as 2.4, the inner
a- and outer a-cells separately had ratios as high as 4.5 and 4.7,
respectively (Wassle, Peichl and Boycott, 198la). Similar observations
have been made on the PB-cell population (W&issle, Boycott and Illing,
1981) as well as in other species (rat: Peichl, 1989; rabbit: Peichl,
Buhl and Boycott, 1987; ferret: Peichl, Ott and Boycott, 1987; Table 1).

In many species, ganglion cell density varies substantially across
the retina. Thus, if cells from high density areas like the visual
streak and those from low density areas like the dorsal and ventral
periphery are taken together while assessing regularity, less precise
values may be expected. If, on the other hand, two such areas are taken
separately, a better assessment can be made. The degree of regularity
might also vary within a retina. Wéssle and Riemann (1978) commented on
an apparent decrease in mosaic precision from centre to periphery in the

cat retina.

Other mosaics and regularities in the retina: Ganglion cells are not
the only neurons with regular spatial distributions in the retina.
Different photoreceptors form regular mosaics (Miiller and Peichl, 1989)
and so do some horizontal cells (Engstrdém, 1963). In the IPL,
particular types of amacrine cell are arranged in a regular fashion (see
Vaney, 1990). Although the somata of the bipolar cells are not
regularly distributed, their axonal swellings form regular mosaics at
different levels across the IPL (Podugolnikova, 1985).

In addition to these regularities in cell arrangement, regular
fibrous grid patterns are found in the OPL and IPL. These are formed by
the processes of the photoreceptor, horizontal, bipolar and amacrine
cells (Hibbard, 1971).

1:2.7 Development of the retina and its ganglion cells

The retinae of lower vertebrates continue to grow for many years and in

fish, according to some authors, throughout life (goldfish: Easter,
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some "modification and maturation" of ganglion cell dendritic morphology
in terms of the disappearance of bistratification and of spiny
protrusions. They drew temporal correlation between the segregation of
the ganglion cell dendrites into different IPL sublaminae (Maslim and
Stone, 1986) and the onset of the formation of ribbon synapses with
bipolar cell terminals (Cragg, 1975; Morrison, 1982; Maslim and Stone,
1986) during postnatal development of the cat retina. Conventional
synapses with amacrine cells, on the other hand, are known to be present
prenatally (Cragg, 1975; Morrison, 1982; Maslim and Stone, 1986).
Maslim, Webster and Stone (1986) observed that, in the early stages of
development, the ganglion cells do not 'respect' the IPL sublaminae in
the way they do in the adult. This led Perry (1989) to suggest that the
ganglion cell subpopulations may not be predetermined to arborise in
particular laminae, and he proposed a hypothesis on the development of
lamination pattern (see Discussion, Section 4:10.5). 1In the frog,
dendritic lamination has been described as beginning around stage 39 of
Nieuwkoop and Faber (1956), that is, three days after fertilisation (see
Wetts and Fraser, 1988).

1:2.8 Dendritic plasticity and interaction

Evidence for dendritic plasticity and possible interaction: Retinal
ganglion cells show an amazing degree of plasticity in modelling and
remodelling their dendritic trees. In trying to understand the factor
or factors that determine the geometry of dendritic trees, Wiassle,
Boycott and Illing (1981b) proposed some sort of interaction between
neighbouring dendrites. This idea got support from some experimental
observations. Perry and Linden (1982) killed the ganglion cells in a
small patch of rat retina by making a retinal lesion on the day of
birth. Two to three months later, the dendrites of the ganglion cells
at the boundary of the cell-depleted area showed obvious bias towards
the depleted zone. Subsequently, similar observations were made the cat
(Eysel, Peichl and Wassle, 1985). From supportive evidence it is
assumed that these experiments do not affect the source of afferent
supply of the ganglion cells: the cells in the INL (Perry and Linden,
1982; Beazley, Perry, Baker and Darby, 1987). Perry and Maffei (1988),

in a similar experiment, found the dendrites oriented towards the cell-
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depleted zone to be longer and thicker than those oriented away from
this zone. These ganglion cells had 80% of their dendrites in the

quadrant directed towards the depleted zone.

Hitchcock (1989) used goldfish, in which new cells are added in
rings at the margin throughout life (Easter et al., 1977). Killing the
existing ganglion cells with propidium iodide, he demonstrated that the
cells generated subsequently at the margin showed dendritic bias towards
the cell-depleted more central zone. Hitchcock (1989) inferred that
normally the dendrites of the older, centrally located ganglion cells
exclude those of the younger, peripherally located cells ('exclusionary
dendritic interaction'). But once the central cells are killed, the
dendrites of the younger cells can grow more freely towards the centre

than towards the periphery.

Indirect evidence for possible dendritic interaction comes from
the fact that there is usually a very consistent inverse relationship
between ganglion cell density and dendritic tree size. Retinae with
obvious cell density gradients show significant increases in dendritic
tree size as the cell density declines from centre to periphery,
ensuring more or less constant dendritic coverage (Wassle, Peichl and
Boycott, 1981a,b). A nearly constant coverage factor has also been
reported in small and large retinae from goldfish of different age. The
lower cell density in the larger and older retinae was accompanied by a
larger dendritic tree size (Hitchcock, 1987). In the frog Rana pipiens,
Frank and Hollyfield (1987) found relatively constant coverage for
almost every ganglion cell type. This phenomenon is consistent with the
evidence that, when the cell population is experimentally increased, the
dendritic trees get smaller (Kirby and Chalupa, 1986) and an
experimental decrease in the cell population increases dendritic tree
size (Ault, Schall and Leventhal, 1985). It is estimated that, in
primates, a change in cell density can account for about 90% of the
variance in dendritic tree size (see Perry, 1989). Across species,
ganglion cell types with higher cell density usually have smaller
dendritic trees than those with lower density. This is usually true
even among the subtypes. For example, the outer a-cells in cichlid and
goldfish are far fewer in number than the inner a-cells. The dendritic
tree size of the former is also larger (Cook and Becker, 1991:; Cook et

al., 1992). However, in species where the density difference is not
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prominent, a difference in tree size is not consistent either (see
Peichl, 1989 for rat and Wdssle, Peichl and Boycott, 1981b for cat).

Do these findings suggest that dendritic interactions are limited
to a given cell type (homotypic interaction)? This is a tricky question
to answer. The variation in dendritic tree size of a particular cell
type was found to be better matched with the density variation of the
same cell type than with that of all cell types combined (Schall, Perry
and Leventhal, 1987). Observation of a-cell distribution indicates that
there is always a high probability of the nearest neighbour of an ON-
centre cell being an OFF-centre cell (Wdssle, Peichl and Boycott, 1981la;
Perry, 1989). Wdssle, Peichl and Boycott (1981b) suggested that the a-
cell dendrites in adult cat retina interact or stop growing once they
start to invade the dendritic territory of another cell of the same
type. The B-cells follow the same rule (Eysel et al., 1985). These
observations support the notion of homotypic interaction. However, this
is not to say that there are no heterotypic dendritic interactions
between dendrites of cells assigned to different classes. This depends
on another issue to be addressed here: that of which cells should be
considered as the same and which as different types, and at what level

of classification should this distinction be made.

Nevertheless, evidence for heterotypic interaction is not well
documented. Peichl and Wassle (1983) showed that the bipolar and
amacrine cells can 'broaden' the receptive field size of the ganglion
cells, and the bipolar cells can virtually 'fill in' gaps in individual

dendritic fields.

The nature of possible dendritic interaction: Two sorts of interaction
between the dendrites have been suggested: direct and indirect. Direct
interaction might include contact inhibition. Indirect interaction
would possibly include competition for factors produced by other

neurons, including those providing afferent input through synapses.

As one sort of direct dendritic interaction, the well-known
phenomenon of contact inhibition of growth has been suggested (Eysel et
al., 1985). Bloomfield and Hitchcock (1991) reported little overlap of
dendritic branches in goldfish, with only 1-2 intersections between the

dendrites of single dendritic arbors. In rabbit ganglion cells,
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Looking at the transient dendritic spines in the ganglion cells of
postnatal cat during "the period of peak spine loss and synapse
formation", they found a negligible number of spines forming synapses.
They rejected the notion, proposed by Vaughn (1989) in relation to
spines on developing motoneurons, that the spines are the preferred
postsynaptic sites, and suggested that they may be involved in functions
like cell recognition preceding synapse formation, rather than in
forming the synapses themselves. Secondly, competition might be at its
most intense in the early stages of synaptogenesis, when the first few

connections are being made.

The observation that even reducing the ganglion cell density by
30% prior to a retinal lesion had no effect on the dendritic bias
towards the lesion site led Perry and Maffei (1988) to look for factors,
other than loss of contact inhibition or lack of competition for
afferent inputs in the cell-depleted zone, to explain the bias. They
came up with the following suggestion. INL cells might produce some
chemotropic factor for the ganglion cells. In the area of ganglion cell
depletion, this factor would naturally be in abundance. Consequently,
the dendrites of the neighbouring ganglion cells would be attracted
towards the area of cell depletion. Barnstable (1991) proposed the
Miller cells, the intrinsic glia of the retina, as a possible source of
such a factor. His proposition was based on evidence that astrocytes
promote dendritic growth in cultured sympathetic neurons (Johnson,
Higgins and Ard, 1989) and that Miller cells are the retinal equivalents
of astrocytes for various functions, playing an important role in the
general support and nutrition of retinal neurons (see Hollander,
Makarov, Dreher, van Driel, Chan-Ling and Stone, 1991). Perry and
Maffei (1988) also noted a gradual decline in dendritic bias with
increasing distance from the cell-depleted area. They found this
consistent with their hypothesis of a chemotropic factor, as the
concentration of the factor would gradually decrease away from the cell-
depleted zone. However, it has been observed that these dendrites do
not grow across the whole of the cell-depleted area (Perry and Linden,
1982; Eysel et al., 1985). Perry (1989) suggested two reasons for this.
Some metabolic constraint may impose a growth limit upon the dendrites;
or dendritic growth may cease when a target number of synaptic

connections have been made by each cell.
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Despite all these efforts, the mechanisms underlying dendritic
plasticity in normal development and in remodelling are not yet fully
understood. Dendritic interactions remain the most likely answer to the
question. However, to understand the nature of the interactions,
further studies on the underlying cell biology and physiological
correlations are required. Some suggestions from different authors

addressing the issue are mentioned in the Discussion (Section 4:10.5).

1:3.0 WHY STUDY THE RETINA OF THE FROG?

The frog nervous system, including the retina, has been a commonly used
tool in various anatomical, physiological, biochemical and behavioural
studies. Ganglion cell production is complete very early in mammalian
life (mouse: Hinds and Hinds, 1974; cat: Rusoff, 1979; Walsh and Polley,
1985). However, retinal development, including ganglion cell
production, in frogs continues into adult life (Xenopus: Jacobson, 1976;
Heleioporus: Dunlop and Beazley, 1981; Rana pipiens: Reh and
Constantine-Paton, 1983; Limnodynastes: Coleman, Dunlop and Beazley,
1983). This provides opportunities for studying the developing cells
and comparing them with postmitotic mature cells. The usual precursors
of all the retinal neurons, with the probable exception of rod
precursors (Johns and Fernald, 1981), are confined to a narrow germinal
zone at the retinal margin (Xenopus: Straznicky and Gaze, 1971; Beach
and Jacobson, 1979; Rana pipiens: Hollyfield, 1968; Reh and Constantine-
Paton, 1983; Heleioporus: Dunlop and Beazley, 1981). This helps in
studying the development of the cells and the retina as a whole by the
fact that every part of the retina, with all the neurons in it
(excepting the rods), is younger than the parts central to it. It
provides potentialities for experimental manipulations of the
developmental process too. Frog eyes also become operational at an
early age. Thus, functionally active cells are available for various
anatomical, physiological and biochemical studies from the early stages
of ontogeny. All these factors make any basic structural study of the

frog retina worthwhile.
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1:4.0 AIMS AND OBJECTIVES

Although the retinal ganglion cells in various species of frog have been
widely studied, no systematic study has been done on the spatial
distribution of different types of cell, and the classification systems

used have been many and varied.

The aim of the present research was to look at the large ganglion
cells in four genera of frog, studying their morphological features as

individuals and their spatial distributions as populations.

In the process, a novel approach to the classification of large
ganglion cells was developed, with a view to outlining a more natural
classification scheme than one based on morphological criteria alone.

This approach takes spatial distribution as its starting point.

Cross-species comparisons were aimed at discovering morphological
and spatial homologies that might reflect common developmental,

evolutionary or functional scenarios.
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CHAPTER TWO

METHODS
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