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Abstract

Spatial and Spectral Properties of the Goldfish Retina
by

Joseph Bilotta

Adviser: Professor Israel Abramov

Most studies of retinal ganglion cells have concentrated on either
spatial or spectral properties, even though the same cells are involved
in processing both types of information. This project examined the
relationship of spatial and spectral processing in goldfish ganglion
cells. Responses of single ganglion cells from an excised, isolated
retina were recorded while various spatial and spectral stimuli were
presented to the retina. Each cell was classified by its spatial
properties (e.g., linearity of spatial summation and spatial contrast’
sensitivity (S-CSF)) and its spectral properties (spectral class or
long-wavelength center response and spectral opponency/
nonopponency).

Results show that X-, Y-, and W-like cells exist in the goldfish
retina. Goldfish X-like cells, like cat X-cells, possess a null point,
while Y-like cells respond with a frequency doubling at all spatial
positions at high spatial frequencies; W-like cells' properties were
similar to the "not-X" cells found in the eel retina. These spatial

classes were independent of spectral class and spectral opponency.



The shape of the cell's S-CSF depended on various stimulus
parameters (e.g., stimulus drift rate) ‘and on the intrinsic properties
of its receptive fiel¢ components. The S-CSFs of X- and Y-like cells
also differed as a function of spectral class and spectral opponency.
These differences can be explained by differences in receptive field
center size across spectral class and by antagonistic interactions
between the center's chromatic mechanisms in spectrally opponent cells.
Sensitivity to a drifting grating varied as a function of stimulus
orientation and direction. Some X-like cells and virtually all Y- and
W-like cells displayed orientation tuning; however, this tuning
depended on the spatial frequency of the stimulus. Many Y-like cells
and all W-like cells displayed direction selectivity; this also varied with
stimulus spatial frequency but in a different fashion than orientation
tuning.

In conclusion, goldfish ganglion cells, like those in mammalian
retina, can be subdivided into X-, Y-, and W-like cells based on their
spatial summation properties. Differences in S-CSFs across stimulus
variations and the cell's spectral properties can be explained by a
"difference of two Gaussian distributions” receptive field model with

slight modifications.
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INTRODUCTION

1.1 Overview.

The world around us contains a plethora of visual images. The
role of our visual system is to sort out or "filter" this infinite array
of light patterns and to somehow extract information about the
environment. This is not an easy task; every object or stimulus pos-
sesses a number of different visual dimensions or properties. For
example, an object has a particular size, pattern or shape, contrast
and color. Our visual system is able to "keep track” of all these
dimensions and does so with remarkable success.

The first stage of processing in the visual system occurs in the
eye, more specifically, in the neural tissue located in the back part
of the inside of the eye, the retina. The retina (which is part of the
central nervous system), consists of several layers of neurons, each
with its own function. For example, the photoreceptors' function is
to convert the light pattern falling onto the retina into neural
energy. This represents the first stage of neural processing in the
retina. The retina's final stage of neural processing occurs at the

ganglion cells. The axons of these neurons send information to the



brain for further processing. Thus, ganglion cell responses are the
output of all the processing that takes place in the retina.

All neurons communicate or send information by voltage changes
throughout the various parts of the neuron. Electrical changes in
one neuron can, under certain circumstances, cause changes in a
neighboring neuron. Most neurons in the retina signal information by
producing very small changes in electrical potential -- these neurons
are physically close to one another so that small voltage changes
(graded potentials) are sufficient. However, the ganglion cells face a
different situation. Since they must send signals over long distances
(from the eye to the brain), a regenerating electrical pulse (action
potential) is sent down the axon to the brain. All action potentials
are similar in their amplitude and waveform and thus, the only infor-
mation the brain receives from the retina is that an action potential
was sent or that it wasn't. To wit, all the information regarding the
visual stimulus is somehow coded into a particular pattern (i.e., a
binary code of pulse - no pulse) of action potentials.

A change in the visual stimulus must be represented by a
change in the frequency of the action potentials or perhaps by a
change in the firing pattern of these signals. The goal of this
project is to examine the coding process in the retina. This will be
accomplished by "eavesdropping” on the ganglion cells by placing
microelectrodes next to these ganglion cells and recording their firing
patterns as the visual stimulus is varied. Most studies of retinal
ganglion cells have concentrated on either spectral (color) or spatial

(pattern) properties, even though, the same cells are involved in



processing both types of information. This project examines and
relates the spectral and spatial properties of goldfish ganglion cells.

The goal of this research is to provide a better understanding of
the visual system, also, and more generally, to provide some insight
on how neurons communicate with one another. Ganglion cells are
good candidates for this type of investigation. As mentioned above,
the retina is physically separate from the rest of the central nervous
system. Since the ganglion cells are the final processing neurons of
the retina, their responses contain the basic information about the
visual stimulus prior to the brain, making the ganglion cell an impor-
tant way-station in vision.

Another advantage in examining the output of the retina is that
information is unidirectional. That is, for the most part, information
travels from the ganglion cell to the brain. Finally, there are fewer
ganglion cells than any other type of neurons in the visual system.
Thus, information is represented most efficiently and with the least
redundancy at this level.

Iin summary, the retina is a self-contained visual processing unit
in which the ganglion cell response represents the output. The ret-
ina can be thought of as a system or device in which the input (the
visual stimulus) is known and controlled, while the output (ganglion
cell response), can be monitored and recorded. Thus, the goal of
this work is to examine how the retina transforms the input into a
code that the brain can use to understand the visual world.

This work will focus on the ganglion cells of the common gold-

fish. There are both practical and theoretical reasons for studying



the goldfish retina. Since the goldfish is a cold-blooded vertebrate,
its retina can be removed, and under the proper conditions, can be
kept functioning and healthy for long periods of time. This provides
an opportunity to study a particular neuron for much longer periods
of time than would be possible if one were studying the same neurons
in an intact, anesthetized, warm-blooded animal. For most cases, the
isolated goldfish retina can be maintained in good health for up to 6
hours. The retinal neurons of the goldfish are larger than those in
the mammalian retina, and therefore, are easier to record from, espe-
cially, the more distal cells which provide inputs to the ganglion
cells.

Another reason for choosing the goldfish for the experimental
animal is that it has been widely used as a model of the vertebrate
retina and therefore, many of the important characteristics are
already described. It is known that the goldfish retina has the same
cell types and interconnections as other vertebrates. However, one
should not assume that all vertebrate retinae are the same. There
are differences across species; fortunately, these differences can be
useful tools ivn examining properties which are more difficult to study
in other animals (see below).

Before progressing any further, some mention of goldfish taxon-
omy is in order. The common goldfish belongs to the family of
Cyprinid fishes, commonly refered to as carps or minnows. Cyprin-
dae are part of a large group of fresh-water fishes, known as tel-
eosts. The goldfish belongs to the genus Carassius. There are two

members of the Carassius genus, the common goldfish (Carassius



auratus) and the crucian carp (Carassius carassius). For the most

part, visual processing across the cyprinid family is wvery similar.
Because of this, references will be made to the other cyprindae when
information is lacking in the goldfish. Since there are some subtle
differences across these fishes, however, the species from which the
information was obtained will bg explicit]y stated.

The primary reason for using the goldfish for this work stems
from the fact that the goldfish has color vision. There is both phys-
iological and psychophysical evidence that the goldfish has the neces-
sary mechanisms for color vision. In fact, goldfish color vision
appears to be very similar, at least qualitatively, to primate color
vision, including that of humans. Goldfish possess the same types of
photoreceptors (rods and cones) as primates. However, primate and
goldfish photoreceptors differ in their spectral sensitivities. The
spectra of the individual cone photopigments are more separated in
goldfish than in primates. Because of this separation of the cone
types across the spectrum, goldfish are capable of responding to
infra-red wavelengthé of light, making it much simpler to identify
which cone types are contributing to the responses of any ganglion

cell.

1.2 Goldfish Retinal Anatomy.

The broad principles of retinal processing appear to hold across
species since most vertebrate retinae possess the same types of neu-
rons and interconnections (see Walls, 1942). The vertebrate retina

consists of five different classes of neurons (Boycott and Dowling,



1969). Three of these.neuron types, receptors, bipolar cells and
ganglion cells are commonly referred to as the direct neural'pathway;
that is, information travels from the receptors directly to the bipolar '
cells and then to the ganglion cells which send their information to
the brain. The remaining neurons, horizontal and amacrine cells,
provide lateral transfer ;chroughout the retina. Horizontal cells are
located between the receptors and the bipolar cells, and the amacrine
cells are between bipolar and ganglion cells.

The retina can also be divided into several layers. The three
nuclear layers, starting from the back of the eye, are the outer
nuclear layer, the inner nuclear layer, and the ganglion cell layer.
As is apparent from their names, the nuclear layers consist of the
cell bodies of the various neurons. The outer nuclear layer contains
the cell bodies of the receptors (i.e., the rods and cones). The
inner nuclear layer is where the cell bodies of the horizontal, bipolar
and amacrine cells are located, and of course, the ganglion cell bodies
are found in the ganglion cell layer.

There are two plexiform layers between the nuclear layers, the
outer plexiform layer, located between the outer and inner nuclear
layers, consists of synaptic connections among the receptors, bipolar
cells and horizontal cells. The inner plexiform layer, consists of the
synaptic connections among bipolar, amacrine and ganglion cells, and
is found between the inner nuclear layer and the ganglion cell body
layer. A schematic illustration of the anatomy of the goldfish retina
is shown in Figure 1.

Of major importance to this work, as well as to any visual physi-



Figure 1

Schematic illustration of the anatomy of the
goldfish retina. This figure is a composite from
several sources. For a general description, see
Rodieck (1973), Dowling (1970) and DeTesta
(1966). The features of the receptors and the
outer nuclear layer are redrawn from Scholes
(1975). Information regarding the outer plexi-
form and inner nuclear layers can be found in
Stell and Kock (1983) and Stell and Lightfoot
(1975). The interconnections among bipolar,
amacrine and ganglion cells are derived from
Famiglietti, Kaneko and Tachibana (1977). Pure
cone bipolar cells are not included in this fig-
ure since information regarding their anatomical
connections is sparse. The illustration is not
drawn to scale -- its purpose is to show the
anatomical connections within the goldfish ret-
ina.
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ology, is the concept of a cell's receptive field. The most general
definition is: any area on the retina, that, when stimulated by light,
produces an electrical change or response in the particular cell of
interest. Since only the receptors are capable of changing light
energy to neural energy, the receptive field of any neuron is ulti-
mately a function of the receptors it contacts. However, due to the
lateral connections that occur in the retina, the receptive field of a
neuron can contain regions antagonistic to one another. That is, 6ne
area of the receptive field, when stimulated by light, can produce an
increase in the response of that neuron, while another portion of the

receptive field can cause a decrease in the cell's response.

1.2.1 Photoreceptors and Photopigments.

The goldfish retina is similar to the primate retina in that it is a
duplex retina. However, unlike the primate retina which has a fovea
containing the vast majority of cones, the goldfish rods and cones
appear to be evenly distributed across the retina (Marc and Sperling,
1976) with a slightly higher density of rods and cones at the
temporal-dorsal side (Schellart, 1973). There are at least six mor-
phologically distinct types of cones in the goldfish retiné, although
there do not appear to be any functional differences across the dif-
ferent types (Marc, 1977). The only functional difference among the
cones is that they each possess one of three different photopigments
(Harosi, 1976; Marc, 1977; Marc and Sperling, 1976; Stell and Harosi,
1976). Through the use of microspectrophotometry, the \-max, or

peak sensitivity, of three of the goldfish cone types has been deter-
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mined to be 450 nm, 533 nm and 625 nm (Harosi, 1976). These cone
types will be designated as the short-wavelength cones (S-cones),
middle-wavelength cones (M-cones), and long-wavelength cones
(L-cones), respectively, to refer to the portion of the spectrum in
which their peak sensitivities are found. The proportions of the
three cone types in the retina have been determined to be 45%
L-cones, 35% M-cones and 20% S-cones (Marc and Sperling, 1976).

The adult goldfish retina contains a substantial number of rods
(Stell and Harosi, 1976), but the rods do not appear to have any dif-
ferent structural types as do the cones. Bridges (1967) has deter-
mined the spectral sensitivity of the goldfish rod photopigment by
means of pigment extraction and blea'ching of the rod pigments con-
tained in the crucian carp. The goldfish rods contain the photopig-
ment porphyropsin, which is commonly found in fresh-water fishes
and has a X-max of 520 nm. (Walls, 1942).

- About half the cones in the goldfish retina are twin or double
cones. Double cones consist of two cones juxtaposed at the ellipsoid
and myoid portion (Mlarc, 1977). The longer outer segment of a
double cone contains the L-cone photopigment while the shorter outer
segment contains the M-cone photopigment (Stell and Harosi, 1976).
The long, single cones can possess either the L- or M-cone photopig-
ment; S-cone photopigment is found only in the short and miniature
cone types (Marc and Sperling, 1976; Stell and Harosi, 1976).

The cone pedicles of the goldfish (Stell, 1972) possess invagi-
nated synapses and within any one cross-section contains a bipolar

cell dendrite situated between two horizontal cell dendrites. This
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"triad" arrangement in the cone pedicles is very common in many
species (Scholes, 1975; Stell, 1967). There is also evidencé that the
receptors make reciprocal contacts with other receptors in a variety
of species. Scholes (1976) found that the rudd (which is a cyprinid
fish) possesses invaginating cone-to-cone interactions that occur
across the different cone types in a particular arrangement. M-cones
invaginate into L-cones, L-cones into M-cones, and S-cones invaginate
into M-cones. Similar interconnections have been found in the gold-
fish with the addition that L- and M-cones invaginated into S-cones
(Lockhart and Stell, 1979).

The receptors’ outer segments and the pigment ephithelium of
goldfish, as well as those of many other fish, migrate depending upon
the lighting conditions of the environment. The results of these
movements is that the outer segment is surrounded by the pigment
ephithelium which acts as a "sheath” of absorbing pigment; a possible
consequence of this being that the receptor's sensitivity to light is
reduced. These "retinomotor movements"” are the result of changes in
the lighting conditions and are also a function of a circadian rhythm
or day/night cycle (Ali, 1975). In daylight, the cone myoids (the
portion of the receptor that connects the outer segment to the inner
segment) shor.ten leaving the cone ellipsoids near the external limiting
membrane, and retracted from the pigment ephitheliﬁm. The rod
myoids, on the other hand, lengthen, placing the rod ellipsoids and
the outer segments near the pigment ephithelium to protect the highly
sensitive rods from bleaching by strong light (Ali, 1975). In dark-

ness, the retinal movements are just the opposite for both types of
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receptors exposing the rods to function at scotopic light levels.

Recently, there have been several psychophysical reports of a
possible fourth receptor in goldfish (Hawryshyn and Beauchamp,
1985; Neumeyer, 1985). This receptor type is sensitive to ultraviolet
(U.V.) light, has a X-max at about 380 nm and is sensitive up to
about 420 nm (Hawryshyn and Beauchamp, 1985). Although there is
no direct evidence from microspectrophotometry for such a receptor in
goldfish, there have been reports of U.V.-sensitive photopigments in
other cyprinid fishes (Avery, Bowmaker, Djamgoz and Downing, 1982;
Harosi and Hashimoto, 1983). In both cases, the U.V.-sensitive
receptor was found in the smaller cone types. This may account for
their elusiveness in other microspectrophotometry studies. It is also
interesting to note that although the U.V. receptor is apparent in
psychophysical measures, there is only one report of any electro-
physiological evidence. Fukurtani and Hashimoto (1984) found U.V.
responses from horizontal cells in several fish species (none of which
were goldfish). There is certainly no evidence for a U.V. receptor
input at the level of the ganglion cell or optic nerve in the range
from 400 to 720 nm in the goldfish (Beauchamp and Lovasik, 1973;
Mackintosh, Bilotta and Abramov, 1987; Spekreijse, Wagner and Wol-
barsht, 1972).

[

.2.2 Horizontal Cells.

The horizontal cell layer in the teleost fish comprises one-third
of the entire retina. These giant cells have cell bodies that range

from 15 to 40 um in diameter (Schellart, 1973). There are four types
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of hor:izontal cells based on their morphology a‘nd arborizations; each
forming a layer laterally across the retina. Lateral transmission of
information between horizontal cells may be in the form of conven-
tional synapses (Witkovsky and Dowling, 1969) as well as by electrical
coupling (Kaneko, 1971a).

The four horizontal cells types also differ in their specific
receptor connections. Starting from the most sclerad layer in the
retina: H1 cells make direct connections with all cone types (S-, M-,
and L-cones, including double cones). H2 cells synapse to all M- and
S-cone types (including short, double cones which contain the M-cone
pigment), and H3 cells synapse only to S-cones (short, single and
miniature cone types). (See Stell and Lightfoot, 1975, for more
details.) The fourth type, RH, make connections only to the rods.
All cone-to-horizontal cell synapses are sign conserving (Stell and
Lightfoot, 1975); that is, both the receptors and their corresponding
horizontal cells hyperpolarize to light. The cone horizontal cell (H1,
H2, H3) response can be altered by the influence of other cone hori-
zontal cell types by means of feedback synapses of horizontal cells to
the cones (Stell and Lightfoot, 1975). This interaction among hori-
zontal cells produces the spectral opponency response found in the
biphasic (H2) and triphasic (H3) cells and will be discussed, in more
detail, below. Cone horizontal cell axons appear to ferminate in the
inner nuclear layers of the retina (Stell, 1975); however, their spe-
cific function is still unknown. At present, there is insufficient
information regarding the presence or role of rod horizontal cell

axons.
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1.2.3 Bipolar Cells.

There are two morphological types of bipolar cells in the goldfish
retina: large bipolar cells and small bipolar cells. The diarﬁeter of
the small bipolar cell body is 8 um; whereas, the large bipolar cell
body diameter is larger than 10 wm (Cajal, 1893; Stell, 1972; Witkov-
sky and Dowling, 1969). Due to the size of the small bipolar cell,
there has been little success in determining its structure and func-
tion.

The two morphologicai types of bipolar cells can also be distin-
guished by their receptor contacts. The small bipolar cells contact
exclusively cones while the large bipolar cells receive input from both
rods aﬁd cones. Thus, these cells types are also referred to as pure
cone and mixed bipolar cells,' respectively (Scholes, 1975; Stell,
1980). Unlike mammals, teleosts possess no pure rod bipolar cells
(Kolb, 1970). Stell and colleagues (see Stell and Kock, 1983 for a
review)  have further di;\/ided the mixed bipolar cells of the goldfish
into five types. This division is based on their receptor input and
their termination in the sublaminae of the inner plexiform layer (IPL).
Bipolar cells that terminate in the distal sublamina "a" are designated
as types al and a2. Bipolar cells terminating in the proximal subla-
mina "b" are designated as types b1, b2, and b3. Subtypes al and
b1l contact rods and L-cones, while subtypes a2, a3, b2, and b3
synapse on rods, M-cones and L-cones. Stell and Kock (1983) have
postulated a sixth type of bipolar cell based on studies using carp
(Saito, Kujiraoda and Yonaha, 1983). They have suggested that the

new type of bipolar cell should be labelled as a3 based on their cone
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inputs, dendritic field size and response type (i.e., OFF-center).
The size of the goldfish mixed bipolar cell dendritic tree diame-
ter varies linearly with the number of individual cones contacted.
However, there is no correlation between dendritic field size and the
number of rods contacted or the ratio of rods to cones contacted
(Ishida, Stell and Lightfoot, 1980). Also, the dendritic arborization
of the mixed bipolar cell is slightly elliptical and may produce an
"orientation bias" even at this level of the retina. However this
degree of ellipticity is not enough to account for the orientation tun-
ing found in ganglion cells since the dendritic spread of a single
bipolar is sﬁaller than the receptive field center of a goldfish gan-
glion cell. More will be said regarding this bias in Section 1.5.2.
The pure cone bipolar cell dendritic field is much larger than
that of the mixed bipolar cell (Scholes, 1975). At present, only pure
S- and M-cone bipolar cells have been found. There has been no
evidence for a pure L-cone bipolar cell, however, it has been specu-
Ia.ted that this type does exist. Pure cone bipolar cell termination
appears to be somewhere in the inner synaptic layer, but details
about this cell type are unclear. One final point worth mentioning
about the bi;ﬁolar cells is that the S-cone inputs are completely segre-
gated from the other cone inputs. The S-cones appear to supply
information only to pure cone bipolar cells. There is no interaction
of the S-cones with the other cone types at the level of the bipolar

cell (Scholes, 1975; Stell and Lockhart, 1975).
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1.2.4 Amacrine Cells.

There appear to be 4four.morpho|ogically different types of amac-
rine cells in the goldfish retina (DeTesta, 1966). Like the horizonjcal
cells, amacrine cells stretch laterally across the retina. Amacrine
cells do not possess any type of axon, however, they have widely
branched dendrites which terminate in the inner nuclear layer (INL)
and inner plexiform layer (IPL). One type of amacrine cell sends its
dendritic arborizations to sublamina "a" of the IPL and receives input
from mixed bipolar cells that terminate in this sublamina (i.e., al and
a2 of Stell's classification). Another type of amacrine cell has its
dendrites terminate in sublamina "b" of the IPL and thus, receives
information from b1, b2, and b3 mixed bipolar cells. A third type of
amacrine cell sends dendritic arborizations to both sublaminae and
receives input from both types of bipolar cells (Famiglietti, et al.,

1977). This "wiring" produces a functional difference among the

amacrine cells which will be discussed in Section 1.3.

1.2.5 Ganglion Cells.

Ganglion cell axons make up the optic nerve and therefore their
responses represent the last processing before reaching the brain.
Ganglion cells receive information from bipolar cells and amacrine
cells. Recently, goldfish ganglion cells were classified into three
morphological types (Hitchcock and Easter, 1984). This classification
was based on the size of the cell body and its dendritic arborizations.
Type | cells consisted of a small cell body, one to three thin primary

dendrites, and small, dense arbors. Type Il cells possessed a larger
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cell body, two to five thick primary dendrites, and large, moderately
dense arborizations. Type |lIl cells had small somata, and one to
three thin primary dendrites, but also possessed large sparse arbors.
It was also found that each type contained several subtypes based
upon their dendritic stratification pattern. Unfortunately, no correla-
tion between these morphological types and their functions hés been
attempted in the goldfish. Since their original report, Hitchcock and
Easter (1986) have found a fourth morphological class of goldfish gan-
glion cell. These cells are similar to the Type | cells, but are some-
what smaller in cell body size;

This relationship h_as been examined in the cat retina and a very
strong correlation between morphological and functional cell types was
found. Boycott and Wassle (1974) found that cat retinal ganglion
cells could be divided into three morphological classes based on
somata size and dendritic arborization. The first type, B-cells, poss-
essed the largest cell body and a large dendritic tree. The «-type,
on the other hand, had the smallest soma and the smallest dendritic
tree. The third type, ¥-cells, had a small soma like the a-cells but
possessed a large dendritic tree not unlike the B-cells. Famgilietti
and Kolb (1976) have elaborated on this finding by dividing the «o-
and B-cells into subclasses based on their dendritic branching pat-
terns. The a-, B-, and ¥-cell morphological classes of cat retinal
ganglion cells (which correspond to the I, Il, and Ill types, respec-
tively, found in the goldfish retina) have been correlated with the
three functional types of ganglion cells (i.e., X-, Y-, and W-cells)

based on their spatial summation properties. B-cells have been posi-
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tively identified as the Y-cell functional type ('Cleland, Levick and
Wassle, 1975). Although there has been no direct evidence relating
the «-cells and X-cells, there is a strong correlation between the
receptive field center size of X-cells and the dendritic spread of
a-cells (Cleland and Levick, 1974a). Finally, the range of dendritic
field spread of ¥-cells agree with the range of receptive field centers
found in W-cells. However, this is not as clear-cut since the proper-
ties of W-cells are somewhat vague. The similarities in the morpholo-
gical classifications between the well-studied cat ganglion cells and
the goldfish cells would predict that these three functional types
should also exist and correlate with their morphological cell types.
The dendritic processes of ganglion cells, like amacrine cells,
also terminate in different sublamina of the IPL. Some ganglion cells

terminate in sublamina "a", some in sublamina "b" and other ganglion

cells terminate in both sublaminae (Famiglietti, et al., 1977).

1.3 Physiology of the Goldfish Retina.

Tomita (1966) was the first to successfully record intracellularly
from single cones. Using the carp retina, he discovered several
important characteristics of the cone response. He found that all
cone types show a sustained hyperpolarization to light stimulation, the
consequences of this being that no one cone type is capable of‘wave-

length discrimination since there is no means of comparison across
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'wavelengths. This is known as the principle of univariance (Rush-
ton, 1965). Univariance states that once a quantum of light is
absorbed by the photopigment f'esulting in isomerization, all informa-
tion regarding the wavelength of the light is lost. Thus, receptors
can only report at what rate the photopigment absorbs photons.

Tomita also found that the action spectra obtained by electro-
physiological recordings from the carp cones agreed with the differ-
ence spectrum (Marks, 1965) obtained by microspectrophotometry from
goldfish cones. The A-maxs of the photopigments have also been ver-
ified by recordings in more proximal cells, such.as goldfish horizontal
cells (Spekreijse and Norton, 1970) and goldfish ganglion cells (Mack-
intosh, et al., 1987).

It was originally believed that the receptive field of a single
cone was the diameter of the outer segment of the cone; however,
this is not the case in many species. For example, the receptive
fields of turtle cones extend up to 100 um in diameter, well beyond
the size of the individual cone outer segment. This was attributed to
electrical coupling among cones of the same type (Baylor and Hodg-
wn, 1973). Further examination of the turtle cones revealed an anta-
gonistic center and surround organization; light stimulation on the
center of _the field produced a hyperpolarization response, while stim-
ulation on the outer portion of the receptive field area resulted in a
depolarizing response (Baylor and Fuortes, 1970). This antagonistic
surround is believed to be the result of a reciprocal feedback synapse
to the cone from a horizontal cell. This was verified by O'Bryan

(1973) who demonstrated that the surround response of the cone to
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illumination had a similar time course to that of horizontal cells.

Although there is evidence that goldfish rods and cones may be
electrically cou_pled as in the turtle cones (Nagy, Stell and Lightfoot,
1983, cited in Stell and Kock, 1983), there is no evidence of the
large cone receptive fields (Kaneko, 1973). However, in other fish,
such as the pike-perch, cone receptive fields may extend up to 100
um (Burkhardt, 1977).

The response of the carp cone to light intensity is nonlinear and
may be described as a compressive function (Tomita, 1972). The sin-

gle receptor response conforms to the function:

_ VX " )

R = n

k *+ |
where v and k are half-saturation constants, | is the light intensity
and n = 0.73. When | is small, compared to k, the response rises in

proportion to intensity; thus, at low intensities, the response is
approximately linear. When light intensity is very high (so that k is
negligible) the response saturates. This compressive function for
single cones also holds for other §pecies, such as Necturus (Werblin
and Dowling, 1969) and macaque monkey (Boynton and Whitten,
1970).

1.3.2 Horizontal Cells.

The responses of horizontal cells or S-potentials (named after
 their discoverer, Svaetichin, 1953) can be classified into two types.

The L-type (luminosity cells) responds to all wavelengths of light
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with hyperpolarization (Byzov and Trifonov, 1968; Trifonov, 1968).
C-type (color cells) S-potentials, however, can respond by hyperpo-
larizing or depolarizing depending upon the wavelength of the light;
these cells are therefore, spectrally opponent. C-type cells can be
further subdivided into biphasic or triphasic cells. Biphasic cells
respond with hyperpolarization to middle-wavelengths and depolariza-
tion to long-wavelengths lights. Triphasic cells respond to both
short- and long-wavelengths with hyperpolarization and depolarization
to middle-wavelengths. The spectral opponency found in these
C-units is a function of the interactions among the different horizon-
tal celis types described in Section 1.2.2. Since cone-to-horizontal
cell synapses are sign-conserving, and thus capable of only hyperpo-
larization, depolarization responses must develop from interactions
with other horizontal cells (Stell and Lightfoot, 1975).

Stell and colleagues (see Stell and Kock, 1983, for a review)
have proposed a model to account for these different response types
based on what is known regarding their synaptic connections. Each
horizontal cell possesses a direct non-inverting connection to a spe-
cific cone type. Each horizontal cell also contains an inverting feed-
back synapse to the other cone types. These inverting synapses can
affect the response of the other horizontal cell types to produce a
depolarizing response. For example, the H1 horizontal cell receives
only a direct non-inverting input from the L-cones and thus responds
with hyperpolarization across the spectrum with its maximum response
at the longer wavelengths; the remaining connections to the other

cone types of these H1 cells provide an inverting feedback synapse
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which affects the responses of the other horizontal cell types (see
below).

The H2 cell type (biphasic C-cells) receive a non-inverting input
from the M-cones and thus responds with hyperpolarization at the
short- and middle-wavelengths. However, due to an inverting feed-
back synapse from the H1 cells onto the M-cones, any long-
wavelength stimulation will increase the response of the H1 cells and
thus produce an opposite depolarizing response of the H2 cells. A
similar, although somewhat more complicated, effect occurs with the
triphasic H3 cells. These cells receive direct input from S-cones and
thus hyperpolarize to short-wavelengths; but because of an inverting
feedback synapse from the H2 cells onto the S-cones, the result is
inputs opposite of the H2 cells (i.e., hyperpolarization at middle- and
depolarization at long-wavelengths) producing depolarization at
middie-wavelengths and hyperpolarization at Iong-wavelen.gths.

This model has been supported by the finding that the latencies
of the chromatic responses of the horizontal cell types differ in the
direction one would predict from the model. That is, direct non-
inverting responses would have the shortest latency (25 msec for the
"blue" component in triphasic cells, the "green” component in biphasic
cells, and the "red" component for monophasic or L-type cells). The
latency was found to be 50 msec for the "green" component in tripha-
sic cells and the "red" component in biphasic cells, and the longest
latency occurred with the "red" component of the triphasic cells which
was 75 msec. This would be expected since this component involved

"three steps” (Spekreijse and Norton, 1970).
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S-potenti.als obey Ricco's law (area x intensity = k) over large
distances across the retina implying a large receptive field. Naka
and Rushton (1966a,b,c) determined that these findings were due to
an electrical current across the horizontal cells. For carp horizontal
cells, Ricco's law holds up to 10 mm on the retina. Exceeding this
area does not ‘r'esult in a decrement in response and therefore demon-
strates that horizontal cells have no antagonistic center and surround

organization.

1.3.3 Bipolar Cells.

Bipolar cells, under most conditions, respond to light by means
of a graded sustained response. This has been demonstrated in gold-
fish (Kaneko, 1970), carp (Kaneko and Hashimoto, 1969) and Nectu-
rus (Dowling and Werblin, 1969). Although most bipolar cells record-
ings have been from large bipolar cells, the responses and synaptic
termination in the inner plexiform layer of small bipolar cells appear
to be similar (Famiglietti, et al., 1977; Kaneko, 1971b). Bipolar cells
are the first neurons in the goldfish retina to demonstrate a true
center/surround spatial antagonism. They have a concentric organi-
zation in which the center is much more sensitive than the surround
mechanism (Kaneko, 1970). The receptive field center of the goldfish
bipolar cell is roughly 100-200 um in diameter. This corresponds to
the dendritic field of the bipolar cells and suggests that the bipolar
receptive field center receives direct cone input (Kaneko, 1973; Werb-
lin and Dowling, 1969).

The surround portion of the bipolar cell's receptive field prob-
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ably results from input of the hor‘izontal' cells. To demonstrate that
horizontal cells are responsible for the bipolar cell surround, Toyota
(see Kaneko, 1979), while recording from a bipolar cell, electrically
stimulated a horizontal cell and found the response of the bipolar cell
to be similar in response to the surround when stimulated by light.
Exactly how horizontal cells play a role in the surround of bipolar
cells is still unclear. The surround could be formed by either direct
horizontal cell influence or by means of a feedback system onto the
receptors. It is also possible that feedback from amacrine cells may
be responsible (Stell, 1978).

Bipolar cells can be classified into two groups based on their
response properties. A bipolar cell can be an ON-type (depolariza-
tion to light illumination of the receptive field center) or an OFF-type
(hyperpolarization to light in the receptive field center). The
response to light in the surround portion of the receptive field of
each of these two cell types is opposite to the response in the center
(i.e., ON-type surround hyperpolarizes to light and OFF-type depo-
larizes to light). There do not appear to be any morphological dif-
ferences between ON-type and OFF-type bipolar cells. The differ-
ences appear to be in the nature of the receptor-to-bipolar cell
contact. For example, mixed ON-bipolar cells make either ribbon or
narrow cleft contacts with rods, whereas mixed OFF-bipolar cells con-
tact rods with only wide cleft junctions; however the exact nature of
these differences is still unclear (Saito, et al., 1983; Sakai and Naka,
1983; Stell, Ishida and Lightfoot, 1977). These functional differences

in ON and OFF systems are further segregated in their termination in
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the inner plexiform layer. ON-bipolar cells terminate in sublamina
"b" of the inner plexiform layer and OFF-bipolar cells send their pro-
cesses to sublamina "a" of the inner plexiform layer (Famiglietti, et
al., 1977).

Many bipolar cells are also spectrally opponent (Kaneko and
Hashimoto, 1969). Using Stell's classification scheme for bipolar cells
(see Section 1.2.3), types al and b.1 appear to receive input from
L-cones (as as well as the rods) while a2 and b2 receive input from
both the L- and M-cone types. Stell and Kock (1983) suggest that
the a2 and b2 bipolar cells may be double-opponent. These double-
opponent cells are both spatially and spectrally opponent; that is,
they are spectrally opponent within a receptive field area (i.e., cen-
ter or surround). For example, a double-opponent cell may possess a
center mechanism that will hyperpolarize to long-wavelength light (-R)
and depolarize to middle-wavelength light (*G) giving an overall cen-
ter response of -R+G. The surround response would be antagonistic
or opposite to the center, i.e., *R-G. D;)uble-opponent bipolar cells
have been found in the carp (Kaneko and Tachibana, 1981) and in
dace (Hashimoto and Inokuchi, 1981). Kaneko and Tachibana (1981)
identified the cone inputs of these double-opponent cells as the L-
‘and the M-cones. It is believed that a number of these cells are
directly connected to, and may be the origin of the double-opponent
ganglion cells. Finally, it should be mentioned that the L-cone input
and the rod input to bipolar cells are always synergistic (Saito,

Kondo and Toyoda, 1979).
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1.3.4 Amacrine Cells.

Amacrine cell bodies are located in the proximal area of the inner
nuclear layer. Their dendrites arborize into the inner plexiform layer
where they contact bipolar and ganglion cell processes. The role of
amacrine cells is not entirely clear, however, Werblin and Dowling
(1969) suggest that the amacrine cell's role is to process the dynamic
or transient aspects of the stimulus. Amacrine cells may also play a
role in the overall adaptafion level of the retina.

There are three functionally distinct types of amacrine cells:
transient ON-OFF cells (Kaneko, 1970; Werblin and Dowling, 1969),
sustained ON-cells, and sustained OFF-cells (Kaneko, 1973; Naka and
Ohtsuka, 1975). The functional properties of these amacrine cells
correspond to their synaptic contact in the inner plexiform layer.
Sustained ON-cells terminate in the inner sublamina "b" and synapse
with ON-type bipolar cells; sustained OFF-cells terminate in the outer
sublamina "a" and make contact with OFF-type bipolar cells; ON-OFF
amacrine cells arborize in both sublaminae and therefore receive input
from both ON- and QFF-type bipolar cells (Famiglietti, et al., 1977).

Goldfish amacrine cells display no spatial antagonism, although
Werblin and Dowling (1969) found a slight center/surround antagonism
in Necturus amacrine cells. Like horizontal cells, amacrine cells dis-
play large receptive fields which is most likely due to lateral contacts
among amacrine cells. [t has been suggested that amacrine cells are
capable of generating action potentials as well as graded potentials
although it is not clear whether these cells are amacrine cells or

merely displaced ganglion cells.
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1.3.5 Ganglion Cells.

The ganglion cell sends information about the visual environment
to the brain. It is the only retinal neuron with a typical axon. The
ganglion cells' axons, which constitute the optic nerve, traverse a
large distance to reach the appropriate area of the brain. Therefore,
unlike the other retinal neurons, ganglion cells must produce regen-
erating signals down the axon to reach their objective. These action
potentials (or spikes) are randomly generated even in the absence of
any visual stimulation; this is the cell's spontaneous or maintained
rate. Changes in the visual stimulus must be reflected by changes in
pattern or rate from the cell's spontaneous rate.

Hartline (1938), recording from frog ganglion cells, found three
functionally distinct types based -on their response to large spots of
white light: ON-cells, OFF-cells and ON-OFF cells. Light stimulation
of ON-cells would increase the firing rates of these cells, while stimu-
lation of OFF-cells ;Nould decrease their firing with reference to their
spontaneous rates. ON-OFF cells would increase their firing rate
both at thé onset and offset of light stimulation.

Kuffler (1953) presented small spots of light to the retina while
recording from cat ganglion cells and found that these cells possessed
a receptive field center with an antagonistic surround. Using similar
stimuli, center and surround componentsv were also found in goldfish
ganglion cells (Wagner, MacNichol and Wolbarsht, 1960). These gold-
fish ganglion cell receptive fields, unlike the cat cells, had a spec-
trally opponent center (e.g., -R*G) and a small spectrally nonoppo-

nent surround (+G).
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Daw (1967a) recorded from goldfish ganglion cells using a large
annular light stimulus and found that the ganglion cell receptive
fields were much larger and more complex than previously believed.
He found a larger surround component which was both spectrally and
spatially opponent to the center mechanism. An example of these
"double-opponent” ganglion cells would be +*+R-G in the center and
-R*G in the surround mechanism. A ganglion cell with the mirror
image of this cell can also exist (i.e., -R*G center and *R-G sur-
round)}. Spectral sensitivities of these double-opponent cells revealed
M- and L-cone inputs with antagonistic responses (Beauchamp and
Lovasik, 1973; Spekreijse, et al., 1972). These double-opponent cells
are believed to mediate simultaneous color contrast (Daw 1967b; 1968)
since a *R-G center/-R*G surround cell would be most responsive to
a red spot of light with a green surround.

Currently, it is generally accepted that there are three function-
ally distinct types of ganglion cells in the goldfish retina. They are
usually designated as Red-ON center, Red-OFF center and ON-OFF
cells. Red-ON center cells are equivalent to *+R-G center with -R+*G
surround; Red-OFF center cells correspond to -R*G center with +R-G
surround; ON-OFF cells are equivalent to Hartline's ON-OFF classifi-
cation of frog ganglion cells. The L-cone component (red) is used
for classification since these cone inputs are easily isolated (since
only they are sensitive to long-wavelength light) and allow for a
quick classification scheme of the goldfish ganglion cell. The Red-ON
center cells dendritic arborizations terminate in sublamina "b" of the

inner plexiform layer, while the Red-OFF center cell processes termi-
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nate in sublamina "a" of the inner plexiform layer. ON-OFF ganglion
cells send arborizations to both sublaminae (Famiglietti, et ai., 1977).
Red-ON and Red-OFF center cells have a center diameter of approxi-
mately 1 mm although the Red-ON center cell's center is generally
smaller. Both cell types possess a large suriround ranging from 1.5
to 6 mm in diameter. More will be said about these size differences
in Section 1.6.3, below.

All goldfish ganglion cells receive inputs from both rods and
cones. The diameters of the rod and cone receptive field centers of
a ganglion cell are equivalent in size (Raynauld, 1969). Spectral
sensitivity curves from dark-adapted' ganglion cells correspond to the
goldfish rod photopigment. Also, the sign of the rod response is
synergistic to the L-cone input to the ganglion cell (Beauchamp and
Daw, 1972; Raynauld, 1972; Shefner and Levine, 1977).

Various goldfish ganglion cells have been reported in which at
least one cone input is undetected (Abramov and Levine, 1972;
Adams, 1970; Daw, 1968; Spekreijse, et al., 1972). For example, the
surround components and the M-cone input of the receptive field cen-
ter are vulnerable to the isolation procedure when recording from the
excised goldfish retina (Abramov and Levine, 1972; Shefner and Lev-
ine, 1979; Spekreijse, et al., 1972). The gas composition during the
isolation procedures can convert a spectrally nonopponent cell into a
spectrally opponent one. Abramov and Levine (1972) found that a
gas composition of 100% oxygen produced goldfish ganglion cells that
were more sensitive, had higher spontaneous rates in the dark, and

were spectrally nonopponent. By changing the gas composition to
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contain 2% carbon dioxide, the same cells responded with lower
spontaneous rates in the dark, were less sensitive, and also became
spectrally opponent. It should be noted that, although the cone
inputs can be made to "disappear” in the ganglion cell response under
certain conditions, the sign or nature of the cone input remains the
same regardless of the manipulation (Mackintosh, et al., 1987). That
is, nothing can be manipulated to convert a *R-G center cell to a
-R+G center cell.

There is an obvious lack of information regarding the contribu-
tion of the S-cones to the ganglion cell. Many investigators found
little evidence for S-cone input to the ganglion cell (Adams, 1970;
Daw, 1967a). However, it is now apparent that the S-cones do con-
tribute to the ganglion cell response, although, there has been some
disagreement as to the "sign" of the S-cones to the ganglion cell.
One group of experiments suggest that the S-cones, when they are
found, are synergistic with the L-cone input (Spekreijse, et al.,
1972; van Dijk and Spekreijse, 1984a). Spekreijse, et al. (1972),
recording from the isolated goldfish retina found only a few ganglion
cells with S-cone input and their response was always synergistic
with the' L.-cone input; also, S-cone input was found only in the cen-
ter of the receptive field. The inputs to the ganglion cells were
determined using a threshold technique, in which a stimulus was pre-
sented below threshold and gradually increased in intensity until a
threshold response (a change in firing rate) was reached. However,
Beauchamp and Lovasik (1973) recording from the optic tract of the

intact goldfish found that the majority of ganglion cells did possess
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an S-cone component in both the center and surround, and this
component was antagonistic to the L-cones.

In an attempt to resolve the discrepancies concerning the contri-
bution of the S-cones to goldfish ganglion cells, Mackintosh and col-
leagues (Mackintosh, 1981; Mackintosh, et al., 1987) examined the
S-cone inputs of over a hundred ganglion cells recorded from the
excised, isolated retina across a range of different retinal prepara-
tions. Each cell was first classified into one of three cell types based
on the response of the center's L-cone input. The three cell types
were: L*/- center (on-excitation/ off-inhibition); L-/* center (on-
inhibition/off-excitation); L*/* center (on-excitation/off-excitation).
These three cell types correspond to the Red-ON, Red-OFF and
ON-OFF cell types, respectively, described in previous literature.
The new terminology was used because it reflects a more accurate
description of the response characteristics of the cell, since all three
cell types respond to both onset and offset of a light stimulus. For
example, a Red-OFF center cell (or L-/+) responds with excitation at
light offset but also responds with inhibition at light onset. L*/-
center cells respond at light offset with inhibition as well as
excitation at the onset of the stimulus.

It was found, with rare exception, that the threshold spectral
sensitivities of the centers and surrounds of ce_lls that possessed
opposite ON and OFF responses (L*/- and L-/+) exhibited S-cone
contributions, either prior to and/or during chromatic adaptation of
the M- and L-cones; the S-cone response was antagonistic with

respect to the L-cones; S-cone inputs were also found in both the
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center and surround components. The L+*/* center cells also
possessed an S-cone input, but it was syner‘gistic to the L-cone input
at suprathreshold intensities. These findings were robust across all
of the retinal preparations employed and the spectra of all isolated
mechanisms agreed very well with the direct microspectrophotometric
measures of goldfish cones. These results are in agreement with
Beauchamp and Lovasik (1973) but disagree with Spekreijse and col-
leagues (Spekreijse, et al., 1972; van Dijk and Spekreijse, 1984a);
one reason for the disagreement may be that Spekreijse and colleagues
categorized their cells only at threshold and some of their cells may

have been mistyped as L*/+ center cells.

1.3.6 Interplexiform Cells.

A fifth retinal neural type, called the interplexiform cell, has
been identified in the goldfish (Dowling, Ehinger and Hedden, 1976).
Its cell body is located in the inner nuclear layer and has reciprocal
contacts with amacrine cells in bo_th sublaminae of the inner plexiform
layer. It possesses an axon which contacts horizontal and bipolar
cells. Little is known about its function, however it is speculated
that the interplexiform cell's role is to control the lateral interactions

of horizontal cells (Kaneko, 1979).

1.4 Spatial Summation of Ganglion Cell Receptive Fields.

As mentioned above, the ganglion cell responses represent the

final processing by the retina before information is sent to the brain.
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Therefore, only information that reaches the ganglion cell can
ultimately reach the brain. Since there are many more receptors than
ganglion cells, an enormous amount "of spatial summation must take
place at the ganglion cell level. For example, the human retina con-
tains 6.5 million cones, 120 million rods but only 1 million ganglion
cells (see Abramov and Gordon, 1973). It is therefore essential to
understand the spatial properties of the ganglion cells. There have
been volumes of literature regarding this topic, but the research
seems to lack cohesiveness. Therel are so many variations of stimuli
that it becomes difficult to compare across studies. This review does
not intend to be exhaustive; its purpose is to review the work rele-
vant to this project. This section will be divided into two broad cat-
egories; the earlier studies which examined linearity using small spots
of light, and the more recent studies involving spatial frequency
analysis.

The underlying question is whether the spatial summation of the
ganglion cell is linear or nonlinear. Inquiring about the cell's linear-
ity poses several problemé. A major problem is that as early as the
receptors, there are inherent nonlinearities. The receptor response
as a function of light intensity is clearly nonlinear and any nonlinear-
ity occurring at this stage of processing should occur at all later
stages. (An exception to this would be a situation in which a sub-
sequent stage imposes an inverse transform.) However, this response
approximates a linear function at stimulus intensities near threshold
and at low stimulus intensities. Therefore, the response vs.

intensity function can appear to behave linearly over a range of
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intensities. The nonlinearity will be more obvious using brief flashes
so that adaptational mechani‘sms cannot come into play. Also, the
range over which responses are linear depends on the size of the

stimulus -- small stimuli will extend the linear range.

1.4.1 Spatial Summation Using Small Spots of Light.

Much of the early work on spatial summation was performed on
cat ganglion cells. Like those of the goldfish, most cat ganglion cell
receptive fields consist of a center and an antagonistic surround
region. One technique used to examine spatial summation is to deter-
mine if the algebraic sum of the responses to two separate spots of
light, yieldé the same response as when the same two spots of light
are presented simultaneously. This can be represented, formally, in
the following manner:

R =R +R2 (2)

1+2 1

If the previous equation is found to be valid, then the subareas are
linearly adding their signals.

Cleland and Enroth-Cugell (1968) found this relationship to hold
in cat ganglion cells using spots of light placed in different areas
within the receptive field center. However, linearity was tested only
at threshold which does not necessarily imply that these findings will
hold at higher stimulus intensities. Stone and Fabian (1968) found
that linear spatial summation does not hold at higher intensities.

They used a technique similar to the previous study with the excep-
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tion that the relationship was tested 'over' a wide range of luminances
and found that linearity did not persist over the entire range of lumi-
nances. They contended that these nonlinearities were not the result
of the nonlinearity at the receptor level, since any nonlinearity
" occurring as early as the receptors would be present on both sides of
the equation. Thus, these nonlinearities must occur at some later
stage of processing. Grusser, Schaible and Vierkant-Glathe (1970)
found similar results using a slightly different procedure; instead of
varying luminance, the luminance of each spot remained the same, but
they increased the number of spots. Like Stone and Fabian (1968),
they found that with more spots, the algebraic sum of the spots was
greater than the response to the spots presented simultaneously.

Several studies have investigated the spatiél interactions between
the center and surround mechanisms of the receptive field. For
example, Enroth-Cugell and Pinto (1972a, b), found that the interac-
tions between the center and surround areas were linear; that is, the
algebraic sum of a spot in the center and a spot in the surround was
similar to the response when the spots were simultaneously illumi-
nated. Similar results occurred even under a moderate range of illu-
mination (Maffei and Cervetto, 1968).

Turning to the goldfish literature, Levine and Abramov
(Abramov and Levine, 1975; Levine, 1972; Levine and Abramov,
1975), examined spatial summation in goldfish ganglion cells using
small spots of long-wavelength light (710 nm). Long-wavelength stim-
uli were used because the authors were interested in examining the

characteristics of a single receptor type without the complexities of
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spectral interactions. They analyzed their results in terms of
response summation (as in the previous work) and also in terms of
sensitivity summation. That is, does the algebraic summation of the
sensitivities of the two areas, stimulated separately, have the same
sensitivity as when both spots are simultaneously presented? These
two analyses together were used to examine at which stages the non-
linearities, if any, existed in the output of the ganglion cell. For
example, any nonlinearities before the first interaction of the areas
would be apparent in the response summation analysis; nonlinearities
before the final summation, would bg revealed in the sensitivity sum-
mation analysis. They found linear spatial summation within the dif-
ferent subareas, but nonlinearities both before and after summation.
Prior to summation, the nonlinearity was described as a square root
function probably at the level of the receptors (a square root
function is a compressive function) and another negatively accelerated
function following summation. These nonlinearities were most appar-
ent at higher intensities; at lower intensities, the responses were
approximately linear. All of these findings for the goldfish corre-
spond to the results obtained from cat ganglion cells. That is, at low
intensity levels, spatial summation is linear, but at higher stimulus
intensities, summation is nonlinear and can be described as a com-
pressive function that cannot be due solely to the nonlinearity found
at the receptor level.

Another technique for determining the spatial summation proper-
ties is to examine the conditions under which Ricco's law holds. Ric-

co's law asserts that there is a reciprocal relationship between the
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area being stimulated and the stimulus intensity. Thus, to maintain a
constant response, an increase in area can be compensated for by the
appropriate decrease in stimulus intensity. The usual procedure for
determining Ricco's law for a given area is to measure some criterion
response (e.g., threshold) as a function of increasing spot diameter.
If Ricco's law applies, then increasing spot diameter will result in less
stimulus intensity necessary to produce the criterion response. The
result will be a linear function up to a point where increasing the
spot diameter no longer produces a decrease in intensity to reach cri-
teri.on. The spot diameter where the slope of the function approaches
zero is the limit of Ricco's area.

Easter (1967, 1968) demonstrated Ricco's law to hold within the
center portion of goldfish ganglion cells. He found that stimulus
diameters of up to 1 mm obeyed Ricco's law. This diameter corre-
sponds to the average ganglion cell center diameter. Easter's find-
ings have since been verified by Spekreijse, et al., (1972). How-
ever, Easter discovered an extra "wrinkle" in his findings. When
using one spot which varied in diameter, Ricco's law was upheld;
however, small spots of light, placed in areas separate from one
another but still within Ricco's area, did not summate their signals
linearly. This was not the case when the same experiments were per¥
formed on cat ganglion cells (Cleland and Enroth-Cugell, 1968). For
cat Qanglion cells, Ricco's law was valid for circular concentric stimuli
as well as for small spots placed in separate areas. It should be
pointed out that Ricco's law does not necessarily demonstrate linear-

ity: receptors can be nonlinear and the spatial summation at a later
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stage can be the inverse of the receptor function. (See Levine,

1972, for more details.)

1.4.2 Spatial Frequency Analysis.

Spatial frequency analysis has been used in optics to determine
the output or transform of lenses. This technique has been applied
to the optics of the eye and has been used in human psychophysics.
Spatial frequency analysis involves the presentation of sinusoidal pat-
terns of light and dark bars (gratings) to the particular system being
studied and then determining the characteristics or transfdrm of the
output of that system. Once this is complete, the response of that
system to any stimulus can be predicted by the transform. For an
excellent review of the use of spatial frequency analysis in vision,
see Bariow and Mollon (1982).

Spatial frequency analysis has now focused on the processing of
single neurons. Robson (1975) points out that there are many advan-
tages to this type of investigation. First, it appears that most visual
neurons respond to the presentation of a drifti/ng grating across the
receptive field (Maffei and Fiorentini, 1973) even though they may not
respond to small spots of light. A second advantage is that due to
the repetitive nature of the stimulus (sinusoidal patterns), data can
be collected and averaged at a much faster rate. Also, sinusoidal
patterns of light can be used to stimulate the entire receptive field,
providing more accurate information about the neuron as a whole
rather than information about segments or portions of the receptive

field.
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O‘ne drawback of using spatial frequency analysis is that a major
assumption of the analysis is. that the system under invesfigation is
linear. As mentioned above, the visual system is not linear, but can
approximate linearity under certain conditions. If the system is
working near threshold or at low stimulus intensity levels, then the
ganglion cell response is approximately linear. Approximating linear-
ity can also be accomplished by modulating the contrast of a sinusoi-
dal stimulus around some constant mean luminance, thus maintaining
the cell at the same adaptation level. This allows for a direct exami-
nation of the spatial summation properties of the neuron while keeping
the nonlinearities of the gain control constant (see Shapley and
Enroth-Cugell, 1984, for an exhaustive review of retinal gain con-

trol).

Spatial Null Point. There are several methods that can be used

to determine the spatial summation properties of a neuron. The most
commonly accepted measure is to determine if the cell possesses a
spatial null point. This section describes the rationale behind this
technique and the implications of its results.

One method of determining a ganglion cell's spatial summation
properties is to present two small spots of light at two separate loca-
tions on the cell's receptive field and then determine the algebraic
sum of the responses to the two spots separately and compare this
value with the response of the cell when both spots are presented
simultaneously. If the two values are equal, then the cell possesses
linear spatial summation. |If the two values are not the same, then

the cell is adding the signals nonlinearly.
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This can also be tested, using the same two spots of light, by
presenting both spots of light simultaneously, waiting until the cell
adapts to this change in luminance, and then,' modulating the lumi-
nance of the spots 180 degrees out of phase. By doing so, as the
intensity of one light is decreased, the intensity of the second spot is
inéreased at the same rate. If the cell possesses linear spatial sum-
mation, and assumming that all stages prior to spatial summation are
approximately linear, then this manipulation will produce no change in
response. The cell will respond as if there were no change in the
stimulus.

The two spots of light can be replaced with two adjacent semi-
circles of light that cover the entire receptive field center (assuming -
a circular and symmetric center area) so that each semi-circle of light
falls directly on only one-half of the receptive field center. The
luminances of these semi-circles are modulated out-of-phase so that as
one increases, the other decreases at the same rate. |If the cell is
linear, then this stimulus will also produce no change in response --
i.e., the cell possesses a null point. The implication is that the
increased signals for one-half of the receptive field center are being
compensated for by a decrease in the signals from the other side of
the receptive field.

If the modulated semi-circles of light are positioned just slightly
off the midpoint of the receptive field center so that one semi-circle
stimulates more of the center area than the other, then the cell will
respond to the stimulus modulation. |If the cell is linear, then the

response pattern will correspond to the stimulus modulation. The
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Iarges£ response to these Stiml:1|i will occur when only one of the
semi-circles is positioned on the center mechanism.

Thus, any stimulus which equally stimulates both halves of the
receptive field mechanism can be used to determine the existence of a
spatial null point. The most commonly used stimulus for this proce-
dure is a spatial sinusoidal grating (light and dark bars of light)
centered around the midpoint of the receptive field. The advantage
of this stimulus is that the spatial frequency (number of bars of light
per unit on the retina) can be controlled; by manipulating the spatial
frequency of the grating, one can obtain a better understanding of
the exact nature of the summation properties of the cell as will be
demonstrated below.

It is also important to point out that the spatial null test only
describes the spatial summation properties within a given mechanism.
For example, if a spatial null point is found, using a stimulus that
stimulates the entire receptive field, for a cell that possesses a center
and antagonistic surround, the implications are that the signals within
the center summate linearly, and the signals within the surround
summate linearity. It does not necessarily imply that the center and
surround signals summate linearly. If the center and surround sig-
nals are "nulled" prior to interaction, and the null points of both
mechanisms are located in the same position, then it is not possible to
determine the process or operation by which they interact. It is
quite likely that these mechanisms in the ganglion cells summate prior
to their interaction since they receive their inputs from different

classes of neurons; the center mechanism receives its signals directly



42

from bipolar cells while the surround probably receives its input from

amacrine cells.

Receptive Field Spatial Summation of Cat Ganglion Cells.

Enroth-Cugell and Robson (1966) presented sinusoidal patterns of
light to cat ganglion cells and found two distinct functional types
based on their spatial summation properties. Cells that appeared to
behave linearly were labelled X-cells and cells that appeared to func-
tion nonlinearly were classified as Y-cells. This dichotomy was deter-
mined by flashing a stationary sinusoidal grating at various positions
(spatial phase) across the receptive field. For X-cells, when the
position of the sinusoidal pattern was directly centered on the recep-
tive field, there was no change in the firing rate of the cell. This
was the cell's spatial null point and implied that the receptive field
was linearly adding its signals. Placing the sinusoidal grating at any
other location in the receptive field did not produce a "null" effect.
For Y-cells, there was no position-on the receptive'field where a null
point could be found. Therefore, Y-cell spatial summation was not
linear.

Enroth-Cugell and Robson then presented sinusoidal drifting
gratings across the receptive field of the ganglion cell. The reason
for using a drifting grating as opposed to a stationary grating was to
eliminate any adaptation effects. They found that X-cells responded
only at the modulated stimulus frequency. That is, the firing rate of
the ganglion cell corresponded with the temporal modulation produced
by drifting the grating across the receptive field. A criterion for a

linear system, in general, is that the frequency of a system's output
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is the same as the input frequency. Hence, X-cells are linear cells.
The Y-cells' response, on the other hand, did not correspond to the
sinusoidal grating drifting across the receptive field at all spatial fre-
quencies. At low spatial frequencies, drifting gratings produced a
response modulated at the stimulus frequency; however, at higher
spatial frequencies, the cell responded with an elevated discharge or
increase in firing rate. That is, the average firing rate of the cell
increased, but, there was no pattern or modulation to the response.
Hochstein and Shapley (1976a) have elaborated on the X/Y
dichotomy in the cat ganglion cell by presenting counterphase modu-
lated gratings to the cell's receptive fievld. A counterphase modulated
grating is an alternating phase grating or contrast-reversal grating,
in which the contrast at a particular point in space varies as a sinu-
soidal function in time. Presenting these contrast-reversal gratings
as a function of spatial phase produced results similar to the Enroth-
Cugell and Robson study; there were two functionally distinct types
of cat ganglion cell based on their spatial summation properties.
Hochstein and Shapley performed a Fourier analysis on the responses
of X- and Y-cells. Since a linear cell should respond only at the
modulation frequency (f) of the stimulus', X-cells should have most of
their power at the fundamental frequency. This was found to be the
case. Also, the amplitude of the fundamental component of the
response was a sinusoidal function of the spatial phase of the grat-
ing; moving the grating away from the null position produced an
increase in the amplitude of the fundamental component which reached

its maximum amplitude at a position 90 degrees away on either side of
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the null position. A Fourier analysis on Y-cells revealed that the
Y-cell response contains most of its power at double the rﬁodulation
frequency or 2f. Y-cells were found to be nonlinear even at low con-
trasts and the amplitude of the second harmonic was independent of
the spatial position of the grating. The fundamental component of
Y-cells, however, resembled the spatial phase sensitivity of X-cells in
that its amplitude was a sinusoidal function of the position of the
stimulus. This suggests that there are both linear and nonlinear
components in the Y-cell response.

This was also supported by the fact that at low spatial frequen-
cies, even Y-cells contained a strong fundamental component at most
sbatial positions; only at the null position of the fundamental compo-
nent was there a slight, but substantial, second harmonic component.
More extensive testing by ‘Hochstein and Shapley (1976b) showed that
the nonlinearities of Y-cells were caused by small, nonlinear subunits
in the receptive field. These units extend across the center, sur-
round and even beyond. They possess the same sign or response as
the center mechanism and act as rectifiers thus producing a nonlinear
response. This explains why the nonlinearities appear primarily at
high spatial frequencies for both contrast-reversal and drifting grat-
ings (the elevated discharge at high spatial frequencies), since these
small subareas would be most responsive at high spatial frequencies.

Since the discovery of the X/Y dichotomy, there have been
attempts to differentiate these cells along other dimensions. Cleland,
Dubin and Levick (1971), found that cat ganglion cells could be dis-

tinguished by their response patterns; that is, they could be classi-
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fied a;s either sustained or transient response types. X-cells
appeared to possess a sustained response, whil.e Y-cells responded in
a transient pattern. However, X-cells are not always sustained and
Y-cells are not always transient in their responses. Hochstein and
Shapley (19765) demonstrated that, under certain conditions, X-cells
could produce a transient response. Therefore, the X/Y and
sustained/transient dichotomies should not be considered synonomous.

Clelend and Levick (1974a) found that X-cells were primarily
located in the central retina of the cat and that most project to the
lateral geniculate nucleus (LGN). Fukuda and Stone (1974) found
that Y-cells project to both the midbrain and the LGN. Y-cell recep-
tive fields are generally larger than X-cells and therefore it was con-
cluded that Y-cells have larger cell bodies. This was confirmed by
Boycott and Wassle (1974) who found morphological differences among
ganglion cells which correspond to the functional differences of the
X- and Y-cells.

Because of this apparent dichotomy between the ganglion cells,
many have speculated as to the purpose of this parallel pathway. On
the surface, it appears that the function of X-cells is visual acuity.
This is based on the following: that the majority of X-cells are found
in the area centralis, they possess smaller receptive fields, hence
better spatial acuity, and their pathway to the brain (directly to the
LGN) is considered to be the "primary" visual pathway. The Y-cells,
on the other hand, have large receptive fields, are located in the
more peripheral areas of the retina and project not only to the pri-

mary visual pathway but also to the midbrain or reticular formation.
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Many have speculated that the role of the Y-cells is to provide
sensory information to the eye movement system since eye movements
are believed to be generated by the midbrain. The fact that Y-cells
have a faster conduction velocity than X-cells also supports the
notion that Y-cells are involved in informing the eye movement system
where to move the eyes so that the image falls on the fovea which
contains the high acuity X-cells.

More recently, a third functional type of cat ganglion cell,
W-cells, has been found. These W-cells have slower conducting axons
and smaller cell bodies than either X- or Y-cells (Stone and Fukuda,
1974). They appear to project into the superior colliculus (Fukuda
and Stone, 1974) and are sensitive to moving patterns and directions
(Cleland and Levick, 1974a, b). W-cells are morphologically different
from X- and Y-cells as well (Boycott and Wassle, 1974). The role of
these W-cells is unclear and unpredictable (hence, their designation
as W or weird). They appear to possess such diffuse characteristics
that many believe that they are just an amalgamate of several classes.
It is also very difficult to record from these cells due to the fact that

they have very small cell bodies.

Ganglion Cell Spatial Summation in Other Species. Although the

majority of work on ganglion cell spatial summation has been done
with the cat, some investigators have examined the linear/nonlinear
dichotomy in other species. Gouras (1968, 1969) found that monkey
ganglion cells could be divided into tonic and phasic types (similar to
the sustained/transient dichotomy in the cat) based on their response

to prolonged stimuli. The tonic cells had smaller axons than the pha-
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sic cells and were located in the fovea. X-like and Y-like cells have
been found in the monkey LGN based on tests similar to those used
on cat ganglion cells, including testing for a spatial null point (Dre-
her, Fukuda and Rodieck, 1976; Kaplan and Shapley, 1982).

Shapley and Gordon (1978) found X-like cells in the eel retina
using contrast-reversal gratings; although no Y-like cells were found,
a type of cell resembling a cat W-cell was found. Ganglion cells of
Necturus (Tuttle and Scott, 1978) and frog (Gordon and Shapley,
1978) can also be classified into X-like and Y-like cells.

Turning to the goldfish literature, Spekreijse and van den Berg
(1971) examined phasic ganglion cells of the goldfish to determine the
spatial summation of the various receptive field components and
mechanisms. They found that for the center and surround, as well
as Red and Green components, there was a linear spatial summation
for the various interactions. Thus, they concluded that all goldfish
ganglion cells are X-like; there was no report of cells that did not
follow linear summation. However, the statement made regarding lin-
earity in this study may be misleading since a. "null point" was dem-
onstrated for a specific set of stimuli. This was accomplished, for
example, by superimposing temporaily modulated lights (500 nm and
650 nm to test the linear combination of the Red and Green compo-
nents) and adjusting both the modulation and relative phases until a
null response was obtained. However, as pointed out in a later paper
by Hochstein and Shapley (1976a), one null response, at one particu-
lar contrast does not imply linearity. One must examine the response

at several contrasts to determine whether a null response is a true
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null or; just a matter of serendipity. This was not attempted in the
Spekreijse and van den Berg experiment. Also, their stimuli con-
sisted of large checkerboard patterns, which consist primarily of low
spatial frequency components. It is possible that if there are nonlin-
earities due to the small subunits as those found in the cat retina,
then they would be insensitive to these stimuli. |

Levine and Shefner (1979) distinguished between X-like and not-
X-like ganglion cells in the goldfish by using a pinwheel of light
whose position could be shifted within the center mechanism of the
ganglion cell. Shifting the pinwheel position did not change the
amount of light stimulating the center and, therefore, if the spatial
summation of the cell were linear, there should be no change in the
response pattern. They found that out of 24 ganglion cells tested, 9
were X-like and 15 were not-X-like. Although this pinwheel tech-
nique is useful in determining if the cell is linear or X-like it can say
nothing about the characteristics of the not-X-like cells other than
that they are nonlinear. Also, this study only examined the linearity
of the center mechanism. In a later study, Levine (1982), using the
pinwheel technique on goldfish ganglion cell centers, found that of 10
Red-OFF center cells, 3 were X-like, 6 were not-X-like and one was
unclassified. For the 3 Red-ON center cells tested, 1 was X-like and
2 were not-X-like. These findings are in disagreement with Spek-
reijse and van den Berg (1971) since over half of the cells observed

by Levine were nonlinear.
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1.5 Difference of Gaussians Receptive Field Model.

Most of the work concer;ned with spatial processing of ganglion
cells has focused on the cat retina. Thus, this section summarizes
what is known about cat ganglion cells with an occasional reference to
other species. Goldfish ganglion cells are somewhat more complex,
since many of the cellé are double opponent (making it difficult to
separate the spatial and spectral properties). What is known about
their spatial properties and receptive field arrangement will be dis-

cussed in Section 1.6.3.

1.5.1 Spatial Contrast Sensitivity Functions.

The Receptive Field Model. It has been known for some time

that sensitivity across the center mechanism is not uniform. For
example, using small spots of light to map the receptive field centers
of cat ganglion cells, Cleland and Enroth-Cugell (1968), found sensi-l
tivity maximum in the middle of the center component and decreased
away from the middle of the field. Similar findings have been
reported for the surround mechanism (Hammond, 1973). Most verte-
brate ganglion cell receptive fields are organized in a concentric
center/surround pattern where ‘the surround responses are opposite
to the center responses. A useful model of the receptive fie!d is the
"difference of two Gaussian distributions” (Rodieck, 1965). In this
model, both center and surround distributions are centered on the
entire field, each with its maximal sensitivity located in the middle.

The center distribution is narrower, but its amplitude is larger than
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“that of the surround distribution. Rodieck (1965) has suggested that
if the sensitivity profile of the ganglion cell receptive field were
known, then its response to any stimulus could be determined.
Unfortunately, it is difficult to test this model ‘using spots of light
since any stimulus that stimulates the center mechanism must inevi-
tably stimulate the surround mechanism.

However, spatial frequency analysis can be very useful in relat-
ing a cell's responses to its sensitivity profiles (Shapley and Lennie,
1985). One way to accomplis;h this is to determine the cell's sensitiv-
ity to sinusoidal gratings of various spatial frequencies. This can be
obtained by drifting sinusoidal gratings of different spatial frequen-
cies at a constant temporal rate across the receptive field and deter-
mining the contrast necessary to reach a criterion response. This
Spatial Contrast Sensitivity Function (S-CSF) is extremely useful,
especially if the cell's responses are linear. When the cell's S-CSF is
known, the response of the cell to any stimulus can be predicted,
since, according to Fourier's theorem, an-y stimulus can be decom-
posed into a particular combination of sinusoids. Also, the S-CSF of
a neuron is valuable since it can be directly compared with the S-CSF
obtained behaviorally from the entire organism (Braddick, Campbell

and Atkinson, 1978).

Testing the Model. The S-CSFs derived from single ganglion

cells are qualitatively similar to the psychophysically determined
S-CSF (see Maffei, 1978, for a review). There is a drop in sensitiv-
ity at the higher spatial frequencies expected of any optical imaging

device, as well as attenuation of sensitivity at low spatial frequencies,
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which “is believed to be the product 01; neural inhibition (Ratliff,
1965).

Enroth-Cugell and Robson (1984) have illustrated how a ganglion
cell's S-CSF can be derived from a "difference of Gaussians" recep-
tive field model. Figure 2 shows the S-CSFs of the center alone, the
surround alone, and the entire receptive -field based on a difference
of Gaussians model. Examining the center S-CSF first, one can see
that when the light portion of the stimulus covers the entire center
area maximal responses will be produced. Thus, the center
mechanism will be maximally sensitive to a stimulus consisting of a
spatial frequency whose period is one-half the exact diameter of the
recéptive field center or lower. As spatial frequency is increased,
the center mechanism will never be "filled" by the light portion of the
stimulus, so sensitivity decreases until the spatial frequency is high
enough so that the center mechanism can no longer "discriminate" this
stimulus from a uniform stimulus. This is the acuity limit of the cen-
ter mechanism. Similar findings occur when the surround mechanism
is stimulated alone; however, since the surround diameter is larger
than the center, the spatial frequency which covers the entire sur-
round is larger; thus, sensitivity begins to drop at a lower spatial
frequency than the center mechanism. Because of this, the surround
has poorer spatial resolution than the center and is virtually insensi-
tive at the higher spatial frequencies where the center is still respon-
sive.

The overall S-CSF of the neuron must inevitably result from the

interaction of the center and surround components. Since the spatial



Figure 2

Hypothetical S-CSFs derived from the different
receptive field components of a ganglion cell.
Shown here are the functions obtained from
stimulating the entire receptive field (solid
line), the center mechanism alone (dotted line),
and the surround mechanism alone (dashed and
dotted line). Note that when both the center
and surround are examined separately, there is
no low frequency attenuation. However, when
the entire receptive field is stimulated, the
interaction between the two antagonistic mecha-
nisms (center and surround) produces lateral
inhibition at the spatial frequencies where they
are both sensitive (i.e., low spatial frequen-
cies). This figure is redrawn and modified
from Enroth-Cugell and Robson (1984).

52



Responsivity

S-CSFs of Receptive Field Components

1.0 1
\
\
\
\
\
\
0.1+ )
L
‘ '
'| ':
Key: : [
— \ :
]
——  Full field ll '=
0.01- - =-=-=-- Center ' '
— <« Surround . H
| ) ] | ) B
0.01

0.1

Spatial Frequency



54

resolution of the surround is less than the center, sensitivity at high
spatial frequencies is due solely to the center component.' Because
the center and surround components are antagonistic, any stimulus
which activates both mechanisms will produce antagonistic responses
resulting in the neuron to be less sensitive to these stimuli. This
explains the drop in sensitivity of the overall S-CSF of the cell at low
spatial frequencies. At low frequencies, sensitivity is reduced
because of the interaction between the antagonistic center and sur-
round mechanisms. Gordon and Shapley (1978) found evidence to
support the notion that low frequency attenuation is due to the anta-
gonistic center and surround interactions in frog and eel ganglion
cells; cells that displayed no apparent surround also had S-CSFs with
no low frequency attenuation.

The difference of Gaussians model has been tested, at least indi-
rectly, by examining S-CSFs across cell types and different stimulus
conditions. For example, cat X-cells possess better spatial resolution
than Y-cells. This has been determined by comparing their S-CSFs
at high spatial frequencies (Enroth-Cugell and Robson, 1984). Since
the sensitivity at high spatial frequencies is due to the center mecha-
nism, X-cells should possess smaller center diameters than Y-cells.
Linsenmeier, Frishman, Jakiela and Enroth-Cugell (1982) derived the
sensitivity profiles of X- and Y-celis by decompdsing their S-CSFs
using an iterative.process to find the best fit Gaussian profiles to the
S-CSFs. Their findings suggest that X-cells have smaller receptive
field centers than Y-cells.

The interaction between the center and surround components may
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also vary as a function of the stimulus and background conditions.
For example, the shape of the S-CSF varies as a function of stimulus
drift rate (Dawis, Shapley, Kaplan and Tranchina, 1984). Derrington
and Lennie (1982) found that changes in stimulus temporal frequency
.produced dramatic changes in cat ganglion cell S-CSFs. However,
these changes were found only at low spatial frequencies; changing
the temporal frequency of the stimulus did not alter the peak of the
S-CSF or the shape of the function at high spatial frequencies. On
the other hand, sensitivity at low spatial frequencies increased with
increasing temporal frequency. That is, the low frequency attenua-
tion diminished with increasing temporal frequency. They suggested
that these results could be explained by the fact that the center and
surround components possess different temporal characteristics. This
also explains why the function is unaffected by high temporal fre-
quencies at the high spatial frequencies, since the surround is insen-
sitive at the high spatial frequencies; the response at this point is
due only to the center component.

Tﬁere is physiological evidence of a phase delay in the surround
in cat ganglion cells (Rodieck and Stone, 1965). Enroth-Cugell, Rob-
son, Schweitzer and Watson (1983) have proposed that spatio-temporal
interactions can be explained by a signal delay of a few milliseconds
in the surround response. They derived S-CSFs at various temporal
frequencies, using contrast-reversal gratings instead of drifting grat-
ings. Contrast-reversal gratings were used because they provide
more accurate information regarding the phase lag of the response

than drifting gratings. To verify that the responses to contrast-
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reversal gratings were similar to responses obtained from drifting
gratings, S-CSFs were derived from both stimuli and compared for
each cell. They found no difference between the relative S-CSFs
across the different stimuli. Unfortunately, the S-CSFs were com-
pared after each function was normalized;‘although the shapes of the
twq functions obtained were virtually identical, their absolute sensi-
tivities were not compared. This is important since a contrast-
reversal grating is physically equivalent to two drifting gratings mov-
ing in opposite directions. Thus, a drifting grating stimulus would
possess one-half the contrast of the corresponding contrast-reversal
grating. Differences in absolute s.ensitivities could also arise from
the asymmetries found in the center and surround mechanisms which
can produce directionally selective responses (Dawis, et al., 1984).
It should also be mentioned that they only examined cells that poss-
essed linear spatial summation. However, if the responses were con-
fined to only the center and surround components of the receptive
field, Y-cells should produce the same findings. For Y-cells, this
can be accomplished by examining only the fundamental component of
the response.

Enroth-Cugell, et al. (1983) also found that the cell's phase lag
to sinusoidal gratings of high spatial frequencies corresponded to the
response of the center mechanism; that is, an ON-center cell
responded in-phase to the contrast-reversal grating. However, when
stimulated with lower spatial frequencies, the response was slightly
out-of-phase. They attributed this change in phase lag to the pres-

ence of the surround response interacting with the center mechanism.
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In summary, it is not possible to separate the spatial and the
temporal properties of a c;ell's response. The interaction between the
center; and surround components appears to' chang;a as a function of
both the spatial and temporal properties of the stimulus. These
spatio-temporal interactions have also been found in human psycho-
~ physics (Kelly, 1974).

Finally, the mean level of illumination also affects the S-CSF of a
neuron. When the mean level of illumination is low, low frequency
attenuation disappears in the S-CSF of cat ganglion cells (Enroth-
Cugell and Robson, 1966; Kaplan, Marcus and So, 1979). This also
reflects differences in the interactions between the center and sur-
round mechanisms. It has been shown that the surround mechanism
is virtually insensitive at low light levels (Barlow, Fitzhugh and Kuf-
fler, 1957). Thus, one would predict that if low frequency attenua-
tion is due to the center and surround interactions, there would be

no low frequency attenuation at low light levels.

1.5.2 Orientation and Direction Selectivity.

Cat Ganglion Cells. The difference of Gaussians model proposed

by Rodieck assumes a concentric center and surround organization.
With this arrangement, an individual ganglion cell would be incapable
of providing any orientation information. That is, a bar of light or a
grating, drifted across the ganglion cell receptive field, would yield
the same response regardless of which orientation or direction the

stimulus crossed the field. Despite the fact that cortical cells invari-
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ably are orientation seleétive, ganglion cells were believed to be
concentric and symmetrical. Careful investigation of cat ganglion cell
receptive fields, however, has revealed that this is not the case.
For example, when the center mechanisms of cat ganglion cells were
mapped with small spots of light, it was found that the center was
not circular but elliptical (Hammond, 1974).

Levick and Thibos (1982) drifted sinusoidal gratings at different
orientations across the receptive field of cat ganglion cells and found
that the majority of cells were indeed orientation selective. However,
orientation tuning was found only when gratings of high spatial fre-
quency were presented. At low spatial frequencies, the cells behaved
as if they were circularly and concentrically organized while at high
spatial frequencies, they clearly responded as if the receptive fields
wér‘e elliptical. To account for these findings, Levick and Thibos
proposed that cat ganglion cell centers were elliptical while the sur-
round mechanisms were circular. At low spatial frequencies, where
there is no apparent orientation tuning, the surround component dom-
inates the response; at high spatial frequencies, only the elliptical
center component responds producing orientation tuning. This is
consistent with Hammond's (1974) finding that the center component is
elliptical in shape. Levick and Thibos also found no evidence of
direction selectivity in cat ganglion cells. That is, a grating at a
particular orientation moving in one direction produced the same
respoﬁse as the same grating, at the same orientation, but moving in
the opposite direction. Unfortunately, none of the cells in this study

were tested for linearity of spatial summation. Therefore, it is not
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known whether orientation tuning is dependent on the spatial
summation properties of the cell or even if all the classes wére exam-
ined.

Soodak, Kaplan and Shapley (1985) have continued to investigate
orientation tuning in the cat retina and lateral geniculate nucleus
(LGN). They confirmed the findings of Levick and Thibos that gan-
glion cells are orientatién tuned because of an elliptical center mecha-
nism; orientation tuning occurred with stimuli of high spatial frequen-
cies, but not with stimuli of low spatial frequencies. They also
discovered that the cell's response as a function of orientation
changed from a function containing two peaks at orientations 180
;iegrees apart to a function with four or more peaks at very high
spatial frequencies. They believe that this change in the orientation
tuning curve is a result of the fact that the center component is not
a single, uniform mechanism but consists of smaller subareas. The
four peaked orientation tuning curve found at high spatial frequencies
can be best explained by the fact that the center consists of two
adjacent circular subareas (Soodak, 1986). Thus, at moderate spatial
frequencies, the center will appear elliptical and only' at high spatial
frequencies will the subareas become apparent. These subareas are
not the small, nonlinear subunits discussed above since these findings
are robust for both X- and Y-cells; hoWever, like these nonlinear
subunits, these subareas respond primarily at high spatial frequen-
cies.

In a following paper, Soodak, Shapley and Kaplan (1986) exam-

ined the orientation tuning of the small, nonlinear subunits found in
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Y-cells. They were able to eliminate the center and surround
component responses by using contrast-reversal gratings and "null-
ing" their responses, leaving only the response of the nonlinear
subunits. By varying the orientation of the grating, they found that
the nonlinear subunits were also orientation tuned, but in a different
fashion from the center component.

Although most of their cells were clearly orientation tuned, there
were very . few cases in which they were also direction selective.
Unfortunately, due to the nature of their recording technique, no
W-cells were examined (W-cells axons are relatively small and there-
fore difficult to isolate when ;'ecording at the level of the LGN);
W-cells are the most likely candidates for direction selectivity in the
retina (see Rodieck, 1979).

There is some evidence that direction selectivity exists in the cat
retina. Dawis, et al. (1984) found that most X-cells in the cat retina
~are somewhat asymmetric. Thus, a grating drifting across the recep-
tive field in one direction produced a different response than if the

same grating was drifted in the opposite direction.

Goldfish Ganglion Cells. There has been very little evidence

that goldfish ganglion cells are orientation or direction selective.
Despite the fact that orientation and direction selective cells are
found in the higher visual centers, i.e., the optic tectum (Cronly-
Dillon, 1964; Jacobson and Gaze, 1964; Riemslag and Schellart, 1978;
Wartzok and Marks, 1973), there have been few examples of these
cells in the retina. Direction selective cells have been found occa-

sionally in optic nerve recordings (Daw and Beauchamp, 1972); orien-
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tation selective cells are also just as rare in the optic nerve (Daw and
Beauchamp, 1972; Riemslag and Schellart, 1978).

This lack of tuning at the ganglion cell level is quite puzzling,
since there is both anatomical and physiological evidence that, at the
very least, orientation tuning should be found at this level. For
example, the dendritic spread of teleost bipolar cells clearly shows
asymmetries in the form of elliptical fields (Stell and Kock, 1983).
Similar findings have been reported in carp ganglion cells (Kock and
Reuter, 1978). |

Levihe and Zimmerman (1986) have investigated the responses of
the subareas of the center and surround portions of the goldfish gan-
glion cell. By examining the ON and OFF responses to small spots of
light, they were able to map the response characteristics of the
subareas. They fodnd that the subareas were not uniform in their
responses within the center and surround mechanisms. In fact, many
of the cells examined revealed that their properties were much more
complicated than the difference of Gaussians model would predict.
The receptive field components were generally elongated ana not con-
centric as the model would suggest. They also found fields that were
asymmetrical. Elliptical fields and asymmetries within the fields would
suggest that goldfish ganglion cells should possess orientation and
direction selectivity. However, like the cat cells, the tuning charac-
teristics of these cells may depend on the particular stimuli.

It is clear from these studies of the cat and goldfish retina that
the receptive field is not as simple as proposed by the difference of

Gaussians model. The receptive field is not as symmetrical and uni-
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form as originally proposed and these variations can produce subtle
and sometimes dramatic changes in response for a particular set of
stimuli. Yet, one should not completely discard the model since it
does explain many of the phenomena associated with the receptive
field responses. However, the model does have its drawbacks and

does - not completely describe the receptive field properties.

1.6 Cone Contributions to Ganglion Cells.

Very little effort has been made to examine' the relationship
between the spatial and spectral properties pf ganglion cells. One
reason for this lack of information is that much of the work on gan-
glion cell spatial processing has been done with the cat, an animal not
known for its color vision. However, when this relationship has been
investigated, the results have proven to be interesting.

De Valois and De Valois (1975) presented two types of stimuli to
the receptive fields of LGN cells of the macaque monkey. (Macaque
LGN neurons are similar in response to their ganglion cells in that
they are concentrically organized and color coded.) One stimulus
consisted of a white bar of light while the other stimulus was a red
bar of light surrounded on both sides by green bars of light (a third
stimulus consisting of a green bar of light flanked by red bars of
light was also used). The red and green lights were equated for
luminance so that the stimulus represented only a change of color.
The stimulus was centered on the receptive field and responses were

recorded. The line widths were then increased to determine which
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width produced the greatest response. As expected, the white
stimulus' optimum width roughly corresponded to the size of the
receptive field center, and responses decreased as the width was
increased to also stimulate the surround portion of the field. The
pure color stimulus, on the other hand, produced different results.
As the center bar width increased so did the cell's response, even
when the center bar encroached into the surround. For the color
stimulus, stimulating the surround actually enhanced the response,
whereas, for the white light stimulus, the surround antagonized the
center mechanism. They concluded that for the LGN cells of the
macaque, the center and surround are antagonistic for luminance
changes but synergistic for color stimuli. Examining these results
closely, the synergism between the center and surround mechanisms
becomes apparent; for a *R center and -G surround cell, as the red
Center bar spills over into the surround, there will be less green
light in the surround producing less inhibition and therefore stronger
excitation.

Gouras and Zrenner (1979) demonstrated that »the center and
surround interactions were dependent upon both the temporal and
spectral properties of the stimulus. They presented various spectral
stimuli at varying flicker rates and found that at high flicker rates,
not only did color coded ganglion cells lose their spectral opponency,
but the center and surround responses were actually synergistic.
Their results can be explained by a frequency dependent phase shift
between the center and surround spectral mechanisms. The above

experiments illustrate that there are interactions between the chro-
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matic, spatial, and temporal channels in the ganglion cell and that the

channels are not separable.

1.6.1 Spatial Summation and Cone Interactions.

It was originally believed that the X/Y distinction was related to
whether the cell was spectrally opponent or nonopponent (Schiller and
Malpeli, 1977). Dreher, et al. (1976) attempted to classify LGN cells
of old world monkeys into X- and Y-cells as well as into spectral
classes. The spectral classification was based on the classification of
Wiesel and Hubel (1966). They found that types | and Il of Wiesel
and Hubel's classification were X-like while type |V appeared to be
Y-like. Type IlIl cells were subdivided into llIx and Illy cells.
However their stimuli consisted of spots of light and they classified
the cells into X- and Y-like based on the basis of the sustained/
transient criterion. Thus, spatial summation was not directly tested.
Also, spectral classification was based on the response to several
wavelengths of light; no action spectra were obtained to verify
exactly which cone inputs were present.

Only one experiment to date has attempted any further investi-
gation to relate the spectral properties of a cell and its linearity of
spatial summation. de Monasterio (1978) found that the segregation of
the two dichotomies (X/Y and-. spectrally opponent/nonopponent) is not
as clear-cut as originally proposed. Recording from macaque ganglion
cells, he categorized each cell using Wiesel and Hubel's (1966) classi-
fication scheme for macaque LGN cells. Once classified along this

dimension, each cell was examined for its overall linearity as well as
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the linearity of its center and surround mechanisms separately. The
results were that only type | cells (i.e., cells that received only one
cone input within a receptive field mechanism) had overall linearity,
type Il and type IV cells were classified as Y-like cells even though
type IV cells were spectrally opponent. By presenting stimuli of dif-
ferent wavelengths on different chromatic backgrounds, de Monasterio
was also able to examine the properties of the individual cone inputs.
For spectrally opponent cells (type | and V) it was found that only
‘cone inputs that were specific to a particular mechanism (i.e., center
or surround) were linear. For example, in a type IV cell (which
consists of both Red and Green excitatory components in the center
(*RG) and an inhibitory Red component in the surround (-R)) only
the Green component appeared to be linear. For type | cells (*R in
the center and -G in the surround) both components were linear. To
demonstrate this further, de Monasterio examined the sensitivity pro-
files of the type | receptive fields and found the surround mechanism
to have a bimodal profile; that is, the surround mechanism does not
overlap the center component; for these cells the center and surround
portions were completely separate.

There are several problems with this study. Although spectral
sensitivities were obtained initially to classify the cell, there is no
indication that any spectral sensitivities were determined during chro-
matic adaptation. Therefore, there is no way of knowing which cone
types were contributing to the output of the cell. For example, de
Monasterio, Gouras and Tolhurst (1976) found concealed color oppo-

nency in rhesus monkey ganglion cells. It is possible that concealed
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cone inputs, revealed by chromatic adaptation, may have influenced
the responses of the cells. This can only be determined by
examining the spectral sensitivities of the cell during chromatic adép—
tation. A second problem has to do with the "closeness” of the spec-
tral sensitivities of the primate cones. Any attempt to chromatically
adapt one cone type will inevitably affect the sensitivity of the oth-
ers. This again suggests that spectral sensitivities should have been
determined during chromatic adaptation to determine the "purity" of
the cone inputs. Another problem is that the sensitivity profiles
were examined only for cells with overt dichromatic opponency. This
was done for the sake of convenience; however, this eliminates any
cells with a trichromatic arrangement. The most serious problem with
this study is that a bipartite field was used to test for the existence
of a spatial null point. Since such a stimulus consists primarily of
low spatial frequencies it might have been inadequate to activate the
small, nonlinear subunits; many Y-like cells may have been misclassi-
fied as linear.

These results and shortcomings raise some interesting questions
regarding goldfish ganglion cells. The majority of goldfish ganglion
cells are both spatially and spectrally opponent. In fact, they are
double-opponent in that they display spectral opponency within a cen-
ter or surround mechanis;n (e.g., *R-G in the center and -R+*G in
the surround). It also appears that each mechanism receives input
from all three cone types whether the contributions are overt or not
(Mackintosh, 1981; Mackintosh, et al., 1987). If this is the case,

then the results from the spectrally opponent ganglion cells of the
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primate would suggest that the double-opponent ganglion cells of the
~ goldfish are nonlinear or Y-like. This directly opposes the findings
of Spekreijse and van den Berg (1971) who report that all goldfish
ganglion cells are both spatially and spectrally linear. That is, not
only do the spatial subareas summate linearly, but the spectral inputs
(e.g., Red- and Green-components) summate their signals linearly
(see Section 1.4.2).

More recently, van Dijk and Spekreijse (1984b) examined the lin-
earity of the spectrabl inputs of double-opponent ganglion cells in the
carp retina. Linearity was determined by algebraically combining the
center responses to a 694 nm spot and a 550 nm spot presented sepa-
rately and comparing them to the physiological sum resulting from
presenting both spots simultaneously. Fourteen out of 49 cells tested
displayed linear summation. Clearly, spatial summation is not depen-
dent on whether only one cone mechanism is present within a recep-
tive field area. Unfortunately, in all the studies described above,
spatial summation was not rigorously and quantitatively assessed with
the appropriate stimuli or procedures as has been done in the cat

retina.

1.6.2 Sensitivity to Contrast.

More recent attempts to relate spatial and spectral properties
have examined the cell's sensitivity to stimulus contrast. Kaplan and
Shapley (1984; 1986) have been able to monitor the responses of
macaque ganglion cells by recording from the LGN. The macaque

LGN consists of several layers in which ganglion cell axons appear to
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project to the different layers bésed on their spectral coding.
Spectrally opponent ganglion cells project to the parvocellular layers
of the LGN (P-cells), while spectrally nonopponent ganglion cells
project to the magnocellular layers (M-cells). They also discovered
that M-cells (spectrally nonoppponent) were also very sensitive to
stimulus contrast. On the other hand, P-cells (spectrally opponent)
were relatively insensitive to grating contrast. Using the appropriate
quantitative measures to determine the spatial summation properties of
these cells, it was found that although the majority of cells were
X-like, both P- and M-cells could be Y-like. This suggests that the
linearity of spatial summation is independent of whether the cell is

spectrally opponent or nonopponent.

1.6.3 Spatial Contrast Sensitivity Functions.

As discussed in Section 1.5, the S-CSF of a ganglion cell is a
function of its receptive field components and their interactions.
Thus, any differences in receptive fields across cells should be
reflected in differences in the S~-CSFs. Goldfish ganglion cells pro-
vide an interesting vehicle to test the difference of Gaussians model
since they provide differences across cell classes in both the spatial

and spectral domains.

Ganglion Cell Color Mechanisms. Many goldfish ganglion cells

are double-opponent. Each of these cells possesses a center and an
antagonistic surround region as well as spectral opponency within
each mechanism. In primates, double-opponent receptive fields are

found only in the cortex (Hubel and Wiesel, 1968; Thorell, De Valois
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and Albrecht, 1984). An example of the receptive field map of a ty;p-
ical goldfish double-opponent cell is shown in Figure 3a. The letters
refer to the maximally effective wavelengths and the signs associated
with the letters refer to an excitatory (*) or inhibitory (-) response.
The two inner circles correspond to the center component while the
large, outer circle represents the surround component. Note that
any stimulus in the center will produce an opposite response if the
same stimulus is presented in the surround -- the cell is spatially
opponent. The actual response sign within each component depends
on the wavelength of the stimulus. For example, a long-wavelength
stimulus in the center will produce a response of excitation, while a
middle-wavelength stimulus in the center will. produce an inhibitory’
response; just the opposite is true for the surround responses. This
cell is spectrally opponent. Another common arrangement of double-
opponent cells is the same configuration but with all the response
signs reversed (-R+*G in the center and *R-G in the surround).

The smaller portion of the cell's center consists of an excitatory
Red- a-nd an inhibitory Green-component. The inhibitory component
extends beyond the smaller excitatory component and forms the outer
ring of the center. The smaller portion of the center is always the
Red-component; the Green-component center is always slightly larger
than the Red-component, regardless of the response sign. Mapping
the receptive field center with small, monochromatic spots of light
shows that the average size of the Red-component is roughly 1 mm in
diameter (Macy and Easter, 1981). Daw (1967a, 1968) found slightly

larger diameters for the Red-component (Mean: 1.35 mm) and a



Figure 3

Spatial organization of commonly found goldfish
ganglion cells. The letters refer to the maxi-
mally effective wavelength and the signs associ-
ated with the letters refer to either an excita-
tory (*) or inhibitory (-) response. In (a), a
double-opponent receptive field is shown. The
two inner circles display the center component
while the large outer circle represents the sur-
round mechanism. This cell is double-opponent
in that it is both spatially opponent (the
response signs of the center are opposite to the
response signs of the surround) as well as
spectrally opponent within a given mechanism.
For example, within the center mechanism, . the
cell responds to long-wavelength light with
excitation and middle-wavelength light with
inhibition. In (b), a spectrally nonopponent
receptive field arrangement is shown. This cell
type is not spectrally opponent since there is
no change in response sign as a function of

wavelength. However, this cell is spatially
opponent in that it possesses a center and an
antagonistic surround. For both cell types,

cells with the opposite responses are also com-
monly found (e.g., a -R center and *R sur-
round). The receptive field components' diame-
ters are drawn to scale -- values were obtained
from Daw (1967a; 1968).
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Green-component average diameter of 1.60 mm. It is not clear why
Daw's values are larger than those in other reports; however, it is
likely to be due to i:he fact that larger fish were used in his work.
Although the fish size in his original work was not reported, subseq-
uent work (Daw and Beauchamp, 1972) reported fish sizes of 6 to 10
inches, which is somewhat large. This could account for the differ-
ences since receptive field size, measured in millimeters on the retina,
increases with fish length (Macy and Easter, 1981). However, the
important aspect of the above work is that the Red-component is
always slightly smaller than the Green-component >in the center mecha-
nism.

Raynauld (1975) has proposed that the recepti've field organiza-
tion of these cells is a direct consequence of the neurons from which
each mechanism receives its inputs. Figure 4a shows the‘ receptive
field of a bipolar cell with a center and surround arrangement. This
bipolar cell has a Red-ON center with an antagonistic Green-OFF sur-
round. Since the ganglion cell center receives its input directly from
bipolar cells, Figure 4b shows the re;ult of combining the inputs of a
number of bipolar cells of the same type. Thus, the Red-component
of the ganglion cell center is comprised of the sum of the bipolar cell
centers; the outer Green-component of the ganglion cell center is
comprised from the sum of the bipolar cell surrounds. This schematic
is further supported by the fact that the majority of the bipolar cells
studied possessed a Red-component dominated center accounting for
the finding that the smallest component in ganglion cells centers are

dominated by the Red-component.



Figure 4

Hypothetical model of the neural inputs to a
double-opponent goldfish ganglion cell center
mechanism. The letters refer to the maximally
effective wavelength and the signs associated
with the letters refer to either an excitatory
(*) or inhibitory (-) response. In (a), the
components of a +R center and -G surround
bipolar cell are shown. In (b), the result of a
number of these bipolar cells converging to
form the input of a ganglion cell is shown.
Only one-quarter of the bipolar cells necessary
to form the entire ganglion cell is presented for
clarity. With the entire complement of bipolar
cell inputs, the ganglion cell receptive field
center would be circular as in Figure 3a. This
figure is redrawn and modified from Raynauld
(1975).
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The ganglion. cell surround probably receives its ihput from
amacrine cells. This is supported by the fact the amacrine cells are
most responsive to large fields and insensitive to small stimuli. This
would explain why the large surround component was literally unde-
tected in early work using small spots of light (Wagner, et al., 1960)
and uncovered when large annuli were presented (Daw, 1967a, 1968).
The receptive field surround may be as large as 6 mm in diameter
(Daw, 1967a; 1968).

Another common goldfish ganglion cell type possesses a spatially
opponent, but spectrally nonopponent receptive field (see Figure 3b).
In this cell type, the response to a stimulus presented to the center
is opposite to the response to the same stimulus presented in the sur-
round. However, unlike the double-opponent cells, the response
within the center or surround does not depend on the stimulus wave-
length. Although these cells are overtly spectrally nonopponent, it
does not necessarily imply that these cells possess only one cone
input. It is possible that the center may possess a relatively weak
Green-component in which the Red-component dominates, or that the
inputs of two cone types are combined in such a way that they

behave as one cone type (Sirovich and Abramov, 1977).

Spectral Response Class. A cell's spectral response class may

also influence its S-CSF. In goldfish, the size of the receptive field
center's Red-component varies as a function of spectral class; the
average value of the receptive field center is roughly 1 mm in diame-
ter, but when segregated by spectral class, Red-ON center cells are

smaller in size than Red-OFF center cells (Macy and Easter, 1981;



76

Schellart and Spekreijse, 1976). The receptive field centers of
ON/OFF cells may be smaller than those of both Red-ON and. Red-OFF
center cells (Macy and Easter, 1981). These findings were deter-
mined by mapping the diameter of the center area with small, mono-
chromatic spots of light. Since the Red-component of the center
mechanism is the smallest subarea of the receptive field, the respon-
ses of this combonent should determine sensitivity at the higher spa-
tial frequencies. Any differences in size across spectral class should
also be found at the higher spatial frequencies of the S-CSFs.

This difference in center diameter across spectral class is found
in both spectrally opponent and nonopponent cells, and correspond
with differences in the sizes of ganglion cell bodies; Red-ON center
cells have smaller cell bodies than Red-OFF cells. There is no evi-
dence indicating that the Green-component center varies with spectral

cell type.
1.7 The Study.

The goal of this project is to examine and relate the spatial and
spectral properties of ganglion cells. The goldfish is the ideal candi-
date for this type of investigation; since it is commonly used as a
model of vertebrate color vision, many of its spectral characteristics
have already been examined. Also, because of its robustness and
stability as a retinal preparation, each cell under investigation can be
exhaustively and rigorously tested. This is of particular importance
for examining the spatial properties of these cells s‘ince a thorough,

quantitative assessment requires a great deal of time. In this sec-
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tion, the various hypotheses to be tested will be discussed.

1.7.1 Goldfish Spatial Processing.

Although the goldfish is often used as a model for color vision,
the spatial properties of its retina have been somewhat ignored. In
spite of the rigorous, quantitative analyses performed on. cat ganglion
cells, there have been very few attempts to establish this type of
investigation with goldfish ganglion cells. The few attempts that have
been made have yielded completely disparate findings. For example,
some reports claim that all goldfish ganglion cells are linear, others
report that the majorify are nonlinear. The differences are most
likely due to the type of stimuli and the definition of linearity used.
One aspect of this work is to "bring the goldfish up to date" regard-
ing its spatial processing. This will be accomplished by
quantitatively assessing the spatial properties of goldfish ganglion
cells using the same criteria and techniques as used in the cat and
monkey research. For example, linearity will be determiqed by pre-
senting cont;'ast-reversal gratings to the retina and determining
whether a spatial null position can be found. The criteria (the exis-
tence of a null point is one) for X-like cells in the goldfish retina will
be the same criteria used in determining X-cells in the cat retina.
Only through this kind of assessment can the spatial processing of
goldfish ganglion cells be unequivocally related to the cat retina's
spatial processing.

Another aspect of the goldfish ganglion cell's spatial processing

is its spatial filtering characteristics. This will be determined by
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deriving S-CSFs for each cell. -Since the receptive field properties of
goldfish ganglion cells are similar to cat ganglion cell receptive fields,
these functions should be similar to the S-CSFs of the cat and other
species. [t will also be of interest to compare the goldfish ganglion
cell S-CSFs to the psychophysical S-CSF of the goldfish (Northmore
and Dvorak, 1979). The goldfish psychophysical S-CSF, although
shifted to lower spatial frequencies, is similar in shape to the S-CSFs
of other species. By obtaining the S-CSFs of the ganglion cells,
their spatial resolution can be compared to the resolution of fhe entire

animal's visual system.

1.7.2 Testing the Difference of Gaussians Model.

Because it is possible to maintain stable isolation of goldfish gan-
glion cells, ‘it is feasible to examine the responses of the same cell to
a number of different stimuli. This will provide a more complete pic-
ture of the spatial characteristics of these cells. For example, it is
of interest to examine the spatio-temporal interactions of a cell, not
only to confirm the similarities of the goldfish cells to other species,
but as a test for the difference of Gaussians model. Since the center
and surround arrangement of goldfish ganglion cells is similar to
other species, they should also possess the same spatio-temporal
interactions. For example, if the S-CSFs of spatially opponent gold-
fish cells lose their low frequency attenuation at high temporal fre-
quencies, then it would suggest that the goldfish is similar to other
species and still an adequate model of a vertebrate visual system.

However, if there are no differences in the S-CSFs across temporal
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frequency, then one can conclude that not only is the goldfish
inappropriate as a model, but alsé, that spatial opponency is not suf-
ficient to account for the spatio-temporal interactions.

Another test of the difference of Gaussians model would be to
derive S-CSFs for the center and surround alone and compare these
functions to the S-CSF of the entire receptive field of the same cell.
This has not been done successfully in the past because it requires a
long isolation time to present the appropriate stimuli and also, it is
difficult to isolate the center and surround since their sensitivity
profiles overlap. However, maintaining isolation is no problem for the
goldfish preparation, and the responses of one mechanism can be min-
imized by restricting the stimulus gréting to a spot or annulus while
maintaining the rest of the field at the same mean luminance.

Extending the spatio-temporal domain to its limit, it is of interest
to examine the temporal properties of the cell with a stimulus of zero
spatial frequency. This is nothing more than a uniform field which
modulates around a mean luminance as a sinusoidal function of time.
Each temporal frequency can be presented at several contrasts, and
the sensitivity of the cell, at each temporal frequency can be derived
by finding the contrast necessary to produce a criterion response.
Only one study has examined the temporal properties of the goldfish
ganglion cells. Schellart and Spekreijse (1972) found two classes of
cells with different Temporal Contrast Sensitivity Functions (T-CSFs).
These cells were designated as "spontaneous” or "silent" based on
their spontaneous rates or lack thereof. However, Schellart and

Spekreijse made no mention of the X/Y dichotomy and the degree or
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differences of linearity of these cell types were not determinea.
Orientation and direction selectivity will also be examined in this
project. Although there is evidence to suggest that goldfish ganglion
cells should be orientation tuned, the direct evidence is somewhat
mixed. What is necessary is to examine orientation and direction
selectivity using an approach similar to Levick and Thibos (1982) and
others for the cat retina. If orientation tuning in the goldfish retina
is a function of stimulus spatial frequency, then it is possible that
the stimuli used in past work on the goldfish (spots and bars of
light) are inappropriate stimuli. Evidence exists to suggest that the
goldfish ganglion cell receptive field contains irregular subareas; this
can only be adequately tested with stimuli of high spatial frequencies.
The most interesting question regarding orientation and direction
selectivity concerns the properties of W-like cells. Although these
cells are the best candidates for this type of tuning, they have not
been assessed in the past. The reason for this scarcity of W-like
cells in general is that they are very difficult to isolate and maintain
in the cat retina and optic nerve. This sh.ould not be a problem in
the goldfish preparation; if W-like cells exist in the goldfish retina, it
will be of great importance to investigate all of their spatial proper-

ties and relate them to the other spatial classes.

1.7.3 Spatial and Spectral Properties.

Once the spatial properties of goldfish ganglion cells have been
established, the next step is to examine the spatial properties across

the various spectral properties. Each cell will be classified by its
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spatial properties (linearity of spatial summation, S-CSFs, and
response to contrast) as well as by its spectral propertiesA (spectral
class and spectral opponency/nonopponency). To examine the rela-
tionships across the various categories, a large database will be
established. The interactions between spatial summation class and the
spectral properties will be examined to determine if linearity of spatial
summation depends on the cell's spectral characteristics.

Cells will also be classified by their sensitivity to contrast. |t
is likely that this classification is dependent upon whether the cell is
spectrally opponent or nonopponent (as is the case for the macaque),
however, it will also be interesting to examine the relationship
between sensitivity to contrast and spectral class. There is evidence
in cat ganglion cells that ON- and OFF-center cells differ in their
modulation sensitivity, (Cleland and Enroth-Cugell, 1966).

it will be interesting to compare the S-CSFs across spectral class
(Red-ON, Red-OFF and ON/OFF), spectral opponency (spectrally
opponent and nonopponent) as well as the S-CSFs of spectral class by
spectral opponency. Certainly there should be differences across
spectral class (Red-ON cells should have better spatial resolution than
Red-OFF cells). The more intriguing manipulation is to compare the
S-CSFs of the double-opponent cells (spectrally opponent) and the
nonopponent cells. Since the early work involved mapping these
receptive field components separately (by using monochromatic stim-
uli), there is no evidence examining the overall characteristics of
these cells to a stimulus with only luminance variations (e.g., white

light). The center mechanism alone of these double-opponent cells
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contains an antagonistic relationship between a small field and a
slightly larger one. This must certainly affect the spatial resolution

and the S-CSFs of these cells.
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[2]
METHODS

2.1 Subject and Husbandry Procedures.

Subjects were common goldfish (Carassius auratus) measuring

10-15 cm (from tip of nose to base of tail) in length. As with many
fish, the photopigments in goldfish can change back and forth
between rhodopsins and porphyropsins, thereby changing the cone
spectra (Bridges, 1972). Also, temperature changes can alter the
overall visual sensitivity of the fish (Hester, 1968) as well as altering
the sensitivity of the individual cone types (Thorpe, 1971). There-
fore, great care was taken to produce a stable environment. The
goldfish were acquired from a local pet store and were stored in a 75
gallon white polyethylene tank capable of housing up to 15 fish of
this size. The tank contained various plastic plants and assorted col-
ored paraphernalia to provide adequate visual stimulation to the fish.
The tank was well filtered and aerated. The water used in the tank
was tap water which was aerated in a filtered 25 gallon storage tank
for at least 48 hours prior to entering the fish tank. Aquarium salt
was added to the water whenever storage water was placed into the

fish tank (1 teaspoon per 5 gallons). Every two to three weeks, fif-
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teen percent of the fish tank water was changed to aid in the
filtering process.

The fish tank water temperature ranged from 21-26 degrees Cel-
sius. Any extreme temperature’changes were compensated for by
introducing ice cubes or warm water gradually to maintain a comforta-
ble and safe water temperature. The condition of the tank was care-
fully monitored to ensure an optimum environment for the fish. For
example, water hardness (CaCO,; levels) ranged from less than 50
ppm to 100 bpm and the pH of the water ranged from 6.6 to 6.9.
Any fluctuation was corrected by standard fish care procedures.

When fish were obtained, they were carefully acclimated to the
tank water by gradually introducing small amounts of tank water to
their container. This was done to avoid any dramatic changes in the
fish's environment (especially water temperature) which can place a
severe strain on the fish. This process took anywhere from one to
four hours. When new fish entered the tank a dose of achromycin
(Lederle Laboratories) was placed into the tank (250 mg per 5 gal-
lons) as a safety measure. About three days after the introduction
of the antibiotic into the tank, thirty percent of the water was
changed. At this time, the regular feeding process began. The fish
were fed once a day as much food (Wardley's Shrimp Pellets) as they
could consume in about ten minutes. Any remaining food was
removed from the tank.

The tank was illuminated by a single fluorescent bulb (G.E.; 14
W cool white) suspended above the water; it produced an illuminance

of about 130 lux at the water surface. The light was attached to a
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timer producing a 12 hour day/night cycle.

2.2 Apparatus.

2.2.1 Isolation Chamber.

Physiological recordings were made from excised, isolated retinae
as described in Section 2.3. The retina was maintained in a gas
environment and was not immersed in Aliquid. The retina was placed
in a brass chamber with dimensions of 4.6 x 4.6 x 1.2 cm. The bot-
tom of this chamber consisted of a glass plate on which the retina
rested, receptor side up. The light stimulation of the optical system
came from underneath the glass plate which corresponds to the direc-
tion the light must travel through the eye to reach the receptors in
the intact eye. There were two duct systems in the brass chamber.
Water, maintained at a constant temperature (Brinkman Instruments;
Lauda K2/R Cooler), was circulated through one of the ducts,
thereby keeping the chamber's air space and the retina at a fixed
temperature. Retinal temperature was maintained at 18 degrees Cel-
sius throughout the experiments.

The upper duct system allowed a steady flow across the retina of
100% moist oxygen from a compressed gas tank. The oxygen was
moistened by passing it through a container of distilled water. After
leaving thé water chamber, the gas was cooled to the temperature of
the recording chamber and then sent through a vial of spun glass to
remove any suspended water droplets. The oxygen flowed into the

chamber at a rate of 75 ml/min. Pure oxygen was used in this prep-
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aration since‘any carbon dioxide in the gas can greatl‘y reduce the
sensitivity and the spontaneous rate of ganglion cells (Abfamov and
Levine, 1972; Mackintosh, et al., 1987).

The top of the chamber consisted of two microscope slides sepa-
rated by a distance of about 9 mm. This gap allowed the microelec-
trode to be lowered into the retina and also allowed any gas or gase-
ous waste products from the retina to escape. The entire isolation
chamber was located in a light-tight Faraday cage measuring 62 x 33
x 36 cm. To prevent the Faraday cage from collecting waste gases
and stale air, a small vacuum and air pump circulated the air in the
cage. With this preparation, a retina could be maintained for up to

six hours.

2.2.2 Electrical Recording.

The extracellular recordings from single ganglion cells were made
with glass-insulated platinum-iridium microelectrodes. The electrodes
were made using the method of Wolbarsht and Wagner (1963) and
Snodderly (1969) with the exception that the glass was not treated
with hexamethyldisilazane, a substance used to render the glass
hydrophobic. To ensure that the tip of the electrode was free of the
glass-coating, it was plated with platinum black. This procedure
produced electrodes with a tip diameter of less than 1 ym. Electrodes
could be reused for long periods of time if gently sprayed at the end
of each recording session with distilled water and occasionally
replated with platinum blacking.

The electrode was lowered into the retina by a micromanipulator
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(designed and built by the Rockefeller University Instrument Shop).
The indifferent electrode consisted of a 10 mm bare platinum-iridium
wire which was placed on the edge of the retina. Ganglion cell
responses were amplified by a small, low-noise, battery powered,
capacitively-coupled, pre-amplifier with a field-effect transistor input
(designed by M. Rossetto of the Rockefeller University Electronics
Shop). The pre-amplifier was also enclosed in the Faraday cage
which shielded the pre-amplifier from any electrical noise. The sig-
nals from the pre-amplifier were amplified again and th’én passed into
an adjustable bandpass filter (Krchn-Hite, Model 3103) to provide
additional filtering of the signal. This signal was then sent to a level
detector (designed by M. Rossetto) which provided an output pulse
when the input signal exceeded an adjustable threshold. Both the
threshold level and the amplified signal were displayed on a dual-beam
oscilloscope screen. Signals from the level detector were sent to an
audio speaker, a set of counters and to the digital 1I/0O panel of a
computer (DEC; PDP 8/E) which stored the data as well‘ as stimulus
information on magnetic tape after each stimulus period. Each stimu-
lus period, whether the responses were to spectral or spatial stimuli,
was stored as a string of event-interevent intervals. Each event (a
neural impluse -- "spike" or some stimulus parameter such as a
shutter opening) was represented by a number followed by the num-
ber of internal clock ticks of the computer that elapsed prior to the
next event; this clock counted at a rate of 10 kilohertz so that the
precision available to collect the events (0.1 msec) was more than

sufficient.
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A bank of digital timers (designed by L. Eisenberg of the
Rockefeller University Electronics Shop) controlled the onset and off-
set of the "gate" during which data were collected and stimuli were
presented, the acquisition of data by the computer, and a series of
buzzers which provided auditory information to the experimenter sig-
nalling the onset and offset of the stimulus. For the spectral stimuli,
timers controlled the shutters of the main optical system; for spatial
stimuli, these timers controlled the onset and offset of the V2-R2 Vis-

ual Stimulator (see below).

2.2.3 Optical System.

The optical system consisted of four independent beams joined by
mixing cubes and projected to the underside of the retina. Three of
the beams were used to present spectral stimuli to the retina. These
beams were optically identical and allowed for control of shape, posi-
tion, wavelength, quantal flux and timing of the stimulus. Each
beam, had as its light source, a tungsten filament quartz-halogen
lamp (Sylvania Electric Products; 50 W, 60 V/T3 1/2-inch prefocused
base). The filament of the bulb was imaged on the entrance slit of a
grating monochromator (Jarrell-Ash; one-quarter meter Eber"t-type);
the half-power bandwidth of the monochromator was eight nanometers.

Upon leaving the exit slit of the monochromator, part of the
light was deviated by a microscope cover slip into a feedback system
which controlled the intensity level of the bulb via a photocell monitor
(U.D.T.; Pin-10), with a function generator linked to the monochro-

mator's wavelength drive (Perkin-Elmer; WVernistat Function Genera-
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tor, Model DC250 and interpolating potentiometer, Model 2X5). This
feedback loop ensured that the same .quantal flux was delivered at
each wavelength to the retina, and that the rate did not change with
the life of the lamp. These wavelength-dependent settings on each
beam's function generator were made with reference to a calibrated
photocell placed in the recording chamber at the plane of the retina;
this ensured that any wavelength-selective differences among the
beams were compensated for. (The photocell was attached to a
radiometer (U.D.T.; Photometer/Radiometer, Model 111A) and had
been spectrally calibrated by the man‘ufacturer.) For details of this
feedback system see Rosen, Levine, Rossetto and Abramov (1970).
From the photocell monitoring assembly, light passed through an
assembly which allowed the introduction of spectral "blocking filters"
when needed. These were used to ensure purity; of the monochroma-
tic light at wavelengths less than 480 nm (Melles Griot; 03 SWP 013)
and for wavelengths greater than 630 nm (Kodak, Wratten 29).

From the blocking filters, light passed through another lens
which focused the image on an electromagnetic vane shutter with a
rise and fall time of less than 1 msec (Hartline and McDonald, 1947).
The light then passed through two wheels containing Inconel neutral
density filters (Boxton Beel Inc.). These neutral density filters
allowed the experimenter to control the intensity of the light by
rotating the wheels to the appropriate configuration. There were 24
possible log attenuations ranging from 0.2 to 4.8 in 0.2 log unit
steps. The maximum log quantal flux (designated as 0.0) corre-

12 2
sponded to 2.75 x 10 quanta/cm /sec. The wavelength setting of
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each monochromator and the positions of filter wheels in each beam
were electronically coded and sent to the computer for storage witH
the cell's responses.

High contrast photographic transparencies were used as field
stops. These field stops produced a stimulus to the center of the
cell's receptive field (6.63 mm diameter spot of light) and an annulus
to stimulate the surround portion of the receptive field (outer and
inner diameters of 6.31 mm and 1.95 mm, respectively). These values
were sufficient to stimulate either the center or surround mechanism
‘while minimizing the influence of the other mechanism (Daw, 1968).
The three beams were joined by mixing cubes and then passed to the
final projection lens. The optical system had a reduction factor of
0.1 on the retinal surface. The mixing cubes also provided an obser-
vation beam in which the experimenter could check that the appropri-
ate stimulus was presented.

The fourth beam was used to produce the appropriate spatial and
temporal stimuli. This beam consisted of a high resolution oscillo-
scope (CRT) (Tektronix; Model 606, P31 phosphor) which displayed
the output of an electronic visual stimulator (designed by N. Milkman
and D. Kocsis of the Rockefeller University Electronics Shop, Model
V2-R2). (See Milkman, Shapley and Schick, 1978, for more details.)
This microcomputer was designed to produce sinusoidal gratings whose
spatial frequency (cy/mm on the retina), orientation, contrast and
temporal frequency were independently variable. Therefore, different
spatial frequencies could be set at a constant temporal rate; that is,

the number of cycles that crossed a point in space remained the same
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regardless of the spatial frequency. The visual stimulator was also
capable of producing gratings whose contrast is reversed és a sinu-
soidal function of time (i.e., contrast-reversal stimulus). The spatial
position (phase) of this grating could also be manipulated.

Each pattern was modulated around some mean luminance to main-
tain a constant adaptation state. The contrast of the stimulus was
defined as: Maximum luminance - Minimum luminance / Maximum lumi-
nance * Minimum luminance. The CRT's intensity was set at a pre-
determined value and the Z-axis was then controlled entirely by the
stimulus generator. Since the CRT's Z-voltage/light intensity func-
tion was not linear, a linearizing circuit was added to correct this
distortion (Harris and Abramov, 1983). With -this circuit, contrasts
up to 95% were possible with no more than 5% harmonic distortion.
The CRT was placed into a holder underneath the Faraday cage; by
reflecting the CRT's image off a mirror, the image entered the beam
splitter of the main optical system and was projected to the plane of
the retina. Since the optics reduced the image 0.1, the entire image
of the CRT face on the retina was 10.5 x 8.5 mm. However, to
produce a symmetrical and uniform stimulus, the image was restricted
to a 7.5 mm diameter circle by placing an opaque cut-out on the
CRT's face.

The overall mean luminance was varied by placing neutral den-
sity filters on the face of the CRT. The stimulus generator was also
capable of restricting the stimulus pattern to a central area or to its
surround while the remaining portion of the display was maintained at

the same mean level. The size of the stimulus pattern could be
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adjusted by the experimenter. The laboratory computer provided the
instructions to the visual stimulator’'s microprocessor. The experi-
menter could control the instructions directly or allow a series of pre-
determined instructions to be generated by the computer.” A sche-

matic of the entire system is shown in Figure 5.

2.3 Procedures.

2.3.1 Isolation and Surgery Procedures.

About two to four hours prior to surgery, a fish was placed in a
10 gallon light-tight dark adaptation tank. This dark adaptation per-
mitted the pigment epithelium to retract from the cones, allowing an
easier separation of the retina from the pigment epithelium with mini-
mum damage to the cones (Ali, 1975).

Following dark adaptation, the fish was removed from the tank
and sacrificed by decapitation. The eye was enucleated by first mak-
ing a small cut on the dorsal pole of the ocular orbit. This allowed
the experimenter to reach behind the eyeball with a pair of iridectomy
scissors and cut the optic nerve. Following this, the ocular muscles
were severed and the eye then slipped out of the socket.

Once enucleated, the front half of the eye (containing the cornea
and lens) was removed exposing the retina which rested in the back
half of the eyecup. In order to remove the retina, a pair of iridec-
tomy scissors was used to "peel” the retina from the back of eye and

finally to cut the optic nerve which caused the retina to fall out of



Figure 5

Schematic of recording and optical set-up.
Solid, dark lines refer to electrical connections
within the system; dotted lines represent the
light pathway to the retina. Only one beam of
the three spectral beams is shown.
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the eyecup. The retina was placed, receptor side up, on a micro-
scope slide and then taken to the isolation chamber where it was
placed gently on the glass plate at the bottom of the recording cham-
ber. The time taken to complete the surgery and place the retina
into the chamber ranged from two to five minutes.

During surgery, the only illumination on the retina was from a
small, tungsten light (G.E. 6S6; 6 W/ 120 V) attached to the head-
band of the surgeon. This illumination greatly reduced the sensitiv-
ity of the rods, which do not recover, leaving exclusively cone
driven responses at the ganglion cells (Mackintosh, 1981; Shefner and
Levine, 1979). From a distance of 15 cm the light produced an irra-
diance of about 60 uW/cm2 on the retina. Finally, since the surgeon
worked so close to the retina, a skin-diver's snorkel and nose plugs
wére worn to eliminate exposing the retina to any carbon dioxide con-
tamination from his breath (see Abramov and Levine, 1972).

While in the isolation chamber, the retina was occasionally
exposed (one to two seconds in duration) to light from a small pen-
light. This was necessary when the expérimenter was visually check-
ing the location of the electrode on the retina. Again, allowing a
distance of 15 cm, the irradiation of this light source on the retina
was about 15 uW/cmz.

Once the retina was placed in the isolation chamber it was
allowed to stabilize to the environment before recording started.
During this time, the experimenter cleaned the surgery tools, meas-
ured the fish length and measured the diameter of the lens; any com-

ments regarding the surgery, retina, etc. were recorded.
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A microelectrode was then inserted into the micromanipulator.and
lowered to the surface of the retina. The pre-amplifier Was turned
on and an inspection beam (a 520 nm spot of light, 0.63 mm in diame-
ter, at 0.0 log unit intensity from one beam of the optical system)
was presented briefly to the retina in order to determine where on
the retina the electrode was lowered. (During the set-up proce-
dures, the electrodes were aligned to the middle of the center spot to
ensure that when a cell was isolated, the electrode was close to the.
cell body and the center of the receptive field (Brown and Wiesel,
1959)). Once it was established that this area of the retina was sat-
isfactory, the inspection beam was closed (the duration of inspection
was no more than one second), and the electrode was lowered through
the retina to the ganglion cell layer. |If there was no obvious activity
in a particular area, the electrode was raised and the entire isolation
chamber was shifted laterally so that the electrode could be lowered
into another area of the retina. This was continued until a ganglion
cell was isolated (i.e., when the amplitude of one ganglion cell's
response was sufficiently large to be distinct from the noise and from
the activity of other cells). Since ganglion cells are the only retinal
cells that respond with true action potentials, there was very little
chance that the isolated response was from any other retinal neuron.

Once a cell was isolated, general information such as the sponta-
neous rate, amplitude of the signal, etc. was recorded by the experi-
menter. Occasionally, a cell would have to be re-isolated due to the
settling of the retina. At this point, the electrode was lowered or

raised slightly to achieve the largest signal amplitude possible. To
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ensure that the same cell was re-isolated, seve'ral stimuli  were
repeated and the responses were compared to the responses prior to
re-isolation. Also, a device which laterally moved the electrode was
employed when the isolation was no longer sufficient. These lateral
movements were minimal (no more than 0.1 mm on the retina) to
ensure that the electrode was still aligned with the center spot.
When the cell was successfully isolated, the computer run-time pro-
gram was initiated and the data collection began.

There were two phases of data collection. One consisted of the
presentation of the spectral stimuli (via the main optical system); the
second phase was the presentation of the spatial stimuli (via the
V2-R2 stimulus generator). It should be emphasized that the follow-
ing procedures represent the ideal protocol. Since the life of an iso-
lated ganglion cell can vary, it was necessary to deviate from these
procedures to obtain as much useful information about the cell as pos-

sible.

2.3.2 Spectral Stimuli.

The basic strategy of the presentation of the spectral stimuli was
to present different wavelengths of light at various intensities to the
center, the surround, and to the entire receptive field. From this
information, spectral sensitivities cou—fd be derived and the cone con-
tributions to the ganglion cell could be determined. Each stimulus
presentation consisted of a five second gate which had a one-second
pre-stimulus, a one-second stimulus and a three-second stimulus-off

period. The pre-stimulus component was used to measure the sponta-
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neous rate of the ganglion cell. The stimulus on component, of
course, represented the "on" response of the cell and the first
second of the post stimulus component represented the "off" response
of the cell.

Ganglion cell responses for each gate, along with coded stimulus
information were recorded by the computer for later analysis. The
computer also produced a peri-stimulus-time histogram (PSTH) on a
storage oscilloscope and a brief printout of the cell's response to give
the experimenter some feedback regarding the cell's activity. The
inter-trial interval was 25 seconds, which allowed the experimenter to
set up for the next stimulus, as well as allowing the cell's response
to return to its spontaneous rate.

Once a cell was isolated, stimuli of 700, 510 and 450 nm (all
monochromatic stimuli were equated for equal quantal content) were
presented to the center and surround portions of the cell's receptive
field. These were presented at several intensities covering the range
from threshold to saturation in five approximately equal logarithmic
steps. These three wavelengths represented iso-absorption pqints
along the spectral sensitivity of the L-cones (Harosi, 1976). There-
fore, if only L-cones were present, then the responses at these three
wavelengths would be identical. This allowed the experimenter to
quickly identify the spectral characteristics of the cell.

Following this procedure, a standard wavelength-intensity series
was performed. This consisted of up to 12 different wavelengths cor-
responding to critical points along the spectral sensitivities of the

cone types. Each wavelength was presented at three intensities.
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This was done for the center, the surround, and the entire receptive

field.

2.3.3 Spatial Stimuli.

Following the completion of the spectral stimuli, the CRT display
was turned on and a few minutes were allowed for the retina to adapt
to the illumination provided by the CRT. The retinal illumination of
the CRT display was 0.2 Im/mz. At this point, the computer run-
time program to control the V2-R2 stimulus generator was initiated.
The response of the cell to each stimulus and stimulus information
were recorded by the computer for later analysis.

The usual procedure was to present first a series of drifting
gratings at different spatial frequencies at a moderate contrast. This
provided information regarding the S-CSF of the cell, which aided in
choosing an appropriate spatial frequency to test for linearity (i.e., a
spatial frequency which lies between the peak sensitivity and the
high-frequency cut-off of the cell's S-CSF); it also indicated how
responsive the cell was to contrast so that an appropriate range of
contrasts could be chosen. Following these stimuli, a contrast-
reversal series was initiated to test the cell's linearity of spatial sum-
mation. To provide an estimate of the cell's spontaneous rate as well
its variability, a contrast-reversal grating of zero contrast was pre-
‘sented with phase marks at a specified temporal rate for five seconds.
After this "dummy" stimulus was presented, the computer performed
an on-line Fourier decomposition of the averaged response, and the

first and second harmonics were displayed. |If the amplitude of the
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components was relatively high, indicating that the cell's response
had large variabflity, then - the stimulus gate length was increased,
thereby increasing the number of stimulus cyclés over which the
response was averaged, and the zero contrast stimulus was repeated.
When the appropriate gate duration was established, contrast-reversal
gratings at a particular contrast, spatial frequency and temporal fre-
quency, determined by the experimenter, were presented at various
positions or spatial phases of the cell's receptive field to establish
whether or not the cell possessed a null point; that is, a position at
which the cell responded as if there was no modulated stimulus.

Since there was no direct way of finding the midpoint of the
cell's receptive field, an iterative process, controlled by the experi-
menter, was used to pinpoint the location of the null position, if one
existed. This was accomplished by taking advantage of the fact that
the fundamental component's amplitude and phase shift are dependent
on the spatial position of the contrast-reversal grating. The ampli-
tude of the fundamental component is a sinusoidal function of spatial
phése and the phase shift of the fundamental component on one side
of the midposition of the receptive field is 180 degrees out of phase
with positions on the other side. Therefore, by presenting several
stimuli at different spatial phases and comparing their fundamental
responses,‘ the midpoint of the receptive field can be determined quite
easily. For example, if two gratings; 90 degrees apart in spatial
phase (0 and 90.degrees, for example), have fundamental components
which are 180 degrees out of phase to one another, then the midpoint

of the receptive field must fall between these two positions. |If the
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phases are equal, then the stimuli are on the same side of the
midpoint which must lie between spatial phases of 90 and 186 degrees.
From this information the experimenter could choose the appropriate
spatial position to locate‘the midpoint of the receptive field. Within
five or six stimuli the experimenter could be reasonably certain Qf the
cell's classification in terms of its spatial summation and could then
proceed with other stimuli.

To determine the S-CSF of the cell, sinusoidal gratings, of dif-
ferent spatial frequencies, were drifted across the receptive field of
the cell at a constant temporal rate (cycles per second across the
field). Each spatial frequency was presented at several contrasts.
The T-CSF was determined by presenting a uniform pattern ("blank
field") whose intensity varied sinusoidally in time. The stimulus
duration was varied to maintain the same number of stimulus presen-
tations across temporal frequencies. For example, to produce 30
presentations of a 1 Hz stimulus requires 30 seconds, however, a 2
Hz stimulus needs only 15 seconds for 30 presentations. These stim-
uli were also presented at various contrasts.

If time permitted, the various parameters of the different spatial
stimuli were varied. For example, contrast-reversal gratings were
presented at different temporal and spatial frequencies to determine
their influence on the spatial summation properties of the cell. Drift-
ing gratings were presented at different drift rates to examine the
affect of stimulus drift rate on the cell's S-CSF. Also, drifting grat-
ings were restricted to the center or surround portions of the recep-

tive field to examine the contributions of each mechanism while mini-
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mizing the input .of the other component. To determine if the
receptive field was circular and symmetrical, .drifting gratings were
presented at different orientations at 45 degree steps from 0 to' 135
degrees. For each orientation, the grating was drifted in each of the
two possible directions. Stimuli for determining the T-CSF were also
restricted to the center or surround components of the receptive
field.

After obtaining all the necessary spatial information, or if the
cell's isolation was lost, the CRT was turned off and another cell was
isolated. To ensure that there were minimal effects of adaptation of
the new cell due to the CRT, approximately ten to fifteen minutes
were allowed to pass before the new cell's spectral properties were
examined. For some cells, the spectral properties were determined
after the spatial stimuli were presented and, as in the previous case,
the CRT was turned off for ten to fifteen minutes prior to examina-

tion.
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(3]
RESULTS

3.1 Spectral Classification of Cells.

3.1.1 Spectral Class.

Each cell was classified into one of three spectral classes based
on its L-cone input to the center of the receptive field. This was
determined by presenting a 700 nm stimulus to the center at several
intensities ranging from near-threshold to suprathreshold intensities.
Since only the L-cones are sensitive to this wavelength, this classifi-
cation scheme unequivocally determines the response driven by a sin-
gle receptor type. _L-cone input was used to classify cells since it is
easy to isolate (by using near-infrared stimuli) and because all gold-
fish ganglion cells possess L-cone input. The presence or absence of .
M- and S-cone contributions was used with the L-cone input to clas-
sify the cell as spectrally opponent or nonopponent (see Section
3.1.2). A cell was classified as an L-/* center cell if its response to
this stimulus was ON-inhibition and OFF-excitation (-/*). Cells were
also classified as L-/* if only a partial response was found} (i.e.,

OFF-excitation only, ( /*) or ON-inhibition only (-/ )). Cells with a
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partial response either had a low spontaneous rate (and thus no obvi-
ous inhibition) or different thresholds for the "on" and "off" respon-
ses. These cells were also examined at suprathreshold intensities to
determine if the response became ON-excitation and OFF-excitation
(+/+). If there was a discrepancy between near-threshold and
suprathreshold responses, the cells were always classified by their
suprathreshold responses. The second ceil type was simply the
reverse of the previous category: L*/- center cell. These two cell
classes refer to Red-ON and Red-OFF center cells described in past
literature. The third type of cell had an L-cone input that
responded with both ON-excitation and OFF-excitation (L*/* center),
corresponding to Hartline's (1938) category of ON/OFF cells. Since,
in some cases, only one portion of the L+/* center cell's response was
apparent at threshold, these cells could be misclassified as one of the
previous categories unless examined at suprathreshold intensities (see

Mackintosh, 1981; Mackintosh, et al., 1987).

3.1.2 Spectral Opponency.

Each cell was also classified as either spectrally opponent or
nonopponent. A spectrally opponent cell responded with ON-
excitation at some wavelengths and ON-inhibition at others (or OFF-
inhibition at certain wavelengths and OFF-excitation at others). This
change in response type (sign) across wavelengths was due to more
than one cone type contributing to the response (for example L*/-
and M-/*). A cell was classified as spectrally nonopponent if there

was no change in the type of response across the spectrum. How-
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ever, this does not imply that a spectrally nonopponent cell had only
one cone type, but that the net result of the combined inputs pro-
duced the same response type across wavelengths. It should be
noted that these two spectral classification; (L-cone center response
and whether the cell is spectrally opponent or nonopponent) are inde-
pendent classifications (Mackintosh, et al., 1987); that is, L*/-,
L-/+, and L*/* center cells can be either spectrally opponent or
nonopponent. Spectral opponency was determined separately for the

center, surround, and full field of the recepfive field.

3.2 Spatial Summation.

3.2.1 Criteria for Classification.

Spatial summation was tested by presenting a contrast-reversal
grating at different spatial phases across the receptive field of the
ganglion cell. The grating's contrast was. reversed according to a
specified sinusoidal temporal function. The temporal function was
divided into discrete time bins and the cell's responses to each rever-
sal cycle were superimposed to provide the average number of spikes
per time bin. These valugs were converted into spike rates and a
discrete Fourier transform (Cooley and Tukey, 1965) provided the
power spectrum of the first ten harmonics.

To be classified as a linear or X-like cell, four criteria had to
be met. First, there must have been a spatial position at which there

was no response to the contrast-reversal grating (i.e., a null point).



106

Second, when the grating was positioned away from the null point,
the response was modulated at the same frequéncy (f) as the
contrast-reversal (i.e., except for high contrasts, most of the power
in the response was at f). Third, the power at f was a sinusoidal
function of spatial phase. Fourth, the power at f increased linearly
with grating contrast, at least up to some saturation point. Cells
with a low spontaneous rate presented a special problem since their
response to the stimulus fell to zero and thus distorted the response
waveform. This produced a response pattern resembling a half-wave
rectified response. A Fourier decomposition of a hglf-wave rectified
response will produce substantial power at the second harmonic and
other even harmonics. To minimize this, contrast-reversal gratings
were presented at several contrasts in an attempt to find a contrast
that did not cause the response to drop .to zero. However, it was
not always possible to find such a contrast especially with cells that
displayed no spontaneous rate.

These criteria for linearity had to be satisfied at high, but not
necessarily at low, spatial frequencies. At low spatial frequencies,'
~ the responses of the small, nonlinear subunits found in Y-cells are
overshadowed by the contributions of the larger center and surround
components and could give the impression that the cell is linear
(Hochstein and Shapley, 1976a). To be sure that the nonlinear subu-
nits were contributing to the response, a moderately high spatial fre-
quency was used. This was determined by choosing a spatial fre-
quency which was located between the peak sensitivity and the high

frequency cut-off of the S-CSF.
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A cell was classified as Y-like if it responded at double the
stimulus frequency at all spatial phases and did not possess a. null
point. This criterion, too, had to be met at high spatial frequencies.
Cells that were neither X- nor Y-like were classified as W-like.
These cells responded as X-like when the stimulus grating was placed
away from the midpoint of the receptive field and responded at double
the modulation frequency as the grating approached the midposition
("null point") of the receptive field. These cells possessed no true
null point regardless of the spatial frequency of the stimulus.

It should be mentioned that the criteria described above are the
same rigorous criteria for classifying X- and Y-cells in the cat (Hoch-
stein and Shapley, 1976a). The only distinction between X-cells in
the cat retina and X-like cells in this study is in the species in which
they are found. However, for historical reasons, the terms "X-, Y-,
and W-cells" are reserved only for cat neurons meeting the above cri-

teria.

Twenty-seven (21%) of a total of 126 ganglion cells successfully
isolated were classified as X-like cells. Figure 6 illustrates the pres-
ence of a null point and the dependence of the response on spatial
phase for one of these cells. The contrast-reversal cycle was at 4
Hz, the spatial frequency of the grating was 1.52 cy/mm, and the
contrast was 6 percent. The abscissa represents one reversal cycle
of the stimulus grating (250 msec). The stimulus cycle was divided

into 30 discrete time bins (8.3 msec each) and the response reflects



Figure 6

Averaged X-like cell responses to a contrast-
reversal grating at various spatial positions on
the receptive field. The stimulus consisted of a
contrast-reversal grating with a spatial fre-
quency of 1.52 cy/mm, at 6% contrast, and
modulated at a rate of 4 Hz. The value above
each figure refers to the position of the grat-
ing, in degrees, on the receptive field of the
cell; zero degrees is the midposition or "null
point" of the X-like cell. The bottom. illustra-
tions show one complete contrast-reversal cycle
of the stimulus.
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the average response rate per time bin. Figure 6a shows the
averaged response of the cell to the contrast-reversal grating posi-
tioned at the midpoint of the cell's receptive field. At this position,
there was no response to the grating. As the grating was positioned
away from this null point, the cell responded to the stimulus. In
Figure 6¢c, the grating was positioned 30 degrees away from the nuli
point; there was clearly a response to the stimulus and the response
was modulated at the same temporal frequency as the stimulus' cycle-
reversal. When the grating was positioned further away from the null
point (Figures 6e, g) the response still modulated at the same tempo-
ral frequency but the response amplitude was greater. When the
grating was positioned on the opposite side of the null point (Figures
6b, d, f), the response amplitude, again, depended on the spatial
phase of the grating; the farther away the grating was positioned
from the null point, the larger the response amplitude. However, the
modulation responses on one side of the null point were 180 degrees
out'of phase with the responses on the other side of the null.

Figure 7 shows the relative response amplitudes of the funda-
mental and second harmonic components as a function of spatial phase
in the same cell. The amplitude of the fundamental component was a
sinusoidal function of the spatial phase of the stimulus grating.
Since the responses on either side of the null point were 180 degrees
out of phase, one side was arbitrarily designated as 5 positive
response and the other side as a negative response. The curve rep-
resents the best fit sinusoid; this was done by determining the exact

location of the null point by interpolation of the data points and plac-



Figure 7

Relative response amplitudes of the first two
Fourier components of an X-like cell's responses
to a contrast-reversal grating as a function of
spatial phase of the stimulus. Stimulus parame-
ters are the same as in Figure 6. Closed cir-
cles refer to the amplitude of the fundamental
component of the response; asterisks represent
the amplitude of the second harmonic component
of the response. The curve is the best-fit
sinusoid to the data.
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ing the sinusoid value of zero at that position. The second Harmonic
component was very‘ low regardless of the spatial phase of the grat-
ing. Also, there was no phase shift in the second harmonic compo-
nent as a function of spatial phase.

The presence of a null point was tested at _different spatial fre-
quencies, temporal frequencies and contrasts; these parameters did
not affect the existence of a null point in X-like cells. The only
exceptions were at very high contrasts where the cell's response
approached saturation. The ratio of the second harmonic and the
fundamental components (2f/f) was a good indicator of the dominant
components in the response (Hochstein and Shapley, 1976a). This
ratio was always less 1;han one for X-like cells indicating that the

response was dominated by the fundamental component.

Fifty-three (42%) of 126 ganglion cells successfully isolated were
classified as Y-like cells. Figures 8 and 9 show a typical Y-like cell's
response to a contrast-reversal grating at two different spatial fre-
quencies. The gratings were presented at 25% contrast with a rever-
sal rate of 4 Hz. At high spatial frequencies (e.g., 3.05 cy/mm),
the cell responded at twice the stimulus frequency at all spatial °
phases (Figures 8a, c, e; 9b). However, at low spatial frequencies
(e.g., 0.38 cy/mm) a null point could be found (Figure 8d). This
cell had no spontaneous rate so there were no spikes recorded at the
low spatial frequency null point.

Figure 9 shows the relative response amplitudes of the funda-



Figure 8

Averaged Y-like cell responses to contrast-
reversal gratings at various spatial positions on
the receptive field at two different spatial fre-
quencies. For both spatial frequencies, the
contrast-reversal rate was 4 Hz at 25% contrast.
The values above each figure refers to the
position of the grating, in degrees, on the
receptive field; zero degrees represents the
best estimate of the midposition of the receptive
field. The two spatial frequencies were 3.05
cy/mm (a, ¢, and e) and 0.38 cy/mm (b, d,
and f). The bottom illustrations show one com-
plete contrast-reversal cycle of the stimulus.
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Figure 9

Relative response amplitudes of a Y-like cell to
a contrast-reversal grating as a function of
spatial phase at two different spatial frequen-
cies. Stimulus parameters were the same as in
Figure 8. The two spatial frequencies were
0.38 cy/mm (a) and 3.05 cy/mm (b). Closed
circles refer to the amplitude of the fundamental
component; asterisks represent the amplitude of
the second harmonic component. Only the fun-
damental component is shown at the lower spa-
tial frequency; see text for details. The curve
is the best-fit sinusoid to the data.
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mental and second harmonic components of the same cell as a function
of spatial phase at a high spatial frequency (Figure 9b), and the
fundamental amplitude as a function of spatial phase at a low spatial
frequency (Figurer 9a). Positive responses were again arbitrarily
assighed to one side of the .null position and pegative responses to
the other side. The curve represents the best fit sinusoid deter-
mined by the metho'd described in Section 3.2.2. At high spatial fre-
quencies (Figure 9b), the second harmonic component dominated the
response. Note that the second harmonic response amplitude did not
depend on the spatial phase of the stimulus. There was also no
phase shift in the second harmonic component with spatial phase;
hence all responses were arbitrarily designated as positive. The fun-
damental component, at high spatial frequencies was very weak, how-
ever, it was still a sinusoidal function of spatial phase.

At low spatial frequencies (Figure 9a), Y-like cells behaved like
X-like cells. The fundamental component dominated the response, the
cell possessed a null point, and the fundamental component amplitude
was a sinusoidal function of spatial phase. The second harmonic com-
ponent was not shown in this figure because its responses were some-
what distorted due to the fact that this cell had no spontaneous rate
(see Section 3.2.1).

The 2f/f ratio varied as a function of the spatial frequency of
the grating in Y-like cells. At low spatial frequencies, the ratio was
less than one, however, as spatial frequency increased, so did the
2f/f ratio. At high spatial frequencies, this ratio typically reached

values of two to three or even higher. Clearly, the mechanisms
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responsible for the nonlinearities found in these Y-like cells were
responsive only at high spatial frequencies. These findings were
robust across different temporal frequencies and contrasts, _including

low contrasts.

Forty-six (37%) out of 126 cells were classified as W-like cells.
Figure 10 illustrates a W-like cell's response to a contrast-reversal
grating of 1.52 cy/mm. The stimulus was presented at 6% contrast,
with a reversal rate of 4 Hz. The response of W-like cells to a
contrast-reversal grating contained both fundamental and second har-
monic components. At spatial phases well away from the null position
the fundamental component dominated (Figures 10a, c). However, as
the spatial phase of the grating approached a point midway between
those extremes, a doubling of the response occurred, indicating domi-
nation by the second harmonic component (Figure 10b). This was
due to the fact that the fundamental component was a function of spa-
tial phase and the second harmonic was not. Figure 10d shows that
the fundamental component was, again, a sinusoidal function of spatial
phase; it also shows a relatively strong second harmonic component,
compared to X-like cells, across all spatial phases. Once again, posi-
tive and negative responses were arbitrarily assigned and the curve
represents the best fit sinusoid. The 2f/f ratio of W-like cells,
unlike X- and Y-like cells, varied as a function of spatial phase. For
example, at positions away from the null, the ratio was less than one,

indicating that the fundamental component dominated; at positions



Figure 10

Averaged W-like cell responses to a contrast-
reversal grating at various spatial positions on
the receptive field. The stimulus consisted of a
contrast-reversal grating of 1.52 cy/mm, at 6%
contrast, and modulated at a rate of 4 Hz. The
values above each figure (a, b, and c) refer to
the position of the grating, in degrees, on the
receptive field; zero degrees represents the
best estimate of the midposition of the receptive
field. The bottom illustration shows one com-
plete contrast-reversal cycle of the stimulus.
In (d), the relative response amplitudes of the
Fourier components of a W-like cell to a
contrast-reversal grating as a function of spa-
tial phase are shown. Stimulus parameters were
the same as in (a), (b), and (¢). Closed cir-
cles refer to the amplitude of the fundamental
component; asterisks represent the amplitude of
the second harmonic component. The curve is
the best-fit sinusoid to the data.
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closer to the null position, the ratio became larger than one,
suggesting that the second harmonic component was larger. This
becomes apparent when comparing the graphs in Figure 10; away from
the null (Figures 10a, c), the responses appear X-like, but closer to
the null, the responses mimic Y-like cells (Figure 10b). However,
the value of the 2f/f ratio was never as high as in Y-like cells. The
general response characteristics of most W-like cells were independent
of spatial frequency, temporal frequency and contrast. That is,
whatever mechanism is responsible for the nonlinear response was not
the same as Y-like cells, since Y-like cells behaved linearly at low

spatial frequencies and W-like cells did not.

3.3 Spatial and Temporal Contrast Sensitivity Functions.

To derive S-CSFs, sinusoidal gratings were drifted across the
receptive field of a ganglion cell at a constant temporal frequency.
The drift rate provided the temporal modulation of the responses.
For the majority of the cells isolated, a drtift rate of 4 Hz was used to
derive the S-CSF. With rare exceptions, cells were quite responsive
to this temporal rate. It was important to use the same drift rate for
all the cells, since average S-CSFs were calculated (éee Section 3.5).
When possible, different drift rates were also presented to a cell to
examine the role of spatib-temporal interactions on the shape of the
S-CSF. The sensitivity at each spatial frequency was derived by
interpolation on the response vs. contrast curves to find the contrast
for a constant response amplitude. This method of deriving sensitiv-

ity was also used to derive the T-CSF.
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Since X-like cells are‘ linear, the response measure wasA the
amplitude of the fundamental component. Figure 11 shows a typical
S-CSF from an X-like cell. The stimulus grating was drifted at a
rate of 4 Hz. The shape of the S-CSF was similar to those obtained
in other species; there was the sharp high frequency drop as well as
the low frequency attenuation believed to be due to lateral inhibition
within the receptive field of the cell (Ratliff, 1965).

To further illustrate the linearity of an X-like cell's response,
the fundamental component of the response vs. contrast for the same
cell in Figure 11 is presented in Figure 12 at several spatial frequen-
cies. The values at zero contrast represent the fundamental compo-
nent amplitude to a "dummy" stimulus; that is, a stimulus with no
modulation around mean luminance. This was a measure of the cell's
spontaneous rate.

The S-CSFs obtainéd from the single neurons are qualitatively
similar to the psychophysical S-CSF of the goldfish (Northmore and
Dvorak, 1979).° The peak of the psychophysical S-CSF is at about
0.3 cy/deg and the acuity limit, or high frequency cut-off, is
between 1 and 2 cy/deg. To compare the neuron's S-CSF to the psy-
chophysical function, cycles per millimeter on the retina were con-
verted to cycles per degree, using measurements obtained from the
schematic eye of the goldfish (Charman and Tucker, 1973). The
appropriate conversion value is about 19 deg/mm (see Appendix).
Extrapolating from the cell's S-CSF, the acuity limit is betwéen 12

and 20 cy/mm. This converts to between 0.6 and 1.0 cy/deg which



Figure 11

S-CSF of an X-like cell. The response measure
was the amplitude of the fundamental compo-
nent. The stimulus consisted of a 4 Hz drifting
grating. Sensitivity was obtained by interpola-
tion on the response vs. contrast curves to
find the contrast necessary for a constant
response amplitude.
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Figure 12

Response vs. contrast curves of an X-like cell
at several spatial frequencies. The response
measure was the amplitude of the fundamental
component. The stimulus consisted of a 4 Hz
drifting grating. The value above each figure
refers to the spatial frequency of the stimulus
grating. The dotted line in each figure repre-
sents the amplitude of the fundamental compo-
nent when a grating of zero contrast was pre-
sented; thus, it is a measure of the
spontaneous rate of the cell.
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is close to the behavioral limit. However, the peak of the cell's
S-CSF is at about 0.8 cy/mm which converts to 0.64 cy/deg, well
below the behavioral peak.

Since X-like cells are linear up to moderate contrasts, their
responses can be used directly as measures of sensitivity -- it is not
necessary to interpolate on response. vs. contrast curves functions.
Figure 13 shows the S-CSFs of several X-like cells obtained at a drift
rate of 4 Hz. The contrasts for each cell are indicated in the figure.
To be strictly correct, since these functions were derived directly
from the response measure (in this case, the fundamental amplitude),
the ordinate was designated as log relative 'response' rather than
'sensitivity'. These cells were all similar in the high frequency por-
tion of the S-CSF; however, two of the cells (Figures 13b, d) did not
appear to possess any low frequency attenuation as in the other cells.
It is worth noting that these two cells did not possess a surround
mechanism; that is, they were spatially nonopponent. This supports
the notion that the low frequency atte\nuation found in neurons is a
result of an antagonistic interaction between the center and surround
portions of the receptive field (Enroth-Cugell and Robson, 1984).

To test this hypothesis, S-CSFs were obtained separately from
the center and surround mechanisms and from the entire receptive
field by restricting the drifting grating to one portion of the recep-
tive field while maintaining the same mean luminance across the
remaining portion of the field. It should be mentioned that restrict-
ing the stimulus pattern to the middle portion of the receptive field

does not eliminate the influence of the surround component since the



Figure 13

S-CSFs of several X-like cells. The response
measure for each cell was the amplitude of the
fundamental component. In.all cases, the stim-
ulus consisted of a 4 Hz drifting grating. The
contrast at which each function was obtained is
given at the bottom of each figure.
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surround overlaps with the center inl the middle portion of the
receptive field. The intentions of this restricted pattern' were to
minimize the influence of one component while examining the other. A
similar argument can be made for restricting the pattern to the outer,
surround portion. Typical results are shown in Figure 14. The full
field S-CSF was obtained by presenting the drifting gratings across
the entire receptive field (7.5 mm circular aperture). The center
mechanism's S-CSF for this cell was determined with the drifting
grating confined to a 1 mm x 1 mm square centered on the receptive
field. For the surround S-CSF, the gratings were restricted to the
surrounding portion of the full aperture while the 1 mm x 1T mm cen-
ter square was held at mean luminance. The drift rate for all S-CSFs
was 4 Hz, and the response measure was the fundamental amplitude.
All sensitivity values were normalized with respect to one maximum
value. Therefore, displacement of the S-CSFs on the ordinate reflect
differences in sensitivity. (For example, the surround mechanism is
appoximately 1 log unit less sensitive than the center mechanism in
Figure 14.) As can be‘ seen in Figure 14, the center's sensitivity at
high spatial frequencies closely matched the sensitivity of the entire
receptive field suggesting that the center mechanism alone was
responsible for the high frequency portion of the cell's overall
S-CSF. waever, the surround mechanism's sensitivity was much
lower at these frequencies and probably contributed little to the
response to full field stimulation. This would be expected from the
larger area of the surround. At low spatial frequencies, the center

and full field values became disparate in that the center was more



Figure 14

S-CSFs of an X-like cell's receptive field com-
ponents. The response measure in each case
was the amplitude of the fundamental compo-
nent. The stimulus consisted of a 4 Hz drifting
grating. Sensitivity was obtained by interpola-
tion on the response vs. contrast curves to
find the contrast necessary for a constant
response amplitude. Each sensitivity value was
normalized with respect to one maximum value.
Closed circles represent the response of the
entire receptive field. Open stars refer to the
response to a grating restricted to a 1 mm by 1
mm square centered on the receptive field;
enclosed stars represent the response of the
cell to a grating restricted to the surrounding
portion of the full aperture. In all cases, the
portion of the receptive field not stimulated by
the grating was maintained at mean luminance.
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sensitive than the full field. At low spatial frequencies, the
surraund contributes to the response to full field stimulation, and
since, in most cases, the center and surround mechanisms are anta-
gonistic, the result is that the center response is "pulled down" by
the antagonistic surround when the entire receptive field is stimu-
lated. This was certainly the case for the cell in Figure 14 since the
fundamental components of the center and surround mechanisms were
180 degrees out of phase. However, as suggested by the large dis-
placement of the surround's S-CSF, the spatial opponency of this cell
was relatively weak, and the influence of the surround was minor
‘compared to other cells. In cells with strong spatial opponency, the
full field S-CSF had a more apparent low frequency attenuation.

As discussed earlier, the S-CSF of a ganglion cell is not separa-
ble from its T-CSF. That is, the shape of the S-CSF depends on the
stimulus grating's drift rate. To examine this phenomenon in goldfish
ganglion cells, S-CSFs were derived at different drift rates. The
results are shown in Figure 15. S-CSFs were obtained for drift rates
of 1, 4 and 8 Hz at 13% contrast and all values were normalized with
respect to one maximum value. The shape of the S-CSF depended on
the drift rate, but only at low spatial frequencies. At high spatial
frequencies, the three functions were very similar; the curves devi-
ated only at the lower frequencies. At the lower drift rates of 1 and
4 Hz, there was strong low frequency attenuation. However, at the
higher drift rate of 8 Hz, low frequency attenuation was less. Since
low frequency attenuation disappears at the high drift rate, it is pos-

sible that the surround mechanism is either unable to respond to or



Figure 15

S-CSFs of an X-like cell at different stimulus
drift rates. The response measure was the
amplitude of the fundamental component. The
stimuli consisted of a drifting grating at 1 Hz
(closed triangles), 4 Hz (closed hexagons), and
8 Hz (open hexagons), at 13% contrast. Each
value was normalized with respect to one maxi-
mum value.

135



Log Relative Response

136

Spatial Contrast Sensitivity

X-like cell (B99B) Drifting grating, 13% contrast.

Amplitude of Fundamental Component N: 20.

Spatial Frequency (cy/mm)



137

follow these frequencies, or that the ;:enter and surround components
are no longer antagonistic to one another. Although there were dif-
ferences at low spatial frequencies, the relative sensitivities of the
different S-CSFs were quite similar. This suggests that this cell
probably had a broad temporal tuning.

A typical T-CSF of an X-like cell is shown in Figure 16. The
T-CSF was obtained by presenting a uniform field which varied sinu-
soidally in intensity. This was presented at different temporal fre-
quencies and contrasts; sensitivity was calculated by interpolation on
the amplitude of the fundamental response component vs. contrast
curves, as described earlier for S-CSFs. At low temporal frequen-
cies, the cell was relatively insensitive; however, at frequencies
between 2 to 8 Hz the cell was quite responsive with a peak sensitiv-
ity at about 4 Hz.

To examine the center and surround interactions in more detail,
T-CSFs from the entire field as well as from the center and surround
separately were obtained. Figure 17 shows the results. The
response measure was the amplitude of the fundamental component and
the stimulus consisted of a uniform field which varied sinusoidally in
intensity at 25% contrast. All values were normalized with respect to
one maximum value. The center T-CSF was derived with the stimulus
restricted to a 1 mm by 1 mm square; for the surround T-CSF, the
stimulus was restricted to the surrounding portion of the full field
stimulus with a center square maintained at mean luminance. The full
field was a 7.5 mm diameter circular aperture. Several points are

worth mentioning regarding the T-CSFs (Figure 17a). At low tempo-



Figure 16

T-CSF of an X-like cell. The response measure
was the amplitude of the fundamental compo-
nent. The stimuli consisted of a uniform field
which varied sinsoidally in intensity. Sensitiv-
ity was obtained by interpolation on the
response vs. contrast curves to find the con-
trast necessary for a constant response ampli-
tude.
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Figure 17

(a) T-CSFs of the center (open stars), sur-
round (enclosed stars), and full field (closed
circles) of an X-like cell. The response meas-
ure was the amplitude of the fundamental com-
ponent; the stimulus consisted of a uniform
field which varied sinusoidally in intensity.
The contrast for each stimulus was 25 percent.
All  response values were normalized with
respect to one maximum value. See text for
details. (b) Fundamental component phase dif-
ferences between center and surround compo-
nents.
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ral frequencies, the center and the full field values are similar while
the surround values are much lower in sensitivity, suggesting that
the center contributes more to the full field T-CSF. Also, the center
is relatively more sensitive than the full field at low temporal fre-
quencies, which suggests that there must be antagonism between the
center and surround components. However, as temporal frequency
increases, the center and full field values become disparate; at the
same time, the sensitivity of the surround increases, and peaks at a
higher temporal frequency than the center component (8 Hz). Thus,
the surround is quite sensitive at high temporal frequencies, and in
fact, appears to be as sensitive as the center portion at high fre-
quencies. Also, at a temporal frequency of 8 Hz, the full field
T-CSF is more sensitive than either the center of surround alone
suggesting not only that there is no center and surround antagonism,
but that these components must be synergistic.

This can be explained by comparing the fundamental component
phase differences of the center and surround responses as in Figure
17b. At low temporal frequencies, the phases of the center and sur-
round values are about 180 degrees out-of-phase -- thus, at these
frequencies, the center and surround are antagonistic. However, as
the temporal frequency of the stimulus increases, the phases of the
center and surround components also change but at different rates.
At 8 Hz the phases between the center and surround are similar and
are now, in-phase. Thus, at 8 Hz, the center and surround compo-

nents are actually synergistic and their interaction enhances sensitiv-

ity.
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In general, Y-like cells were much easier to isolate and record
from than X-like cells. Also, isolation tended to be better maintained
over longer periods of time. Perhaps, like in the cat retina (Boycott
and Wassle, 1974), goldfish Y-like cells have larger cell bodies making
them easier to isolate and maintain. Although there has been no cor-
relation between spatial summation properties and anatomy in the
goldfish retina, there is evidence of at least three distinct anatomical
classes of ganglion cells in the goldfish retina (Hitchcock and Easter,
1984) . |

Since Y-like cells, by definition, are nonlinear, the amplitude of
the fundamental component was not appropriate as a response meas-
ure. Three different response measures were used for Y-like cells.
The fundamental response component was used to examine any linear
mechanisms of the cell. This also allowed a direct comparison with
X-like cells to examine whether the linear components of the Y-like
cells were similar to those of X-like cells. Because there is a strong
second harmonic component in Y-like cells when a contrast-reversal
grating is presented, the amplitude of the second harmonic component
was’ also examined for Y-like cells. This would provide some informa-
tion concerning the nonlinearities contained in Y-like cells. A third
response measure was the maximum response bin minus the minimum
response bin of the stimulus cycle (max-min), or in others words, the
peak-to-peak value of the averaged response. This was used as an
overall measure of the cell's response, including the responsesvof the

small nonlinear subunits like those found in Y-cells of the cat retina.



144

This response measure was chosen over the maximum response for
several reasons. The first was that the maximum response by itself
represents only one portion of the entire averaged response. There-
. fore, this measure would be very susceptible to random fluctuations
in the response. For example, some cells had a firing pattern in
which the action potentials fired in groups or multiples. This "burst-
iness" could have affected the maximum response measure. While the
max-min response is not much better, it does represent two values of
the averaged response cycle instead of just one. A more important
reason for using the max-min response has to do with the variability
of the cell's spontaneous rate over time. Since cells could be isolated
for up to six hours, the spontaneous rate could fluctuate due to cell
adjustments and, more importantly, for changes due to different
adaptation levels, such as changes in mean luminance or chromatic
adaptation. Any change in the spontaneous rate would affect vprima~
rily the maximum response, but not the max-min response. When
cells were re-examined with the same stimuli hours later, there might
be dramatic differences in the maximum response measure but not in
the max-min.

Finally, since Y-like cells are nonlinear, all spatial and temporal
CSFs were derived by interpolation from the response vs. contrast
curves. No CSFs were obtained directly from the response measures
even when the response was well within the linear response range.

Figure 18 compares a Y-like cell's S-CSF based on the fundamen-
tal component of the response and the max-min response. The drift

rate of the grating was 4 Hz. The sensitivity values of the funda-



Figure 18

S-CSF of a Y-like cell. The response measures
were the amplitude of the fundamental compo-
nent (closed circles) and the maximum response
minus the minimum response (open circles).
The stimulus consisted of a 4 Hz drifting grat-
ing. Sensitivity was obtained by interpolation
on the response vs. contrast curves to find the
contrast necessary for a constant response
amplitude.
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mental component and the max-min responsé were similar at low to
moderate spatial frequencies, but the curves became disparate at high
spatial frequencies. At high frequencies, the fundamental component
was relatively insensitive to gratings higher than 3.05 cy/mm,
whereas the max-min response was still sensitive. The differences,
no doubt, reflect the presence of the small nonlinear subunits similar
to those found in cat Y-cells. This figure also supports the notion
that the fundamental component of Y-like cells. reflects the same
mechanisms as those of X-like cells, at least at low to moderate spatial
frequencies, since the function was similar to the S-CSF found in
X-like cells. That is, the fundamental component of both X- and
Y-like éells were the result of a simple interaction of the responses of
the center and surround mechanisms of the receptive field.

' However, unlike Y-cells in the cat, the nonlinear subunits pro-
vided more than just an elevated discharge to the overall response.
There appeared to be a slight "doubling” of response when these
subunits were activated. Figure 19 compares the S-CSFs of the fun-
damental and second harmonic components of another Y-like cell. The
drift rate of the stimulus was 4 Hz and the two curves were normal-
ized with respect to one maximum value. At the lower spatial fre-
quencies, although the relative sensitivities differ, the fundamental
and second harmonic values were similiar in shape. This was prob-
ably due to the fact that the second harmonic component was the
result of the cell's response being distorted by the overdriving of the
response to zero. However, the curves become disparate at 6.10

cy/mm where the second harmonic component clearly dominated the



Figure 19

S-CSFs of a Y-like cell based on the first two
Fourier components. The response measures
were the amplitude of the fundamental compo-
nent (closed circles) and the amplitude of the
second harmonic component (asterisks). The
stimulus consisted of a 4 Hz drifting grating.
Sensitivity was obtained by interpolation on the
response vs. contrast curves to find the con-
trast necessary for a constant response ampli-
tude. Each - sensitivity value was normalized
with respect to one maximum value.
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response. This increase in sensitivity, at such a high spatial
frequency, must be due to the small, nonlinear subunits.

Most X- and Y-like S-CSFs were similar in shape; they poss-
essed relatively broad-band tuning along the spatial domain. How-
ever, there were Y-like cells that displayed much more narrowly
tuned functions. Figure 20 shows one of these Y-cells. The
response measure was the fundamental amplitude and the drift rate
was 4 Hz. This cell was insensitive to very low spatial frequencies
and peaked at a spatial frequency about three octaves higher than
most cells. This narrow tuning was not the result of a particular
drift rate since this cell was examined at several drift rates with no
dramatic change in the S-CSF.

To examine the influence of the center and surround mechanisms
on the overall Y-like cell S-CSF, S-CSFs were obtained using drifting
gratings restricted to the center (1 mm x 1 mm square), surround
(annular portion of the entire aperture) as well as the full field (7.5
mm circular aperture). Figure 21 displays the results from three
Y-like cells. The response measure was the fundamental component,
the drift rate was 4 Hz, and the mean luminance was the same for all
mechanisms. All values in Figures 21a and 21b were normalized with
respect to one maximum value. In Figure 21c, the center and sur-
round values were normalized with respect to each other; the full
field values were normalized separately. This was done because the
center and surround data were collected near the end of the record-
ing session approximately three hours after the full field data were

collected. Thus, there was a slight decrease in absolute sensitivity



Figure 20

S-CSF of a sharply-tuned Y-like cell. The
response measure was the amplitude of the fun-
damental component. The stimulus consisted of
a 4 Hz drifting grating. Sensitivity was
obtained by interpolation on the response vs.
contrast curves to find the contrast necessary
for a constant response amplitude.
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Figure 21

S-CSFs of three Y-like cells’ receptive field
components. The response measure was the
amplitude of the fundamental component. The
stimulus consisted of a 4 Hz drifting grating.
Sensitivity was obtained by interpolation on the
response vs. contrast curves to find the con-
trast necessary for a constant response ampli-
tude. Closed circles represent the response of
the entire receptive field. Open stars repre-
sent the responses to a grating restricted to a
1T mm by 1 mm square centered on the receptive
field; enclosed stars refer to responses of the
cell to a grating restricted to the surrounding
portion of the full aperture. In all cases, the
portion of the receptive field not stimulated by
the grating was maintained at mean luminance.
All sensitivity values in (a) and (b) were nor-
malized with respect to one maximum wvalue; in
(c), the center and surround values were nor-
malized together but the full field values were
normalized separately (see text for details).
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in the latter functions. As in X-like cells, functions of the center
and full field agreed at high spatial frequencies, indicating that the
full field response at high spatial frequencies resulted from the center
mechanism 6n|y, since the surround function was insensitive at these
high frequencies. The functions of the center and surround stimu-
lated alone had no low frequency attenuation, but the full field S-CSF
did possess a slight atteﬁuation at the lower frequencies. The low
frequency attenuation was most apparent where the surround was
most sensitive. In Figures 21a and 2lc, the center and surround
fundamental components were approximately 180 degrees out-of-phase
with one another at low spatial frequencies. However, in Figure 21b,
the phase of the fundamental component for the center and surround
mechanisms were not 180 degrees out-of-phase but approximately 135
degrees at the lower spatial frequencies. Thus, the two mechanisms
are not completely antagonistic nor synergistic. This could explain
why there was little low spatial frequency attenuation for the full
field function even though the‘center and surround were equally sen-
sitive at these frequencies.

Like X-like cells, the shape of the Y-like cells’ S-CSF depended
on the drift rate of the stimulus grating. Figure 22 shows the S-CSF
of a Y-like cell at different drift rates. The response measure for
these functions was the amplitude of the fuhdamental component and
all values were normalized with respect to one maximum value. The
high. frequency portion of the S-CSF was relatively unaffected by
changes in the stimulus’' drift rate. It was only at low spatial fre;

quencies and high temporal frequencies (16 Hz) that there was any



Figure 22

S-CSFs of a Y-like cell at different stimulus

drift rates. The response measure was the-

amplitude of the fundamental component. The
stimuli consisted of a drifting grating at 1 Hz
(closed triangles), 4 Hz (closed hexagons), and
16 Hz (open hexagons). Sensitivity was
obtained by interpolation on the response vs.
contrast curves to find the contrast necessary
for a constant response amplitude. Each sensi-
tivity value was normalized with respect to one
maximum value.
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substantial change in the function. Increasing the stimulus drift rate
decreased the degree of the low frequency attenuation in the S-CSF.

T-CSFs were also obtained from Y-like cells. All Y-like cells
responded to the temporal stimuli with pure sinusoidal modulation at
the stimulus frequency; that is, the response's power was at the fun-
damental component. Although, at first, this may seem odd given
that these cells are usually associated with a doubling response, it is
not peculiar when the type of stimulus being presented is examined.
With a contrast-reversal grating, it was found that Y-like cells
responded with a doubling of the stimulus modulation. | However, this
doubling usually occurred at high spatial frequencies; at lower spatial
frequencies, the cell did not respond at double the stimulus fre-
quency, but responded similarly to a linear, X-like cell in that a null
point could be found and the cell's response modulated at the same
frequency as the stimulus cycle. Taking spatial frequency to its low-
est limit, a contrast-reversal grating with zero spatial frequency is
nothing more than a uniform field sinusoidally modulated in time
around a mean luminance.

All Y-like cells' T-CSFs were band-pass; however, some Y-like
cells were much more sharply tuned in the temporal domain than oth-
ers. Figure 23 shows the T-CSFs of two Y-like cells. Figure 23a
gives an example of a broad band-pass cell while Figure 23b shows a
narrowly tuned Y-like cell. The response measure in both cases was
the amplitude of the fundamental component. The stimulus in both
cases covered the entire receptive field (7.5 mm circular aperture).

T-CSFs of a Y-like cell were determined for the center, sur-



Figure 23

T-CSFs of two VY-like cells. The response
measure was the amplitude of the fundamental
component. The stimulus was a uniform field
which varied sinusoidally in intensity. Sensi-
tivity was obtained by interpolation on the
response vs. contrast curves to find the con-
trast necessary for a constant response ampli-
tude. This figure illustrates the two types of
T-CSFs found in Y-like cells, a broadly tuned
function - (a) and a very narrowly-tuned
function (b).
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‘round and full field components to examine their interactions as a
function of temporal frequency. Figure 24 shows the resulfs. As in
X-like cells, the center and surround. components are antagonistic at
low temporal frequencies; that is, full field values are less sensitive
than the center values and the center and surround phases are
approximately 180 degrees apart. However, at high temporal frequen-
cies, the center and surround components appear synergistic; the full
field sensitivity values are higher than either the center and sur-
round values. Also, the phases of the center and surround compo-
nents coincide at the temporal frequencies in which the full field sen-

sitivity is enhanced (i.e., 16 and 32 Hz).

Unlike X- and Y-like cells, which appeared to be similar in most
respect; exéépt for the presence of the nonlinear subunits in Y-like
cells, W-like cells were a class apart. There was so much variability
across W-like cells that it is difficult to make general statements about
them.

For the most part, S-CSFs could be obtained from W-like cells.
Many of them had functions that were similar to X-like cells. That
is, there were no indications that any W-like cells possessed the
small, nonlinear subunits found in Y-Iike cells. The nonlinear
responses of W-like cells must be due to some other aspects of the
cell's mechanisms. One common finding regarding the S-CSFs of
W-like cells is that théy all showed a high-frequency sensitivity simi-

lar to that in X-like cells. Figure 25 shows the S-CSF of a W-like



Figure 24

(a) T-CSFs of the center, surround and full
field of a Y-like cell. The response measure
was the amplitude of the fundamental component
and the stimulus consisted of a uniform field
which varied sinusoidally in intensity at 13%
contrast. All  values were normalized with
respect to one maximum value. The center
T-CSF (open stars) was derived with the stimu-
lus restricted to a 1 mm by 1 mm square; for
the surround T-CSF (enclosed stars), the stim-
ulus was restricted to the surrounding portion
of the full field stimulus with a center square
maintained at mean luminance. Full field stimu-
lation (closed circles) was a 7.5 mm diameter
circular aperture. (b) Fundamental component
phase differences from the responses of the
center and surround components.
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Figure 25

S-CSF of a W-like cell. The response measure
was the maximum response minus the. minimum
response. The stimulus consisted of a 2 Hz
drifting grating. Sensitivity was obtained by
interpolation on the response vs. contrast
curves to find the contrast necessary for a
constant response amplitude.
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cell. The response measure was max-min and the drift rate was 2
Hz. Sensitivity was determined by interpolation on the response vs.
contrast curves. Note that the high frequency portion of the S-CSF
had no indication of the nonlinear subunits found at high spatial fre-
quencies in Y-like cells. If present, these would certainly be appar-
ent with the max-min response measure (compare with the Y-like cell
in Figure 18).

Some, but not all, cells possessed the low frequency attenuation
found in cells with an antagonistic mechanism present (e.g., the cell
in Figure 25). The shape of the S-CSF for cells with an antagonistic
mechanism, as with X- and Y-like cells, depended on the drift rate of
the stimulus grating. Figure 26 illustrates the dependence of the"
S-CSF on the stimulus' drift rate. The response measure was the
amplitude of the fundamental component and all values were normalized
with respect to one maximum value. At high spatial frequencies, the
drift rate had little effect on the S-CSFs; at low spatial frequencies,
however, the S-CSF was influenced dramatically in that the slow drift
rates produced large amounts of low frequency attenuation. By 8 Hz,
there was no low frequency attenuation at all. Thus, the mechanism
responsible for the low frequency attenuation was either insensitive to
high temporal rates or that 'the responses of the mechanisms were no
longer antagonistic at high temporal rates due to phase shift changes
across temporal rates (see Sections 3.3.2 and 3.2.3). Figure 27
shows the S-CSF of another W-like cell at different drift rates (Fig-
ure 27a); the T-CSF of the same cell is also shown in Figure 27b.

The response measure in both CSFs was the amplitude of the funda-



Figure 26

S-CSFs of a W-like cell at different drift rates.
The response measure was the amplitude of the
fundamental component. The stimuli consisted
of a drifting grating of 2 Hz (closed triangles),
4 Hz (closed hexagons), and 8 Hz (open hexa-
gons). Sensitivity was obtained by interpola-
tion on the response vs. contrast curves to
find the contrast necessary for a constant
response amplitude. Each sensitivity value was
normalized with respect to one maximum.
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Figure 27

S-CSFs (a) and T-CSF (b) of a W-like cell.
The response measure for all functions was the
amplitude of the fundamental component. The
stimuli for the S-CSFs consisted of a drifting
grating of 2 Hz (closed triangles), 4 Hz (closed
hexagons), and 8 Hz (open hexagons). For the
T-CSF, the stimulus was a uniform field which
varied sinusoidally in intensity (closed circles).
Sensitivity was obtained by interpolation on the
response vs. contrast curves to find the con-
trast necessary for a constant response ampli-
tude. For the S-CSFs, all sensitivity values
were normalized with respect to one maximum
value.
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mental component and all.values in Figure 27a were normalized with
respect to one maximum value. The T-CSF of this cell was typical of
W-like cells. Most W-like cells' T-CSF were sharply tuned to a small
range of temporal frequencies. Figure 28 shows another example of a
T-CSF. As with X- and Y-like cells, most of the cell's response to
uniform sinusoidally modulated gratings was found in the fundamental

component.

3.4 Orientation and Direction Selectivity.

Orientation and direction selectivity were examined by drifting
sinusoidal gratings in opposite directions varied in 45 degree steps
from 0 to 135 degrees. Spatial frequency, contrast and drift rate of

the stimulus were also varied.

Since X-like cells are linear, the response measure used to
examine orientation and direction selectivity was the amplitude of the
fundamental component. Four of the ten X-like cells tested for orien-
tation and direction selectivity displayed orientation tuning. Typical
results from an X-like cell are shown in Figure 29. The drift rate of
the grating was 4 Hz at 40% contrast. The ordinate is the amplitude
of the fundamental component of the response. The spontaneous rate
of this cell was zero. As can be seen in this figure, the degree of
orientation tuning depended upon the spatial frequency of the stimu-
lus grating. At low spatial frequencies (Figure 29a), there was little

or no orientation tuning, but as the spatial frequency of the stimulus



Figure 28

T-CSF of a W-like cell. The response measure
was the amplitude of the fundamental compo-
nent. The stimulus was a uniform field which
varied sinusoidally in intensity. Sensitivity was
determined by interpolation on the response vs.
contrast curves to find the contrast necessary
for a constant response amplitude.
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Figure 29

Orientation tuning of an X-like cell. The
response measure was the amplitude of the fun-
damental component. The responses of the cell
to a 4 Hz drifting grating at various orienta-
tions and at several spatial frequencies (a, b,
and c), are shown. The stimulus contrast in
each case was 40 percent. The spatial fre-
quency of the grating is given at the bottom of
each figure. This cell had no spontaneous
rate. To examine direction selectivity, each
orientation axis in each figure (a, b, and c)
was redrawn such that orientations 180 degrees
out of phase to one another were superimposed.
These redrawn figures are shown in (d), (e),
and (f).
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was increased, orientation tuning increased (Figures 29b, c).

Since drifting gratings of 0 and 180 degrees have the same ori-
entation but move in opposite direction the responses of these two
stimuli were superimposed on the orientation axis to test for direction
selectivity. This was done for all values 180 degrees out of phase.
The replotted values of the data in Figures 29a, b and c¢ are shown
in Figures 29d, e and f, respectively. In Figures 29e, f, the two
curves superimpose, indicating no direction selectivity. That is, the
cell responded similarly to gratings at the same orientation but moving
in opposite directions. From Figures 29e, f, the cell was also orien-
tation selective, since the functions were not straight horizontal lines.
However, the responses in Figure 29d showed a slight direction selec-
tivity at low spatial frequencies since the responses to gratings 180
out of phase did not superimpose on one another. This was the only
X-like cell isolated that displayed any indication of direction selectiv-
ity.

Figure 30 compares the spatial resolution of the cell in Figure 29
for gratings at the preferred and non-preferred orientations. As
expected, at low spatial fregquencies, the responses were similar, but
as spatial frequency increased, the responses of the two orientations
differed. These findings suggest that only the mechanism responsible
for the responses at high spatial frequencies (i.e., the center) was
not circular since this was where orientation differences occurred.

The remaining six out of ten X-like cells displayed little or no
orientation tuning to a drifting grating. Figure 31 shows one such

cell at several spatial frequencies. Once again the response measure



Figure 30

Spatial resolution of an X-like cell at preferred
and non-preferred orientations. The response
measure was the amplitude of the fundamental
component. The stimuli consisted of a 4 Hz
drifting grating at 40% contrast at the preferred
(closed squares) and .the non-preferred (open
hexagons) orientations. The spontaneous rate
of the cell was zero.
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Figure 31

Orientation tuning of an X-like cell with a cir-
. cular receptive field. The response measure
was the amplitude of the fundamental compo-
nent. The responses of the cell to a 2 Hz
drifting grating at various orientations, and at
several spatial frequencies (a, b, and c¢), are
shown. The contrast of each stimulus was 40
percent. The spatial frequency of the grating
is given at the bottom of each figure. The
dotted line in (a) represents the amplitude of
the fundamental component to a stimulus of zero
contrast.
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was the amplitude of the fundamen'tal component; the drift rate was 2
Hz and the contrast was 40 percent. The broken line represents the
amplitude of the fundamental component when only mean luminance was
present (i.e., spontaneous rate). As can be seen, there was little
difference in the response across orientation, even at high spatial
frequencies. However, at the highest spatial frequency (1.52
cy/mm), there did appear to be an irregularity in the function. This
may reflect random variability in the response, and will be discussed

below.

Since Y-like cells are nonlinear, the most reliable measure of
their overall response (including the nonlinear subunits) was max-
min; the fundamental and second harmonic components of the cell's
response were also calculated for comparison. All but one Y-like cell
displayed orientation tuning. However, as in X-like cells, the degree
of orientation tuning depended upon the spatial frequency of the
stimulus. Figure 32 shows the orientation tuning of a Y-like cell and
its dependence on spatial frequency. The response measure was the
max-min response, the drift rate of the stimulus was 4 Hz, and the
contrast for each stimulus is shown within each figure. The max-min
response with no stimulus contrast is represented by the dashed line
in Figures 32d, e. Thus, any response falling around this line could
be attributed to noise in the firing pattern of the cell. As can be
seen in this figure, at low spatial frequencies, the orientation tuning

was small (Figure 32a), but as the spatial frequency increased, so



Figure 32

Orientation tuning of a Y-like cell. The
response measure was the maximum response
minus the minimum response. The responses of
the cell to a 4 Hz drifting grating at various
orientations, and at several spatial frequencies
(a, b, c, d, and e), are shown. The spatial
frequency and contrast of the grating are given
at the bottom of each figure. The dashed line
represents the max-min response to a grating of
zero contrast.

182



Response (Spikes/sec)

80

60 1

160 4
4
140 4
"TK (s) 0.38 cy/mm, 13% contrast
0 60 120 180 240 300
2001
180
160
1
d (b) 0.78 cy/mm, 13% contrast
© 60 120 180 240 300
160 9
140 -
1204
100 o
J
80 4
L (c) 1.52 cy/mm 13% contrast
t Y T 4 r g ——
o 60 120 180 240 2300

Orientation Tuning

Y-like cell (caga)

Max -Min Response

Dritung grating. 4 Hx N 40

40 d- e e —_—

Spontsneous uu/“

X {d) 3.05 cy/mm, 25% contrast

o eo 300

240

120 180

‘4 (e) 6,10 cy/mm.95% contras!

\
.

T —

T v T -
] 60 120 180 240 300

Orientation (Degrees)

183



184

did the amount of orientation tuning (Figures 32b, c). At even
higher spatial frequencies (Figures 32d, e), several preferred orien-
tations were seen, and in some cases, the orientation of maximal
response differed from the maximum at lower spatial frequencies. For
example, at 0.76 cy/mm (Figure 32b), the preferred orientation was
roughly 180 degrees, while the non-preferred orientation was at 90
degrees. The shape of the curve resembled a "w", which is what
would be expected if the mechanism was elliptical and the maximum
and minimum responses were orthogonal. The same holds true for
1.52 cy/mm (Figure 32c). However, at 3.05 cy/mm and 6.10 cy/mm
(Figures 32d, e, respectively), the preferred orientation was not at
180 degrees but at 90 degrees; an orientation of 180 degrees at these
high spatial frequencies actually produced the minimum response.
Another interesting distinction between the responses at low and
high spatial frequencies was the shape of the function. At low spa-
tial frequencies, the curve resembled a "w"; however, at the higher
frequencies, there were actually several peaks and valleys in the
function. This change in the orientation function at the higher spa-
tial frequencies was not due the nonlinear subunits found in Y-like
cells because this finding also occurred when the response measure
was the fundamental component. There was also evidence for this
unusual orientation tuning in X-like cells. ‘Referring back to the
X-like cell in Figure 31, the apparently random variability found in
the function in Figure 31c could be due to the same phenomenon. It
is interesting to note that at the lower spatial frequencies (Figure

31a) the function is relatively flat. [If random fluctuation produced
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the distortion in Figure 31c, then it should be evident in all the
" figures, which is not the case. | -

Figure 33 shows- another Y-like cell which verifies that orienta-
tion tuning changes with spatial frequency and is maximal at interme-
diate frequencies. The response was max-min, the drift rate was 4
Hz, and the cbntrast of the gratings was 25 percent. The spontane-
ous rate is indicated by the dashed line. At low spatial frequencies,
responses at the preferred and non-preferred orientations were simi-
lar, but as spatial frequency increased, the responses at the two ori-
entations became disparate.

Eight out of fifteen Y-like cells tested displayed direction selec-
tivity. As with orientation tuning, direction selectiﬁty depended on
the spatial frequency of the stimulus. However, the dependence on
spatial frequency for direction selectivity was not the same as for ori-
entation tuning. For example, the Y-like cell in Figure 34 clearly
showed a direction. preference at low spatial frequencies (Figure 34a)
but not at higher spatial frequencies (Figure 34b). The response
measure was max-min, the drift rate ‘was 4 Hz and the contrast was
40 percent. The spontaneous rate is shown in Figure 34b by the
dashed line and orientations 180 degrees from one another were
supefimposed on the abscissa. Note that in this cell there was orien-
tation tuning at both spatial frequencies (since the functions were not
horizontal straight lines) but there was no direction selectivity at the
higher spatial frequency (i.e., responses to stimuli 180 degrees apart
superimposed on one another). This finding implies that orientation

and direction selectivity are two distinct phenomenon even though



Figure 33

Spatial resolution of a Y-like cell at the pre-
ferred and non-preferred orientations. The
response measure was the maximum minus mini-
mum response. The stimuli consisted of a 4 Hz
drifting grating at 25% contrast at the preferred
(closed squares) and the non-preferred (open
hexagons) orientations. The dashed line repre-
sents the max-min response to a grating of zero
contrast.
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Figure 34

Orientation and direction selectivity of a Y-like
cell. The response measure was the maximum
minus minimum response. The responses of the
cell to a 4 Hz drifting grating at various orien-
tations, at two spatial frequencies (a and b),
are shown. The contrast of each grating was
40 percent. The spatial frequency of the grat-
ing is given at the right of each figure. Ori-
entation values 180 degrees out of phase are
superimposed on the abscissa. The dashed line
represents the max-min response to a grating of
zero contrast. Note that at low spatial fre-
quencies (0.38 cy/mm) the cell is both orienta-
tion and direction selective (a), but at high
spatial frequencies (1.52 cy/mm) the cell is only
orientation tuned (b).
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they both depend on the spatial frequency of the stimulus.

To illustrate the distinction, Figure 35 displays the existence of
orientation and direction selectivity in a Y-like cell for both the max-
min response and the fundamental component. The stimulus was a
drifting grating at 4 Hz and was presented at various contrasts. The
responses to a zero contrast stimulus for the max-min response (Fig-
ures 35c, d) and the fundamental component (Figures 35f, g, h) are
shown by dashed lines. Once again, gratings whose orientations were
180 degrees épart were superimposed on the abscissa to examine
direction selectivity. At low spatial frequencies (Figures 35a, e),
there was little orientafion tuning but at intermediate spatial frequén-
cies (Figures 35b, f), both orientation and direction selectivity
became apparent. At higher spatial frequencies (Figures 35c, g) only
orientation tuning was seen; at the highest spatial frequencies (Fig-
ures 35d, h) there was no direction selectivity but possibly the
unusual orientation tuning seen in other cells. However, the respon-
ses were too close to the spontaneous rate to be sure. Since the
findings hold for both the max-min response and the fundamental
component, orientation and direction selectivity were probably not due

to the nonlinear subunité found in Y-like cells' receptive fields.

Since W-like cells are also nonlinear, the max-min response was
used to test for orientation and direction tuning. All W-like cells
displayed orientation and direction selectivity, and both were depen-

dent on the spatial frequency of the grating. Figures 36 and 37



Figure 35

Spatial frequency dependence of orientation and
direction selectivity of a Y-like cell. The
response measures are the maximum minus mini-
mum response (a, b, ¢, and d) and the ampli-
tude of the fundamental component (e, f, g,
and h). The responses of the cell to a 4 Hz
drifting grating at various orientations at sev-
eral spatial frequencies are shown. The spatial
frequency and contrast of the grating are given
at the bottom of the max-min response figures.
The arrows indicate that the pair of figures
represent different response measures to the
- same stimulus (e.g., a and e result from the
same stimulus). The dashed lines represent the
response of the cell to a grating of zero con-
trast. Note that the max-min response is some-
what higher to a "dummy" stimulus than the
fundamental component of the response, illus-
trating that there is more noise or variability in
the max-min measure. Orientation values 180
degrees out of phase are superimposed on the
abscissa. This figure demonstrates that orien-
tation and direction selectivity are found in
both the max-min response and the fundamental
component.
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Figure 36

Orientation and direction selectivity of a W-like
cell. The response measure was the maximum
minus minimum response. The responses of the
cell to a 2 Hz drifting grating at various orien-
tations, at several spatial frequencies (a, b,
and c), are shown. The contrast of each grat-
ing was 25 percent. The spatial frequency of
the grating is given at the bottom of each fig-
ure. The dashed line in (a) represents the

- max-min response to a grating of zero contrast.

Orientation values 180 degrees out of phase
were superimposed on the abscissa.
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Figure 37

Orientation and direction selectivity of two
W-like cells. The response measure was the
maximum minus minimum response. The respon-
ses of two cells to a 4 Hz drifting grating at
various orientations, at several spatial frequen-
cies, are shown. The spatial frequency and
contrast of each grating are given at the bottom
of each figure. Orientation values 180 degrees
out of phase were superimposed on the
abscissa. The max-min response of the first
cell (a, b, and c) to a grating of zero contrast
is represented by the dashed line in (¢). The
response of the second cell (d, e, and f) to a
zero contrast grating was 15 spikes/sec.
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show typical responses of a W-like cell to drifting gratings at
different orientaﬁons. In both figures (Figure 37 shows two cells),
max-min is the response measure and the responses to gratings 180
degrees apart are superimposed. " The drift rate was 2 Hz for Figure
36, and 4 Hz for Figure 37. The contrasts are indicated in each fig-
ure and the spontaneous rates are represe—nted by the dashed line or
indicated in the figure. Although W-like cells always displayed orien-
tation tuning, there was very little consistency in the magnitude of
the orientation tuning across spatial frequencies; there was no regu-
lar pattern as seen in X- and Y-like cells. Direction selectivity in
W-like cells also displayed no consistent pattern across spatial fre-
quencies. However, a spatial frequency could always be found where
the cell was not direction selective and that usually was at a high
spatial frequency. For example, in Figure 36a and b, there were
both orientation and direction tuning but in Figure 36¢c (a higher spa-
tial frequency) there was only orientation tuning. Similar resuits
occurred in Figure 37; at low spatial frequencies the cell had both
typ;-:s of tuning (Figures 37a, d, e) but at higher spatial frequencies,
there was only orientation tuning (Figures 37b, c, e, f). Finally,
there was no indication that W-like cells possessed any of the unusual
tuning at very high spatial frequencies found in Y- and possibly in
X-like cells. Once again, the W-like cells’ characteristics appear to

be different from X- and Y-like cells.

3.5 Spatial and Spectral Properties.

To examine the relationship between spatial and spectral proper-
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ties, each ganglion cell was c~|assifiedlalong both spatial and spectral
dimensions. Each cell was classified as X-, Y- or W-like based on its
response to a contrast-reversal grating; cells were also classified as
spectrally opponent or nonopponent as well as by the response of the
L-cones to center stimulation (L+/-, L-/* or L*/+* center cells). All
spectral classifications were based on responses to monochromatic
stimuli presented to the center (spot of light) and to the surround
(annulus of light) of the cell's receptive field. (See Section 3.1 for
details.)

A total of ninety cells were successfully classified by their spa-
tial summation and spectral properties. To examine the relationship
between spatial summation class (X-, Y-, and W-like) and spectral
class (L*/-, L-/*, and L*/* center) a 3 by 3 chi-square test of inde-
pendence was calculated on the frequencies across the various catego-
ries. Table 1 shows the frequencies and percentages for each cat-
egory. The results indicate that spatial summation class was
independent of spectral class (x2(4) = 3.92, p > 0.05). That is, a
cell classified as X-like was just as likely to be an L*/-, L-/*, or
L+/+ center cell; the same was true of Y- and W-like cells.

A 3 by 2 chi-square test for independence was performed on the
frequencies of spatial summation class and spectral opponency.
Results revealed that spatial summation was independent of the fact
that a cell was spectrally opponent or nonopponent (x2(2) = 0.8, p >
0.05). Table 2 provides the frequencies and percentages across the
categories.

In summary, there does not appear to be any relationship
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Table 1

Spatial Summation Class by Spectral Class

Spectral Class

199

L+/- L-/+ L+/+ Total
X-like 4(24%) 7(41%) 6(35%) 17(19%)
Y-like 9(23%) 17(44%) 13(33%) 39(43%)
W-like 14(41%) 13(38%) 7(21%) 34(38%)
Total 27(30%) 37(41%) 26(29%)
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Table 2

Spatial Summation Class by Spectral Opponency

Spectral Opponency

Opponent Nonopponent Total
Spatial ‘X-like , 6(35%) 11(65%) 17(19%)
Summation Y-like 11(28%) 28(72%) 39(432)
Class W-like 13(38%) 21(62%) 34(38%)

Total 30(33%) 60(67%)
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between a cell's spatial summation properties and its spectral
properties; X-, Y-, and W-like cells are equally likely to be spec-
trally opponent or nonoﬁpbnent; and L*/-, L-/*, or L*/* center cells.
Although spatial summation classification was independent of the cell's
spectral properties, other spatial properties, such as the S-CSF and
sensitivity to contrast (contrast gain), were influenced by the cells’

spectral properties.

3.5.1 S-CSF.

The S-CS.Fs of all the cells for which this information was avail-
able were entered into a data matrix and then sorted into the a'ppro-
priate categories and averaged. All S-CSFs were normalized with
respect to their own maximum sensitivity value. Only S-CSFs
obtained with drifting gratings of 4 Hz were used to eliminate any
spatio-temporal interactions (see Section 3.3). For the purpose of
comparability, the response measure for all S-CSFs was the amplitude
of the fundamental component. This provided information regarding
the center and surround mechanisms only, which, at least for X- and
Y-like cells, are similar; nonlinear subunits were excluded from the
analysis. The normalized S-CSFs from the different cells were aver-
aged, and the average renormalized to give the mean function for a
, particular classification of cells.

Average S-CSFs for X-, Y-, and W-like cells are shown in Fig-
ure 38. All three functions are typical. in shape in that they are
most sensitive to middle spatial frequencies, attenuate sharply at

higher spatial frequencies and gradually decrease in sensitivity at



Figure 38

Average S-CSFs of X-, Y-, and W-like cells.
The response measure was the amplitude of the
fundamental component. The S-CSFs of X-
(enclosed stars), Y-, (open stars), and W-like
(asterisks) cells were determined by their
responses to a 4 Hz drifting grating. Sensitiv-
ity for all Y- and W-like and most X-like cells
were obtained by interpolation on the response
vs. contrast curves to find the contrast neces-
sary for a constant response amplitude. The
sensitivity for some X-like cells was calculated
directly from the response measure. Each
average S-CSF was renormalized 'separately.
The number of cells for each spatial summation
class is given at the bottom of the figure.
Error bars represent one standard error of the
mean.
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Average S-CSFs of X—-, Y- & W-like Cells

Amplitude of Fundamental Component Drifting grating, 4 Hz.
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lower spatial frequencies. It is clear from the figure that X- and
W-like cells are relatively more sensitive at higher spatial frequencies
than Y-like cells. The high-frequency cut-off, if one were to extra-
polate, would be much lower for Y-like cells than for X- and W-like
cells. Since the high frequency portion is due to the smallest
subarea in the receptive field (i.e., the "center" for X- and Y-like
cells) these findings suggest that the Y-like cell's center area is
somewhat larger than the center of X-like cells. W-like cells clearly
have a receptive field subarea similar in size to the X-like cell's cen-
ter area; however, when examined in other species (Gordon and
Shapley, 1978), W-like cells do not appear to possess the classic cen-

ter and surround arrangement as in X- and Y-like cells.

Spectral Class. Figure 39 compares the average S-CSFs of

X-like L*/~, L-/+, and L*/* center cells. Although the L*/- and
L-/+ center cells’ S-CSFs were similar in shape, the L*/- center cells’
S-CSF was shifted to the higher spatial frequencies, both in their
peak sensitivity and their sensitivity at higher spatial frequencies.
Both of these results support the notion that L*/- center cells have a
smaller receptive field center than the L-/* center cells. The L+/+
center cells also have better spatial resolution than L-/+ and possi-
bly, L+/- center cells, although it is not as obvious at the peak sen-
sitivity. The S-CSF of the L+*/* center cells also appeared to be
broader in its band-pass characteristics than both L*/- and L-/* cen-
ter cells.

Similar, and more pronounced, differences occurred when the

Y-like L*/-, L-/*, and L*/* center cells were compared as shown in



" Figure 39

Average S-CSFs of X-like cells by spectral
class. The response measure was the amplitude
of the fundamental component. The average
S-CSFs of L*/- (closed circles), L-/*+ (open
circles), and L*/* (closed triangles) center
cells were determined by their responses to a 4
Hz drifting grating. Sensitivity was obtained
either by interpolation on the response vs. con-
trast curves to find the contrast necessary for
a constant response amplitude or by using
response measures directly. Each average
S-CSF was renormalized separately. The num-
ber of cells for each spectral class is given at
the bottom of the figure. Error bars represent
one standard error of the mean.
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Figure 40

Average S-CSFs of Y-like cells by spectral
class. The response measure was the amplitude
of the fundamental component. The average
S-CSFs of L*/- (closed circles), L-/* (open
circles), and L*/* (closed triangles) center
cells were determined by their responses to a 4
Hz drifting grating. Sensitivity was obtained
by interpolation on the response vs. contrast
curves to find the contrast necessary for a
constant response amplitude. Each average
S-CSF was renormalized separately. The num-
ber of cells for each spectral class is given at
the bottom of the figure. Error bars represent
one standard error of the mean.
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Average S-CSFs of Y-like Cells
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Drifting grating, 4 Hz.
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Figure 40. L+*/- center cells' high frequency cut-off was much higher
than that of L-/* center cells. However, unlike the X-like S-CSFs,
the peak seﬁsitivity of Y-like L*/- center cells' S-CSF was at a lower
spatial frequency than the L-/+ center cells' peak sensitivity. This
could be due to the fact that there was a small number of L*/- center
cells in the average S-CSFs. Also, these was much more variability
in the responses of Y-like cells than in X-like cells.

In Figure 41, the average S-CSF of W-like cells for each spectral
type is shown. Unlike X- and Y-like cells, there was virtually no
difference in the S-CSFs across the spectral cell types. There was
no difference in either the peak sensitivity or the relative sensitivity
at high spatial frequencies between L+/- and L-/* center cells. The
fact that there were no differences across spectral cell types for
W-like cells while there were clear differences in the S-CSFs of the
spectral types in X- and Y-like cells support the fact that W-like
cells are functionally different from X- and Y-like cells.

To produce a clearer picture of the differences across spectral
cell types (by increasing sample size), and since spatial summation
class was independent of spectral class (see Section 3.5), the S-CSFs
of the X- and Y-like cells were combined and compared across spec-
tral class; W-like cells were not included in the averaging since they
are clearly functionally different from X- and Y-like cells along this
dimension. Figure 42 displays the results. L*/- and L-/* center
cells were again relatively more sensitive at the higher spatial fre-
quencies than L-/* center cells. The peak sensitivity of the L-/+

center cells was also at a slightly lower frequency than both the L+/-



Figure 41

Average S-CSFs of W-like cells by spectral
class. The response measure was the amplitude
of the fundamental component. The average
S-CSFs of L*/- (closed circles), L-/* (open
circles), and L*/* (closed triangles) center
cells were determined by their responses to a 4
Hz drifting grating. Sensitivity was obtained
by interpolation on the response vs. contrast
curves to find the contrast necessary for a
constant response amplitude. Each average
S-CSF was renormalized separately. The num-
ber of cells for each spectral class is given at
the bottom of the figure. Error bars represent
one standard error of the mean.
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Figure 42

Average S-CSFs of X- and Y-like cells by spec-
tral class. The response measure was the
amplitude of the fundamental component. The
average S-CSF of L*/- (closed circles), L-/+
(open circles), and L+/+ (closed triangles) cen-
ter cells were determined by their responses to
a 4 Hz drifting grating. Sensitivity for all
Y-like and most X-like cells were obtained by
interpolation on the response vs. contrast
curves to find the contrast necessary for a
constant response amplitude. The sensitivity
for some X-like cells was calculated directly
from the response measure. Each average
S-CSF was renormalized separately. The num-
ber of cells for each spectral class is given at
the bottom of the figure. Error bars represent
one standard error of the mean.
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and L*/* center peaks; the L*/+ center cells had the largest shift to
higher spatial frequencies.

In summary, it is clear that for X- and Y-like cells, L+*/- center
cells possess a smaller receptive field center than L-/* center celis.
This is illustrated by the facts that L+/- center cells are relatively
more sensitive to higher spatial frequencies than L-/+ center cells and
that their peak sensitivityv is shifted slightly to higher frequencies.
For the L+*/* center cells, it is apparent that their center area is also
smaller than L-/+ center and probably L+*/- center cells. All of these
conclusions correspond to the findings obtained by mapping the
receptive field center with small spots of light (see Section 1.6.3).
Finally, W-like cells continue to live up to their name -- they appear

to be a class apart from the other spatial summation classes.

Spectral Opponency. S-CSFs were also compared as a function

of spectral opponency. For both X- and Y-like cells, the S-CSF
depended on whether the cell was spectrally opponent or nonoppo-
nent, at least for L*/- and L-/*+ center cells. Figure 43 compares the
average S-CSFs of cells that were spectrally opponent and nonoppo-
nent. Since the S-CSFs of X- and Y-like cells were similar, they
were averaged together. The response measure was the amplitude of
the fundamental component and each curve was normalized to its own
maximum sensitivity. There are two points worth noting in this fig-
ure: First, the spectrally opponent S-CSF was shifted to higher spa-
tial frequencies in both the peak sensitivity and the high-frequency
portion of the curve as compared with the spectrally nonopponent

S-CSF. This suggests that the spectrally opponent cells possess a



Figure 43

Average S-CSFs of X- and Y-like cells by spec-
tral opponency. The response measure was the
amplitude of the fundamental component. The

average S-CSFs of spectrally opponent (open’

hexagons) and spectrally nonopponent (closed
hexagons) cells were determined by their
responses to a 4 Hz drifting grating. Sensitiv-
ity values were determined as in Figure 42.
Each average S-CSF was renormalized sepa-
rately. The number of cells for each category
is given at the bottom of the figure. Error
bars represent plus or minus one standard
error of the mean.
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smaller receptive field center than spectrally nonopponent cells. Sec-
ond, there was more low frequency attenuation in the spectrally oppo-
nent cells' function than in the nonopponent cells’ S-CSF. This may
be the result of not testing at lower spatial frequencies; sliding the
spectrally opponent function to superimpose the peak sensitivities of
the two curves shows that at the lowest spatial frequency tested
(0.19 cy/mm) the curves are similar -- the mbst dramatic attenuation
for both functions would occur at frequencies lower than 0.19 cy/mm.
Regarding W-like cells, the sample size was too simall and the variabil-
ity across cells was too large to draw any conclusions.

éince both spectral class and spectral opponency/nonopponency
appeared to influence the S-CSF of cells, each cell was sorted by
both factors and then averaged. That is, spectrally opponent cells
were divided into L+*/-, L-/* and L*/* center types and average
S-CSFs were calculated; the same was done for spectrally nonoppo-
nent cells. The major distinction between the spectrally opponent and
nonopponent cells was that the nonopponent S—CSFI reflected primarily
the input of one cone type (L-cones) while the spectrally opponent
S-CSF was the result of an overt interaction of at least two cone
inputs. Note that the nonopponent cells are not necessarily driven
by only one cone type, but that one input dominated the response.
This was also true when the CRT display was used, since the L-cone
input of spectrally nonopponent cells dominated the ganglion cell
response across the spectrum. This was verified by the cell's
response to monochromatic stimuli at various wavelengths and by the

fact that when stimulated by the CRT display, the cell's response
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modulation corresponded to its L-cone center component. For
example, an L*/- center cell's response was in-phase with 'the sinu-
soidal temporal modulation of a uniform field (i.e., an increase in the
cell's response with an increase in stimulus intensity).

The results are shown in Figure 44. X- and Y-like cells were
combined; W-like cells were omitted from the calculations. For spec-
trally nonopponent (predominately L-cones) cells, there was a clear
distinction across the spectral cell types (Figure 44a). L*/- and L-/+*
center cell types differed both in their sensitivities at high spatial
frequencies and at the spatial frequency where sensitivity begins to
decline (i.e., peak sensitivity). For spectrally oppoﬁent cells (Fig-
ure 44b) however, the shift in S-CSFs was not as apparent.
Although there were slight differences at higher spatial frequencies,

the peak sensitivities across the spectral cell types were the same.

3.5.2 Response to Contrast.

Recently, a new classification scheme has been introduced in an
attempt to examine the relationship across tbhe various cell classifica-
tions. This classification is based on the neuron's response to con-
trast (Kaplan and Shapley, 1984; 1986), and was examined in the
goldfish ganglion cells in the following way: The response versus
contrast function was obtained from the cell's responses to the peak
spatial frequency of the S-CSF. The stimulus was a 4 szdrifting
grating and the contrast ranged from zero (dummy stimulus) to 95
percent. The response measure used for each cell was the amplitude

of the fundamental component. The response vs. contrast function



Figure 44

Average S-CSFs of X- and Y-like cells by spec-
tral class and spectral opponency. The
response measure was the amplitude of the fun-
damental component. The average S-CSFs of
L+/- (closed circles), L-/* (open circles), and
L+/+ (closed triangles) center cells were calcu-
lated by their responses to a 4 Hz drifting
grating. Spectrally nonopponent cells are
shown in (a); spectrally opponent cells are
shown in (b). Sensitivity was obtained as in
Figure 42. Each average S-CSF was renormal-
ized separately. The number for each category
of cell types is given at the bottom of each fig-
ure. Error bars represent one standard error
of the mean.
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for each cell was entered into a data matrix, sorted and averaged as
described earlier for the average S-CSFs. Unfortunately, not all
celis were presented with all contrasts, so many of the averaged
response functions had an unequal number of data points. The .num-
ber associated with each curve represents the total number of cells
used in the calculations.

Figure 45 compares the contrast-response curves of L*/-, L-/+
and L*/* center cells. In this figure, X- and Y-like cells were com-
bined; W-like cells were omitted since no differences were found
across spectral class for W-like cells. The response measure was the
amplitude of the fundamental component. As can be seen, L-/* cen-
ter cells were more sensitive to contrast than both L+*/- and L+/*
center cells; in fact, by about 10% contrast their response saturated.
For the L*/- center cells, the linear portion of the function extended
over a wide range of contrasts -- there was little evidence of satura-
tion in this function. L*/* center cells possessed attributes of both
L+/- and L-/* center cells. The linear portion of the function had a
similar slope to L*/- center cells but saturated at the same contrast
as L-/* center cells. Finally, there were differences in response sat-
uration among the cell types. The L*/* center cells' response satu-
rated at about 40 spikes/sec while L-/+ center cells reached 90
spikes/sec and the L*/- center cells' continued to respond at even
higher rates.

Figure 46 compares the contrast-response curves sorted by spec-
tral opponency. Once again, X- and Y-like cells were averaged

together. There was clearly a difference between spectrally opponent



Figure 45

Average response vs. contrast curves of X-
and Y-like cells by spectral class. The
response measure was the amplitude of the fun-
damental component. The average response vs.
contrast curves of L*/- (closed circles), L-/+

(open circles), and L+*/* (closed triangles) cen-.

ter cells were determined by the cells' respon-
ses to a 4 Hz drifting grating at the spatial
frequency of peak sensitivity for each cell.
The number of cells for each spectral class is
given at the bottom of the figure. Error bars
represent one standard error of the mean.
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Figure 46

Average response vs. contrast curves of X-
and Y-like cells by spectral opponency. The
response measure was the amplitude of the fun-
damental component. The average response vs.
contrast curves of spectrally nonopponent
(closed hexagons) and spectrally opponent
(open hexagons) cells were determined by the
cells' responses to a 4 Hz drifting grating at
the spatial frequency of peak sensitivity for
each cell. The number of cells in each
category is given at the bottom of the figure.
Error bars represent plus or minus one stan-
dard error of the mean.
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and nonopponent cells. Spectrally nonopponent cells were mu.ch more
sensitive to contrasf (i.e., steeper slope) than spectrally opponent
cells. There was also a difference in where the response saturated;
spectrally nonopponent cells saturated at a much higher response rate
than the spectrally opponent cells. These findings correspond to the
division found in macaque neurons (Kaplan and Shapley, 1984; 1986).
However, if spectral class is separated by spectral opponency as well,
an interesting pattern emerges.

Figure 47 shows the contrast vs. response curves of L*+/-, L-/+
and L+*/+ center cells as a function of spectral opponency. As can be
seen in Figure 47a, there was an obvious difference in spectrally
opponent and nonopponént curves for L*/- center cells. The spec-
trally nonopponent cells were much more sensitive to contrast and
saturated at a much higher response rate than the spectrally oppo-
nent cells. For L-/* center cells (Figure 47b), the difference
between spectrally opponent and nonopponent cells was not as appar-
ent. Although the slope of the nonopponent cells was slightly
steeper, their response saturation values were similar; also, both
curves saturated at the same contrast value. Regarding the L*/*
center cells (Figure 47c), there was no clear difference between the
contrast-response curves. Therefore, a cell's sensitivity to contrast
depends not only on whether the cell is spectrally opponent or nonop-

ponent, but also on the cell's spectral class.



Figure 47

Average response vs. contrast curves of X-
and Y-like cells by spectral opponency and
spectral class. The response measure was the
amplitude of the fundamental component. The
average response vs. contrast curves of spec-
trally nonopponent (closed squares) and spec-
trally opponent (enclosed stars) cells for L+/-
(a), L-/* (b), and L*/* (c) center cells were
determined by the cells' responses to a 4 Hz
drifting grating at the spatial frequency of

peak sensitivity for each cell. The number of
cells in each category is given at the bottom of
each figure. Error bars represent one

standard error of the mean.
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3.6 Unusual Units.

There was a small subclass of Y-like cells that gave an unusual
response to drifting gratings. All of these cells (7 cells) were
undoubtedily Y-like cells; they met all the criteria and were similar to
all Y-like cells in their responses to a contrast-reversal grating.
However, when a grating was drifted across the receptive field, their
responses were very complex; the type of response depended on the
spatial frequency of the grating. Figure 48 shows the response of
such a cell at two spatial frequencies. The grating was drifted at 4
Hz with a contrast of 13 percent. The abscissa represents one stimu-
lus cycle (250 msec) divided into 30 discrete bins (8.3 msec per time
bin). The ordinate is the response rate per time bin averaged over
56 stimulus cycles. At the lower spatial frequency (Figure 48a), the
response pattern was at double the stimulus frequency (i.e., most of
the response was at the second harmonic), while at the high spatial
frequency (Figure 48b), the response matched the temporal frequency
of the stimulus (most of the response at the fundamental). This
response pattern is the reverse of the typical Y-like cell response.
Most Y-like cells’ responses modulate at the stimulation rate at low
spatial frequencies, but deviate from this pattern at high spatial fre-
quencies. What is also puzzling is that for these unusual units,

there is very little power at any other component other than 2f at low



Figure 48'

Averaged response histograms of an unusual
Y-like cell to a 4 Hz drifting grating at two
different spatial frequencies. The contrast of
the grating was 13 percent. The abscissa rep-
resents one complete stimulus cycle. Note that
at 0.76 cy/mm (a) there is a clear doubling
response, but at 3.05 cy/mm (b), the response
modulates at the stimulus frequency.
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spatial frequeﬁcies. For typical Y-like cells, response to a drifting
grating is never a pure doubling response.

Spatial resolution of a similar cell was determined for j:he max -
min, the fundamental and the second harmonic components and s
shown in Figure 49. The grating was drifted at a rate of 4 Hz and
presented at 13% contrast. The ordinate is derived directly from the
response measures and is therefore labelled log relative response (see
Section 3.3.1). The spatial resolution of the max-min response was
very broad-band with no low frequency attenuation (Figure 49a).
However, the spatial tuning of the fundamental and second harmonic
components separately (Figure 49b) were typical in their shape with
respect to other S-CSFs. They were both sharply tuned and both
possessed low frequency attenuation. They differed from the other
functions in that the second harmonic component was more sensitive at
low spatial frequencies than the fundamental component. (All values
in the figure were normalized with respect to one maximum response;
hence, the second harmonic component was more sensitive than the
fundamental at lower spatial frequencies.) Also, the second harmonic
spatial tuning was shifted towards the lower spatial frequencies.
These components were clearly separate mechanisms, unlike the
S-CSFs of typical Y-like cells where the second harmonic component,
if found at low spatial frequencies, was usually a result of a low
spontaneous rate or of overdriving of the cell's responses. If these
three curves are superimposed on the same graph (Figure 49c), it is
obvious that the max-min function was the result of the most sensitive

mechanism (second harmonic at low spatial frequencies and fundamen-



Figure 49

S-CSFs of the various response components of
an unusual Y-like cell. Each function (max-min
(enclosed stars); amplitude of the fundamental
component (closed circles); amplitude of the
second harmonic component (open stars)) was
derived from the responses of the cell to a 4 Hz
drifting grating at 13% contrast. In (b), each
value was normalized with respect to one maxi-
mum value; thus, the second harmonic compo-
nent is more sensitive at low spatial frequencies
than the fundamental component. In (¢), the
three response measures are superimposed.
Note that the max-min response appears to be
the result of the most sensitive component
between the fundamental and second harmonic
components.
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tal at high spatial frequencies). The fact that there was a low
frequency attenuation in both the fundamental and second harmonic
components suggests that there was some antagonism within the
receptive field.

To illustrate that this phenomemon was not due to the fact that
response measures were used instead of sensitivity, Figure 50 shows
a similar cell in which sensitivity was derived by interpolation on the
response vs. contrast curves. The drift rate was 4 Hz, and the sen-
sitivity values of the max-min response were normalized with respect
to its maximum sensitivity, while the fundamental and second harmonic
component values were normalized to one maximum value. Once again,
the max-min response reflected the relative sensitivities of the funda-
mental and second harmonic components. The second harmonic compo-
nent was more sensitive to lower spatial frequencies and all functions
showed a low frequency attenuation.

Of the 7 Y-like cells that displayed these unusual characteristics
4 were spectrally nonopponent L*/* center cells, 2 were spectrally
opponent L*/- center cells and one was -a spectrally opponent L-/+
center cell. Thus, all of these cells had one thing in common -- all
cells were capable of generating an ON-excitation and OFF-excitation
response. This is obvious for the L*/+ center cells. For the spec-
trally opponent cells, a */* response would occur when two or more
antagonistic cone mechanisms interacted. For example, an L-/*+ and a
M+/- could produce an overall +/+ response, thus accounting for the
frequency doubling when a drifting grating is presented. This is

demonstrated in Figure 51. Figure 51 shows a peri-stimulus time his-



Figure 50

S-CSFs of another unusual Y-like cell. Each
function (max-min, asterisks; amplitude of the
fundamental component, closed circles; ampli-
tude of the second harmonic component, open
circles) was determined from the responses of
the cell to a 4 Hz drifting grating. Sensitivity
was obtained by interpolation on the response
vs. contrast curves to find the contrast neces-
sary for a constant response amplitude. The
values of the fundamental and second harmonic
components were normalized with respect to one
maximum value; the max-min values were nor-
malized separately from the other two measures.
Once again, the max-min response appears to
be a function of the most sensitive value of the
fundamental and second harmonic components.
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S~-CSFs of Another Unusual Y-like Cell
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Figure 51

Spectral properties of an unusual Y-like cell.
The responses to one second flashes of mono-
chromatic spots (center; a, b, and c¢) and
annuli (surround; d, e, and f) of light are
shown. The bottom illustrations show the onset
and offset of the stimulus. The three wave-
lengths (450 nm, (a) and (d); 510 nm, (b) and
(e); 700 nm, (c) and (f)) represent the isoab-
sorption points along the L-cone spectrum.
This cell was classified as. an L*/- center cell
since the response to a 700 nm spot of light
presented to the center resulted in an ON-
excitation response.
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togram of the responses of the cell shown in Figure 48 to
monochromatic spots and annuli of light. (This cell was classified as
an L*/- center cell.) The bars on the bottom of the figure represent
the one second presentation of the stimulus. Responses one second
prior to and one second after the stimulus are also shown. The
response is in spikes per second. Figures 5la, b and ¢ show the
responses of the cell to a spot of light at three. different wavelengths
(450, 510 and 700 nm) at roughly equivalent intensities. These three
* wavelengths represent isoabsorption points of the L-cones; therefore,
the responses would be similar if only the L-cones responded. The

spontaneous rate is close to zero which is shown by the responses

.one second prior to the presentation of the stimulus. At 700 nm
(Figure 51c), where only the L-cones are responsive, the cell
responded with excitation to the stimulus onset and gradually
decreased. This cell was classified as an L*/- center cell since its
response to a long-wavelength center stimulus was ON-excitation.
tThe apparent response at the offset of the stimulus was merely the
"on" response tapering off.) Comparing the response to the long-
wavelength stimulus to the response to a 510 nm stimulus (Figure
51b), the response pattern of the ceil differed. There was excitation
to stimulus onset, but the response was much more transient than at
700 nm. Also, there was a very strong excitation response at stimu-
lus offset. At this wavelength, the cell's response appeared */+. A
similar */* response pattern was found at 450 nm (Figure 5la). Since

the +/* response did not occur at 700 nm, where only the L-cones

were sensitive, then the response at the shorter wavelengths must
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have been due to more than one cone type. (The second cone type
in this case was probably the M-cones since the respoﬁses at 450 and
510 nm were similar and the sensitivity of these cones to these wave-
lengths are roughly equivalent.)

Turning to the surround, this cell was clearly spatially oppo-
nent, since at 700 nm, the response was opposite to the center's
response. There was an OFF-excitation to this wavelength and possi-
bly an ON-inhibition, although the spontaneous rate was too low to be
certain. However, at 510 nm, the response was ON-excitation and
OFF-excitation. Again, the response at this wavelength must reflect
the input of two cone types. Therefore, since the response was */+
for both the center and surround, the response to a drifting grating
would be twice the modulation frequency of the stimulus. However,
this cannot be the sole explanation since several "typical” Y-like cells
had */+ responses to spectral stimuli (either L*/* center or spectrally
opponent cells), but never responded with twice the modulation fre-
quency to a drifting grating stimulus. Finally, these cells all
responded to a uniform sinusoidally modulated stimulus at the modula-
tion frequency -- their response consisted mostly at the fundamental

frequency.

There was also a subgroup of W-like cells that responded to a
drifting grating at twice the stimulus modulation. However, their
response pattern was not the same as the unusual Y-like cells. Their

responses were not as strongly dependent on the stimulus' spatial
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frequency as -were those of Y-like cells. There was usually very
little difference between the amplitudes of the fundamental and second
harmonic components; one component did not dominate the response.
The S-CSFs derived from the fundamental and second harmonic com-
ponents usually corresponded with one another, which was not the
case in the unusual Y-like cells. Figure 52a shows an example of the
S-CSF of an unusual W-like cell. The S-CSFs of the max-min, the
fundamental and second harmonic components are shown for compari-
son. The drift rate of the grating was 8 Hz. In general, most of
these cells were very broad in their spatial tuning compared with
other cells. Figure 52b shows the T-CSF of the same cell. Only the
fundamental component was shown here since, as with the other cells,
most of the response was contained at the fundamental component.
Eleven of these unusual W-like cells were found; only 2 were L*/+
center cells and the remaining cells were either spectrally opponent or
nonopponent. Therefore, these cells were not similar to the unusual
Y-like cells, since the Y-like cells were either L*/* center cells or
spectrally opponent and their doubling response to the drifting grat-
ing could be accounted for by the number of mechanisms apparent in

their receptive field.

3.6.3 Unusual Spectral Classes.

One final cell merits attention. This cell was the only cell posi-
tively identified L-/- center cell. This cell responded to long-
wavelength light in the center portion of the receptive field by ON-

inhibition and OFF-inhibition. This cell was classified as a Y-like



Figure 52

S-CSFs and T-CSF of an unusual W-like cell.

Each S-CSF (a), max-min, (asterisks), ampli-,

tude of the fundamental component (closed cir-
cles) and the amplitude of the second harmonic
component (open circles), was determined from
the cell's response to a 8 Hz drifting grating.
The response measure of the T-CSF (b) was
the amplitude of the fundamental component.
Sensitivity was obtained by interpolation on the
response vs. contrast curves to find the con-
trast for a constant response amplitude. The
fundamental and second harmonic components in
(a) were normalized with respect to one maxi-
mum value.
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cell, possessed no spectral opponency and unfortunately, no
information regarding a surround was obtained. The interesting
thing about this cell occurred during the presentation of the spatial
stimuli. When the stimulus was at mean luminance, the cell responded
with a low, but obvious spontaneous rate. Whep a drifting grating
was presented, the cell's response went to zero and remained at zero
until the drifting stimulus was extinguished leaving the cell exposed
to mean luminance. At this time, the cell's firing rate returned to
spontaneous level. This cell could be classified as a "suppressed by
contrast” cell like that found in frog ganglion cells (Lettvin, Matu-
rana, McCulloch and Pitts, 1959). |In retrospect, it seems quite pos-
sible that there may have been other L-/- center cells which were

inadvertently passed by as cells that were unresponsive.
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(4]
DISCUSSION

4.1 Spatial Processing

4.1.1 Spatial Summation

The most important finding of this project is that goldfish gan-
glion cells can be classified by their spatial summation properties.
Using techniques that quantitatively assess a cell's spatial summation
properties, goldfish ganglion cells can be classified as X-, Y-, or
W-like cells. The response properties of these cells are virtually
identical to the response properties and classification of cat ganglion
cells. That this classification scheme is found in such disparate
species suggests that these cell types perform some basic and neces-
sary role in vision.

Using the same criteria as for cat X-cells, goldfish X-like cells
are linear. Goldfish Y-like cells, for the most part, are similar to cat
Y-cells in their response characteristics. Both cat Y-cells and gold-
fish Y-like cells respond to high spatial frequency, contrast-reversal
gratings with twice the stimulus modulation frequency and display no

null point. The nonlinearities of goldfish Y-like cells are most likely
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due to small, nonlinear subunits, as in cat Y-cells (Hochstein and
Shapley, 1976b). - This hypothesis is supported by the fact that the
nonlinearity is most apparent at high sbatial frequencies where such
small subunits are most responsive. Aside from this nonlinearity at
high spatial frequencies, the fundamental response component of the
Y-like cell behaves as in the X-like cell, suggesting that the organi-
zation of X- and Y-like cell receptive fields are similar, except that
Y-like cells possess nonlinear subunits. These findings agree with
what is known about cat ganglion cells (Enroth-Cugell and Robson,
1966; Hochstein and Shapley, 1976a,b). |

However, cat Y- and goldfish Y-like cells' responses are some-
what different when the contrast-reversal grating consists of low spa-
tial frequencies. Goldfish Y-like cells possess a null point at low
spatial frequencies. Cat Y-cells, on the other hand, display a slight
doubling response at the null position; however, when the grating is
positioned away from the midposition of the receptive field, - the
response is dominated by the fundamental response component as in
goldfish Y-like cells. Thus, although the nonlinear bebavior of the
cells in both species can be best explained by the presence of small,
nonlinear subunits, there are qualitative differences in the subunits’
properties. For the goldfish, the subunit responses appear to be
'nulled at low spatial frequencies along with the center and surround
responses; for cat Y-cells, only the center and surround components
are nulled at low spatial frequencies, leaving only the responses of
the rectifying subunits.

Victor and Shapley (1979) have suggested that the subunits in
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cat Y-cells result from the direct input of bipolar cells. It is
possible that the differences between the species’ subunitsAmay be a
reflection of the strength of the surround component of their bipolar
cells. Although' cat bipolar cells possess a center/surround organiza-
tion, the response of the surround is relatively weak cpmpared to the
center response (see Rodieck, 1973). Thus, stimulating both the
center and surround components (e.g., by presenting low spatial fre-
quency gratings) will result in a net response predominated by the
center component of the subunits. The surround does reduce the net
response somewhat since the subunits' responses are attenuated at low
spatial frequencies (Victor and Shapley, 1979); however, with low
spatial frequency stimuli, the subunits are not nulled by the center
and weak surround combination, and Y-cells will respond.

The surround component's antagonism to the center in goldfish
bipolar cells is much stronger than that found in the cat (see
Kaneko, 1970). Thus, at low spatial frequencies, the net result of
stimulating both the centers and surrounds of all the subunits could
produce a null response. With high spatial frequency stimuli, the
surrounds of these subunits would be less sensitive, leaving predomi-
nately the center responses which would behave as the cat Y-cells.

This discrepancy in spatial summation across spatial frequencies
between the goldfish and cat ganglion cells has been illustrated in
studies which examined Ricco's law in ganglion cells. Both cat (Cle-
land and Enroth-Cugell, 1968) and goldfish (Easter, 1968) ganglion
cells behaved similarly and obeyed Ricco's law when the stimuli con-

sisted of one spot of increasing diameter. However, when Ricco's law
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is examined in goldfish by using two spots in separate areas (both
spots positioned well within Ricco's area as determined above), Ricco's
law fails; two spots produced a greater response than predicted by
Ricco's law (Easter, 1968). For cat ganglion cells, Ricco's law pre-
dicted the behavior for both one and two spot experiments (Cleland
and Enroth‘—Cugell, 1968) (see Section 1.4.1). For the cat cells,
since there is little surround influence within a bipolar cell or subu-
nit, the net result of the ganglion cell is simply the combination of
the center components of the subunits. Thus, both a large stimulus
and several smaller stimuli (of the same total area on the receptive
field) will activate the same number of subunits vyielding identical
results. In goldfish, however, the small spots will only activate the
center portion of the subunits which will produce a greater response
than will larger stimuli which stimulate both the center and surround
components of the subunits.

The relationship between goldfish W-like cells and cat W-cells is
more difficult to determine. Since it is relatively difficult to isolate
and maintain stable recordings of cat W-cells from the optic tract,
their properties have not been studied in as much detail as X- énd
Y-cells. Also, because of response variability across W-cells, it is
difficult to find any common characteristics. The W-cell category in
the cat is a "catch-all" classification -- a cell that is not an X- or
Y-cell is categorized as a W-cell. This was also the case for the
goldfish W-like cell category; cells that did not fulfill all the criteria
for X-like and did not behave as Y-like were labelled W-like. One

general characteristic all W-like cells possessed was that they
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appeared to be "somewhere inbetween” X- and Y-like cells. For
example, when a contrast-reversal grating was presented at a position
away from the midpoint of the receptive field, the cell responded like
an X-like cell. However, positioning the same stimulus closer to the
middle of the receptive field, resulted in a Y—Iikg cell response. The
nonlinearities of W-like cells cannot be due to subunits like those
found in Y-like cells, since the nonlinearities are found at all spatial
frequencies. The one consistent finding on W-like cells is that,
regardless of the stimulus, their responses are different from X- and
Y-like cells under the same conditions. This is true for their orien-
tation properties as well as for the influence of their spectral proper-
ties on spatial processing.

One possible explanation for the strange and variable behavior of
W-like cells can be seen in similar cells found in the eel retina (Gor-
don and Shapley, 1978). Many goldfish W-like cells displayed
response characteristics similar to the "not-X" cell found in the eel.
To account for the responses of these "not-X" cells, Gordon and
Shapley proposed a receptive field organization which is different
from the center/surround organization of X- and Y-cells in the cat.
The receptive fields of these cells consist of two slightly overlapping
Gaussian distributions. One area responds with ON-excitation, the
other with OFF-excitation. Both areas possess linear spatial summa-
tion, but prior to combining the responses of the two separate areas,
the responses of each component are half-wave rectified. Therefore,
once the responses are combined, the overall response of the cell is

at twice the stimulus modulation. The degree of overlap of the areas
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varies from cell to cell; there is no consistent pattern across these
cells, thus accounting for the inconsistency within this classification.
It is also interesting to note that Gordon and Shapley (1978) found
that some "not-X" cells displayed S-CSFs with low frequency attenua-
tion. They attributed this finding to the possibility of a "silent sur-
round” (see Barlow, 1953). Some of the W-like cells in the goldfish
also displayed low frequency attenuation in the S-CSF. It is quite
likely that goldfish W-like cells and the eel "not-X" cells are similar
in their receptive field organizations.

The fact that goldfish ganglion cells can be classified by their
spatial summation properties confirms the results of Levine and Shef-
ner (1979) and Levine (1980) who found that goldfish ganglion cells
could be divided into X-like and not-X-like cells. Unfortunately,
because of their technique to determine the cell's linearity (rotating a
pinwheel of light within the center), they were only able to establish
that a ganglion cell was either linear (X-like) or nonlinear (not-X-
like). Also, in their studies, linearity ‘was only examined for the
center mephanism and not the entire receptive field. This project has
elaborated on their findings by examining the nature of the nonlinear-
ity of the not-X-like cells. These not-X-like cells can be subdivided
into Y- and W-like based on their response properties. In addition,
linearity was tested for both the center and surround mechanisms
simultaneously. Despite these differences across the studies, the
proportions of the various cell types in both studies are relatively
similar. Levine and colleagues found approximately two-thirds (64%)

of their cells to be not-X-like. In this study, if Y- and W-like cells



252

are combined into one "nonlinear" category, then 79% of the cells were
nonlinear.

One possible reason for the slight differences in percentages
across the studies, is that some W-like cells in the Levine studies
could have been misclassified as X-like cells. In the present study,
it was found that the responses of W-like cells could be very mislead-
ing unless examined with a wide range of stimuli. Since the nonlin-
earities of W-like cells (unlike Y-like cells) are most likely due to an
overlap of two receptive field areas (Gordon and Shapley, 1978), the
small, pinwheel stimulus, placed in the center of one field may not
activate the other field; since each area possésses linear spatial sum-
mation, the cell behaves linearly.

On the other hand, the findings of this project are in disagree-
ment with the findings of Spekreijse and van den Berg (1971) who
found that all goldfish ganglion cells possessed linear spatial summa-
tion -- no cells behaved nonlinearly. The discrepancies between the
present study (and the work of Levine) and Spekreijse and van den
Berg (1971) probably are related to the types of stimuli used and the
criteria for linearity. Spekreijse and van den Berg (1971) presented
a large checkerboard pattern which was sinusoidally modulated out-of-
phase with an adjacent checkerboard pattern. They were able to
adjust the phase and contrast of each pattern to create a stimulus
pattern that produced a "null” response from the ganglion cell.

Unfortunately, a large checkerboard, although it contains a large
number of spatial frequencies, has most of its power at low spatial

frequencies. Therefore, their stimulus consisted mostly of low spatial
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frequencies. |n the present study, it was found that a stimulus
consisting of low spatial frequencies was insufficient to feveal the
small, nonlinear subunits, and under these conditions, the cell would
behave linearly. It is quite possible that the stimulus used in the
Spekreijse and van den Berg (1971) study was insufficient to examine
the nonlinear subunits found in Y-like cells and thus, these cells
would be classified as linear.

This explanation does not account for the absence of W-like cells
in their findings. However, remember that W-like cells were very
difficult to classify (using contrast-reversal gratings, these cells
appeared to be X-like unless examined with a variety of spatial posi-
tions). In their study, a cell was considered linear if, by adjusting
the two adjacent stimuli, a null response occurred. Unfortunately,
they adjusted the stimuli so tha{ the two receptive field areas were
equally sensitive. By using a sensitivity measure, any nonlinearities
in the response are overlooked. Thus, by this criterion, all cells
should behave linearly.

Turning back to the Levine studies (Levine, 1980; Levine and
Shefner, l1979), their small, pinwheel stimulus must have contained
spatial frequencies high enough to stimulate the nonlinear subunits in
Y-like cells. Also, each stimulus series was presented at several dif-
ferent intensities to ensure that responses were consistent over a
wide range of values.

In summary, it appears that the differences in studies of spatial
summation of goldfish ganglion cells are due to the nature of the

stimuli and the criteria used for determining linearity. One of the
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purposes of the present study was to examine spatial summation
processing in goldfish ganglion cells using the exact s‘ame stimuli and
criteria as used in work on other species, primarily cat and monkey.
By using these techniques, it has been found that spatial summation
processing in goldfish ganglion cells is the same as in cat and monkey

neurons.

4.1.2 Spatial Contrast Sensitivity.

Another component of a cell's spatial processing characteristics is
its spatial filtering properties. These were determined by dei‘iving
each cell's S-CSF. From this information, it appears that goldfish
ganglion cells possess spatial filtering characteristics siﬁilar to the
neurons of other species. The goldfish ganglion cells' S-CSFs are at
least qualitatively similar to the S-CSFs obtained from the neurons of
cat and monkey. In most cases, the spatial filtering appears to be
bandpass in that the neuron is most sensitive to middle spatial fre-
quencies and less sensitive to higher and lower frequencies. The low
frequency attenuation is presumed to be due to lateral inhibition since
most neurons are comprised of a center and antagonistic surround
receptive field areas,.

Although the S-CSFs obtained from single neurons are similar in
shape among the different species, there are some differences. The
most important difference is found in the range of spatial frequencies
to which the neuron is sensitive. Compared to the cat and the mon-
key S-CSFs, the goldfish S-CSF is shifted to much lower spatial fre-

quencies, implying that the goldfish has poor acuity and is unable to
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detect fine detail in its environment. Of course, this is not
surprising since the underwater worlid of the goldfish consists of
"blurred" images, devoid of any fine details.

This'shift of the S-CSF of goldfish ganglion cells agrees with
the psychophysically determined S-CSF of the 'goldfish (Northmore
and Dvorak, 1978). It too, illustrates that goldfish spatial filtering
is bandpass and is shifted to lower spatial frequencies compared to
behavioral measures from the cat, monkey and man.

It is interesting to compare the psychophysical S-CSF to the
physiological S-CSF of single neurons. For the goldfish, although
the two functions are similar in shape, there are important differ-
ences. For example, despite the fact that the acuity limits of the two
functions appear to be similar, there is a large discrepancy between
the peak sensifivities of the psychophysical and physiological meas-
ures. The peak of the physiological curve is well below the peak of
the behavioral function. This discrepancy between the psychophysi-
cal and physiological functions at the peak sensitivity but not at the
high frequency cut-off implies that the ganglion cell S-CSFs have- a
wider bandwidth than the behavioral function. It is not entirely clear
why there is this ‘discrepancy between the bandwidths of the two
measures. Perhaps, as in other species, the bandwidths of neurons
in higher visual centers are narrower than those in lower centers.
For example, cat cortical cells are much more narrowly tuned across
spatial frequencies than LGN or ganglion cells (see Maffei, 1978).
Another possibility is that the differences between the functions are a

result of the stimulus used to derive the S-CSF. As was demon-
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strated in this work, the characteristics of the S-CSF for an
individual neuron depended on the stimulus parameters. The psycho-
physical S-CSFs were determined with static, sinusoidal gratings while
in this project, S-CSFs were derived from responses to drifting sinu-
soidal gratings.

Another apparent difference between the goldfish and other ani-
mals is in the similarity of the acuity limits of X- and Y-like cells.
In cat neurons, the differences in acuity limit between X- and Y-cells
were much larger than in the goldfish. Although there was some
indication that some goldfish ganglion cells were tuned to higher spa-
tial frequencies (see Figure 20), the majority of X- and Y-like cells
had similar functions. One explanation for the difference may be
sampling bias due to the size of the recording electrode. For exam-
ple, Shefner and Levine (1979) found systematic grouping of X-like
and not-X-like cells depending on the group of electrodes they used.
Since X-like cells probably have smaller cell bodies, they would be
more difficult to isolate. (This also accounts for the difficulty in
maintaining good isolation of X-like cells for long periods of time.)
Thus, if an X-like cell were found, it was probably somewhat larger
than the average X-like cell. The fact that only large X-like cells
were isolated explains why the average S-CSF of X-like cells was only
slightly shifted to higher spatial frequencies compared to Y-like cells.
However, this cannot explain why most neurons, both X- and Y-like,
had acuity limits which approached the behavioral limit. If only large
neurons were isolated then they would have functions shifted to much

lower spatial frequencies than the psychophysical values.
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The differences between cat and goldfish ganglion cells must
reside in differences in their receptive field components or inputs.
The spatial resolution of a ganglion cell depends on the size of its
receptive field center. For example, with retinal eccentricity, the
receptive field centers of cat ganglion cells become larger and this is
reflected in the spatial resolution of the cell; peripheral cells have
lower high-frequency cut-offs than cells more centrally located (Cle-
land, Harding and Tulunay-Keesey, 1979). Also, at any one retinal
location, Y-cells have poorer spatial resolution than X-cells (Cleland,
et al., 1979; Hochstein and Shapley, 1976a). It is hypothesized that
in the area centralis (where neurons have the best resolution), direct
input from one bipolar cell constitutes the receptive field center of a
ganglion X-cell. (The centers of these X-cells are about the same
size as a Y-cell nonlinear subunit, also believed to be the result of a
single bipolar cell input). Moving away from the area centralis, the
receptive field centers become larger and therefore must receive more
than one bipolar cell input, resulting in poorer spatial resolution.
Unlike the cat retina, the goldfish retina possesses no area cen-
tralis and is uniform throughout. Thus, within a spatial summation
class, it is not surprising to find that the S-CSFs across neurons are
similar. Thus, each goldfish ganglion cell probably receives a similar
number’ of direct bipolar cell inputs to its receptive field center. The
spatial resolution of each goldfish ganglion cell is too poor to be the
result of a single bipolar cell input to its center. Go‘Idfish X-like
cells are probably most similar to the X-cells found in the cat periph-

eral retina which must also have multiple bipolar cell input to their
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center mechanisms.

What is interesting is that the size of fhe goldfish Y-like cell
center, unlike the cat Y-cell, appears to be the same as the size of
its X-like cells. Thus, although the two cell types may serve differ-
ent functions in visual processing, as is believed to be the case in
the cat (i.e., X for acuity, Y for detection), the spatial resolution of

the two systems in the goldfish is similar.

4.2 Difference of Gaussians Model

4.2.1 Evidence Supporting the Model

Since the receptive fields of goldfish ganglion cells consist of the
same spatial organization (i.e., center and surround components) as
other species, such as the cat, it was predicted that the S-CSFs of
the goldfish cells would display the same characteristics. If the
S-CSF of a neuron is a function of the interaction between the
responses of the center and surround components, then any condition
that changes the balance of this interaction wou.ld also be reflected in
- changes in the S-CSF. For the most part, this was found to be the
case. For example, cells that displayed no antagonistic surround also
had no low frequency attenuation in the S-CSF. The function
appeared to be the result of the center mechanism only (see Sectiop
1.5.1). The size of these receptive fields must be similar to the size
of most receptive field center mechanisms since the high spatial fre-
quency portion of the S-CSF of these cells corresponded to the func-

tions obtained from cells with both a center and surround component.
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This was supported by the fact that there was no response when the
"surround” area was examined with flashes of light.

The exact nature of the center and surround mechanisms' influ-
ence on the cell's S-CSF was examined by obtaining-S-CSFs of each
component separately and comparing these functions to the cell's
overall S-CSF. These findings confirmed the S-CSF model proposed
by Enroth-Cugell and Robson (1984). Low frequency attenuation of
the S-CSF is the result of antagonistic inputs from the center and
surround; this antagonism occurs only when both mechanisms are
responsive to the stimuli which, because of the low spatial tuning of
the surround component, is found only at low spatial frequencies. At
high spatial frequencies, the full field S-CSF and the center compo-
nent S-CSF coincide suggesting that responses at high spatial fre-
quencies are driven by the center mechanism only.

It has also been demonstrated that the center and surround com-
ponents are not always antagonistic; in fact, under certain conditions
they may be synergistic, enhancing sensitivity. This finding explains
the variation of the S-CSF as a function of stimulus drift rate. At
high spatial frequencies, there is little or no change in the shape of
the S-CSF as a function of stimulus drift rate (at these frequencies
there is only the response of the center -- there is no interaction of
center and surround). The significant change occurs at low spatial
frequencies, where increasing the temporal rate of the stimulus, pro-
duces less attenuation.

One possible explanation for this phenomenon is that the sur-

round mechanism is less sensitive to high temporal frequencies and



260

therefore does not respond to the stimulus, pro'ducing no antagonism
at low spatial frequencies. However, this cannot be the vcase since
T-CSFs of the surround show that it is at least as sensitive as the
center component and usually peaks at a temporal frequency which is
higher than the center component peak. This is not surprising if one
assumes that the ganglion cell surround receives its input from amac-
rine cells which appear to be well suited to respond to transient stim-
uli.

The best explanation is found by comparing the relative phase
shifts of the center and surround components. At low temporal fre-
quencies, the center and surround components are approximately 180
degrees oﬁt-of—phase. Stimulating both the center and surround com-
ponents at low temporal frequencies produces an antagonism, and
thus, less overall sensitivity. Therefore, at low temporal frequen-
cies, or drift rates, the S-CSF will contain low frequency attenuation.
However, as the temporal frequency of the stimulus is increased, the
phase shift of both the center and surround components increases
(that is, they become slower in following the stimulus) but at differ-
ent rates. It is possible, and was always found to be the case in
this study, that there could be a temporal frequency at which the
center and surround responses are in-phase resulting in an increase
in sensitivity when the entire receptive field is stimulated. At this
temporal frequency, the S-CSF will have no low frequency attenuation
since there is no center/surround antagonism. These results are sim-
ilar to and support the work of Gouras and Zrenner (1979); they

found that at high flicker rates the center and surround components
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of rhesus monkey ganglion cells became synergistic. This
phenomenon of center and surround interactions changing with tempo-
ral frequency has been demonstrated in Limulus (Ratliff, Knight and

Graham, 1969) as well as in cat ganglion cells (Kaplan, et al., 1979).

4.2.2 Discrepancies in the Model

Although the difference of Gaussians model can account for a
substantial portion of the results, it does fall short. The difference
of Gaussians model assumes a receptive field with a circular center
and surround arranged in a concentric fashion. The facts that many
goldfish ganglion cells display orientation tuning and sometimes dis-
play direction selectivity are in direct contrast to the model. How-
ever, with a few minor modifications of the model, these results can
be explained.

The orientation selectivity of many cells suggests that their
receptive fields are not circular but elliptical. This is supported by
the fact that the orientation producing the maximum response is
orthogonal to the orientation of minimum response. However, since
orientation tuning occurs primarily at high spatial frequencies, only
the center needs to be elliptical. In cat ganglion cells, Levick and
Thibos (1982) have suggested that only the center mechanism is ellip-
tical while the surround component is circular; this has been sup-
ported by Soodak, et al. (1985). The goldfish center component may
also be elliptical. Similarly, the goldfish ganglion cell receptive fields
appear to be organized into smaller subunits as found in the cat

(Soodak, et al., 1985). This is suggested by the finding that orien-
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tation tuning changes drastically at very high spatial frequencies.
As in the cat, these subunits are not the nonlinear subunits found
only in Y-like cells, since orientation tuning occurs in X-like cells,
and is also prominent in the fundamental response component of the
Y-like cells' responses.

An elliptical center mechanism in goldfish ganglion cells is sup-
ported by the work of Levine and Zimmerman (1986). Not only do
they find that the center portion of many goldfish ganglion cells is
not circular, but they also find that the center portion consists of
smaller subunits with different ON/OFF response patterns. Thus, a
stimulus of appropriate high spatial frequency could activate these
subunits and produce a response pattern different from a stimulus
consisting of a lower spatial frequency in which the responses of
these units are merely averaged.

Another modification of the difference of Gaussians model must
be introduced to account for direction selectivity. Dawis, et al.
(1984) have produced such a model, cleverly referred to as the "mod-
ified difference of Gaussians” model. The modification is that the
center and surround components need not be concentric. By posi-
tioning the center component slightly off-axis with respect to the sur-
round, it is possible to produce directionally selective cells, even in
cells with linear spatial summation (X-cells). (Al that is necessary
for a directionally selective X-cell to produce a null response is that
the spatial phase of the center and surround midpoints be 180
degrees apart.)

From this model, direction selectivity can be explained by differ-
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ences in the phase relations between the center and surround
responses. Because of the asymmetry, a stimulus moving in one
direction could create a situation in which the center and surround
responses. are in-phase (producing a maximum response) while the
same stimulus moving in the opposite direction will cause the center
and surround responses to be out-of-phase (producing a minimum
response).

There are two findings which support this model for goldfish
ganglion cells. One finding is from the work of Levine and Zimmer-
man (1986) who found that the majority of goldfish ganglion cells
possessed some form of inhomogenity. For example, surround compo-
nent responses that were stronger on one side of the field or subar-
eas with different response patterns located adjacent to one another.
Any of these, with the appropriate stimuli, could produce a direction-
ally selective response.

The second piece of evidence which supports this model stems
from the fact that direction selectivity must be a function of the
center/surround interaction. Thus, for stimuli that do not activate
both mechanisms, there should be no direction selectivity. A consis-
tent finding in this study is that for all cells examined, direction
selectivity occurred only at the lower spatial frequencies. For exam-
ple, in Figure 35, at the low spatial frequency, the cell displayed
both orientation and direction selectivity; however, at the high spatial
frequency, direction selectivity literally "disappeared”, even though
orientation tuning was still apparent. This was true for all. the cells,

including W-like cells. When the stimulus activates only one receptive
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field component, there can be no interaction and thus, no direction
sélectivity. - Note that this does not apply to orientation selectivity
which further emphasizes the noﬁon that orientation and direction
selectivity are two independent phenomena produced by two different
mechanisms. However, this model cannot entirely explain the dramatic
direction selectivity found in many cells. An alternate, and perhaps
coexistent, explanation stems from the work of Levick and colleagues
in their research on the rabbit retina (e.g., Barlow, Hill and Levick,
1964) .

It is somewhat puzziing why orientation and direction selectivity
have not been reported in other studies of goldfish ganglion cells.
The same is true for cat ganglion cells -- some studies report signifi-
cant orientation tuning (Levick and Thibos, 1982; Soodak, et al.,
1985) while others show no evidence (Kuffler, 1953) and suggest that
the receptive fields are circular and concentric. One possibility is
that the studies which found no orientation tuning used stimuli that
were not adequate to examine the type of specialized tuning found in
both the goldfish and cat ganglion cells. It is interesting, and most
likely significant, that the studies which report orientation tuning
used sinusoidal gratings of various spatial frequencies as stimuli.
The other studies examined orientation and direction tuning with
spots or bars of light which passed through the receptive field.
Based on the findings of this study, it is quite clear that the tuning
characteristics depended on the stimulus parameters. Since a bar of
light consists of a variety of spatial frequencies, it is possible that

any orientation or direction tuning will be obscured with this stimu-
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lus. For an illustration of what could happen with a bar stimulus,
refer to Figure 32. Assume that the stimulus presented cdntains the
five spatial frequencies shown in the figure. Calculating the average
response-of the cell for each orientation the range of these mean val-
ues is about 23 spikes per second. Comparison of this value With the
range in any graph in the figure shows that the responses are quite
different 'for the two types of stimuli. Thus, the effects of orienta-
tion have been averaged out. A similar argument can be made for
direction selectivity.

We now summarize the important aspects of goldfish ganglion
cells. The majority of X- and Y-like cells appear to possess a center
and surround organization. However, these receptive field compo-
nents are not necessarily circular or concentric. Some cells may
possess an elliptical center portion and a circular surround. It is
also possible for a cell to possess a slightly elliptical surround as
well. The receptive field centers are not necessarily concentric
within the surround field. Some cells may have a center mechanism
which is slightly displaced from a completely concentric organization.
Although this modified difference of Gaussians model can adequately
describe the behavior of a cell under most circumstances, one should
also be aware that this model is not complete. The center and possi-
bly the surround components are further divided into smaller subu-
nits. For the most part, the responses of these subunits remain
obscured and averaged into oblivion; however, with the appropriate
stimuli (stimuli of high spatial frequency) these units can alter the

response pattern of the cell.
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The exact nature of the receptive field organization of the
unusual Y-like cells is somewhat perplexing. Perhaps the best expla-
nation is that these cells are special cases of "not-X" célls found in
the eel (Gordon and Shapley, 1978) and should be classified as W-like
even though their responses to contrast-reversal stimuli display
Y-like properties. These Y-like cells, like the "not-X" cells, appear
to possess separate ON and OFF overlapping areas. The ON and OFF
mechanisms can be a function of either the ON/OFF responses of L+*/+
center cells or spectral opponency (e.g., L*/- and M-/+). Another
feature that these cells may possess is that one area is smaller than
the other. Also, since these cells behave like Y-like cells to
contrast-reversal grating, they must also contain the small, nonlinear
subunits.

Finally, like the eel "not-X" cells, each area must summate lin-
early and separately as well as half-wave rectify prior to combination.
With this configuration, the cell's response to a contrast-reversal
grating of low spatial frequency will be linear, but at high spatial
frequency, the response will double due to the nonlinear subunits.
Regarding the cell's S-CSF, at low spatial frequencies, both areas
respond with half-wave rectification and out-of-phase, producing a
doubling response. However, at high spatial frequencies, the
responses of the larger area will diminish leaving only the smaller
mechanism to respond; even with the rectification, the fundamental
component will dominate the response.

Regarding the unusual W-like cells, their responses are similar

to the responses found in the "not-X" category in the eel and there-
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fore, probably consist of the reéeptive field model of two overlapping
areas and half-wave rectification prior to combination as proposed by

Gordon and Shapley (1978).

4.3 Spectral Contributions to Spatial Processing

4.3.1 Spatial Summation

Another important outcome of this project is the finding that
spatial summation is independent of a cell's spectral properties. The
significance of these results is that each spatial summation class con-
tains cells that provide color information (spectrally opponent cells)
and cells that do not provide color information (spectrally nonoppo-
nent cells). Also, each spatial summation class contains cells that are
activated by light (L*/- center cells), cells activated by the removal
of light (L-/* center cells) and cells which provide information
regarding transient illumination (L*/* center cells). The indepen-
dence of these classifications suggests that these categories also have
a functional independence to one another. If one were to assume that
each spatial summafion class serves a particular visual function then
it would be necessary for each class to contain a color channel as well ‘
as an achromatic one. For example, suppose that the role of X-like
cells (as many have suggested) is for visual acuity and Y-like celis'
role is to provide visual information to the eye movement center (see
Section 1.4.2). If it were the case that only X-like cells were spec-
trally opponent, then all information to the eye movement center

(Y-like cells) would be achromatic. A more efficient system would be
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for both functional classes to contain both color and noncolor informa-
tion. The same argument applies to the ON and OFF channels, if

they indeed perform separate functions (see below).

4.3.2 Influence of Spectral Properties on Other Spatial Processing

Although the spectral properties of a cell are independent of its
spatial summation properties,. the spectral properties did affect other
spatial properties, such as the S-CSF and its sensitivity to contrast.

S-CSF. As predicted, there were differences in S-CSFs as a
function of the spectral class of X- and Y-like cells. L*/- and L*/+
center cells had S-CSFs which were relatively more sensitive to
higher spatial frequencies than L-/* center cells. This implies that
the L*/- and L*/* center cells have a smaller center diameter than
L-/+ center cells, confirming the findings of earlier work in which the
receptive field centers were mapped using small spots of light (Macy
and Easter, 1981; Schellart and Spekreijse, 1976). The agreement
between the results obtained with‘ spots of light and the results from
the S-CSFs further supports the difference of Gaussians model and
the usefulness of the S-CSF. Since the size of the center determines
the high frequency portion of the S-CSF, any differences in center
size should also be reflected in the S-CSF; this was found to be the
case.

Another interesting finding concerns the influence of the cell's
spectral properties when the S-CSFs of spectrally opponent and
nonopponent cells are compared. It was found that spectrally oppo-

nent cells' S-CSFs were shifted to higher spatial frequencies than
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those of spectrally nonopponent cells. Although it may not be
entirely clear why this should be the case, the difference of Gaus-
sians model, based on what is known about the receptive field organi-
zation of goldfish ganglion cells, would predict the same results.
Referring back to Figure 3, an example of a spectrally opponent
(Figure 3a) and spectrally nonopponent (Figure 3b) receptive fields
are shown. Figure 3a is redrawn and shown in Figure 53a. Figure
53a shows the receptive field map of a typical spectrally opponent
cell. The letters refer to the maximally effective wavelengths and the
signs associated with the letters refer to an excitatory (*) or inhibi-
tory (-) response. The two inner ci‘rcles correspond to the center
while the large, outer circle represents the surround. The smaller
portion of the center consists of an excitatory Red-component and an
inhibitory Green-component. The inhibitory component extends
beyond the smaller excitatory component and forms the outer ring of
the center. Figure 53b shows the sensitivity profile of the two cen-
ter mechanisms; each profile is represented by a Gaussian distribu-
tion. Figure 53c is the resﬁlting profile of the difference of the two
Gaussian functions. The interaction between the antagonistic Red-
and Green-components has made the center Red-component smaller.
Thus, spectrally opponent cells have functionally smaller centers
resulting in better spatial resolution and a shift in the S-CSF towards
higher spatial frequencies. This "shrinking" of the receptive field
center will occur whenever both components are responsive to the
stimulus, for example, white light or any stimulus that stimulates both

the Red- and Green-components.



Figure 53

Spatial organization of a spectrally opponent
goldfish ganglion cell receptive field. (a)
Receptive field map of a spectrally opponent
goldfish ganglion cell. The outer area of the
center (-G) is enlarged in this figure to illus-
trate a point; it is actually much smaller than
depicted (see Figure 3a for the appropriate
dimensions). (b) Sensitivity profiles of the
center chromatic mechanisms; the curves repre-
sent Gaussian distributions. (c) Sensitivity
profile of the difference of Gaussians of the
center mechanisms presented in (b). See text
for details.
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The fact that there are no differences across spectral classes for
spectrally opponent cells (Figure 44b) suggests that the interaction
between the center components reduces the effective size of the cen-
ter ' similarly across the spectral cell classes. The interaction
"shrinks" the size of the center to similar sizes across the L+/-, L-/+
and L+/* center cell types and thus, the S-CSFs do not differ. For
spectrally nonopponent cells (Figure 44a), the center probably con-
sists of only the Red-component, and the S-CSF is solely a function
of this component's dimensions. Therefore, the differences in the two
S-CSFs reflect the differences in the Red-component center size
across spectral class.

Sensitivity to Contrast. Another spatial property that was influ- .

enced by the cell's spectral properties was its sensitivity to contrast.
For both X- and Y-like cells, sensitivity to contrast was affected by
both the spectral type of the cell and whether the cell was spectrally
opponent or nonopponent.

Turning first to the influence of spectral opponency on sensitiv-
ity to contrast, it was found that spectrally opponent cells Were less
sensitive to contrast than spectrally nonopponent cells; this agrees
with findings in macaque ganglion cells (Kaplan and Shapley, 1982;
1984; 1986). From a theoretical viewpoint, the distinction seems -
appropriate. |f one assumes that spectrally nonopponent cells provide
information regarding intensity of luminance changes in the environ-
ment, then they should be very sensitive to contrast. Spectrally
opponent cells, the most likely candidates for color information,

should be less concerned with intensity variations or luminance con-
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trast.

From a functional perspective, the difference of Gaussians model
predicts that spectrally opponent cells would be less sensitive to con-
trast than nonopponent cells. Referring back to Figure 53, the
result of the difference of Gaussians (Figure 53c) of spectrally oppo-
nent cells is not only to reduce the size of the receptive field center,
as discussed above, but also to reduce the overall sensitivity of the
center mechanism; thus making the cell less sensitive to contrast.

Regarding the differences in sensitivity to contrast across the
spectral classes, it was found that L-/* center cells were more sensi-
tive to contrast than both L*/- and L*/* center cells. It was also
found that the L-/* center cells saturated at a faster rate than the
other two spectral classes. The sensitivity to contrast of L*/* center
cells appears to be the result of a combination of the ON and OFF
responses. At low contrasts, these cells behave like L+*/- center
cells, but saturate at the same contrast as L-/+ center cells. This
hybrid response is not surprising since it has been shown anatomi-
cally that L+*/* center cells (ON/OFF) receive input from both ON-
center and OFF-center type bipolar cells in the inner plexiform layer
(Famiglietti, et al., 1977).

Differences in sensitivity to contrast between L*/- and L-/*+ cen-
ter cells suggest different roles for these cell types in the visual
process. For example, at scotopic levels, a substantial portion of
goldfish OFF ganglion cells were found to have a lower quantum-to-
spike ratio and signal-to-noise ratio than both ON and ON/OFF gan-

glion cells (Falzett, Nussdorf and Powers, 1987). Their findings
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suggest that these OFF cells were more sensitive to light than thé
other cell types. In addition, the psychophysical and OFF cell
thresholds were similar while ON cell thresholds differed from both.

Although the present study was performed under photopic condi-
tions, it is quite possible that the role of L-/* center cells is to
detect slight changes in intensity or contrast. The fact that OFF
channels are more sensitive to contrast than ON channels have also
been demonstrated in humans using visual evoked potentials (Zemon,
Gordon and Welch, 1986). On the other hand, the L*/- center cells'
function may be for spatial resolution or acuity. This is supported
by the fact that the linear portion of the response vs. contrast func-
tion covers a large range of contrasts and that the function saturates
at very high contrasts. Also, L*/- center cells have smaller recep-
tive field centers and are thus better suited for spatial resolution
than L-/+ center cells.

.The interaction between spectral class and spectral opponency on
the sensitivity to contrast can be explained by the fact that any
antagonismv between similar components will reduce the overall sensi-
tivity of the cell. Thus, for spectral classes of L+/-, L-/* and L+/+
center cells, the presence of spectral opponency reduced the sensitiv-
ity to contrast. For the L*/+ center cells, spectral opponency has
little effect since the ON/OFF components already produced

antagonism resulting in a decrease in overall sensitivity to contrast.

4.4 The Big Picture

Perhaps the most striking conclusion one can draw from the
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results of this project is the similarity of the responses of goldfish
ganglion cells to the ganglion cell respoﬁses of other specieé. When-
ever the same quantitative experiments are performed on cat and
goldfish ganglion cells, the findings are remarkably similar. They
both have the same spatial classes; their responses are a function of
spatio-temporal properties and orientation of the stimulus. Even the
microstructure of their receptive fields is similar in that they both
consist of small, unique subunits and asymmetries. Given that the
two species examined are so evolutionarily diverse suggests that these
properties are essential in visual processing.

In comparing the effects of the spectral properties on spatial
processing, one must turn one's focus to the monkey. When com-
pared, goldfish ganglion cells produce findings similar to monkey gan-
glion cells. Specifically, spectral opponency has the same effect on
the cell's sensitivity to contrast in both goldfish and monkey ganglion
cells (Kaplan and Shapley, 1982; 1984; 1986). The influence of spec-
tral class on sensitivity to contrast has not yet been examined in
monkey ganglion cells, but it would not be surprising if results simi-
lar to the goldfish were found.

It is also believed that when the influence of spectral properties
on other spatial processing is examined, they too will concur with the
findings in goldfish. To iIIustrafe this statement, data obtained from
Thorell, et al. (1984) have been redrawn and shown in Figure 54.
The data represents the S-CSFs of two cells located in the VI area of
the macaque visual cortex. The stimulus consisted of Iluminance-

varying gratings of 33% contrast. One cell was classified as "double-



Figure 54

S-CSFs of two cells in VI area of macaque vis-
ual cortex. One cell has been classified as a
single-opponent cell (closed triangles), the
other classified as double-opponent (open
stars). The stimulus in both cases, consisted
of a luminance-varying drifting grating of 33
percent contrast. Each function has been nor-
malized separately. The data points were
obtained from figures 12a and 12b from Thorell,
et al. (1984) and replotted in one figure; the
solid and dashed lines have been redrawn.
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opponent” and the other, ".single-opponent" (e.g., *R center/-G
surround). Since the grating varies only in luminance, the single-
opponent cell is functionally the same as a goldfish spectrally nonop-
ponent cell. The monkey double-opponent cell, of course, corre-
sponds to the goldfish ganglion cell equivalent. The S-CSFs of these
cells are very similar to the results obtained from the goldfish cells
(see Figure 43). Although each curve in the monkey data is repre-
sented by only one cell, the similarity to the goldfish data is quite
striking.

This project attempted to examine the spatial and spectral prop-
erties of goldfish ganglion cells. To do so, each cell was examined
and classified under a variety of dimensions; some were spatial dimen-
sions (e.g., spatial summation, response to contrast), others were
spectral categories (e.g., spectral class, spectral opponency). It
was hoped that from these different classifications, a small subset
(ideally one) could have been used to predict and explain the respon-
ses of each cell under a wide range of conditions. Unfortunately, it
is not that si‘mple. There is no one dimension that can predict the
response pattern of a ganglion cell. For example, knowing that the
cell is an X-like cell does not provide any information regarding its
spectral properties or the shape of its S-CSF. Also, if the S-CSF
displays no low frequency attenuation, it could be because there is no
surround or because the temporal pattern of the stimulus has invoked
a center and surround synergism. In order to‘understand the
response pattern of the cell, one must know several characteristics --

one or two will not be adequate. However, once the various parame-
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ters of the cell are known, as in this stud.y, its response to the
various stimuli can be understood.

The concentric center and antagonistic surround receptive field
organization is no longer completely adequate to explain a cell's
response pattern. This model was useful in explaining behavior when
the stimulus consisted of stationary spots or slowly moving bars of
light. However, as vision research progressed and the visual stimu-
lus became somewhat more complex and dynamic, so did the cell's
responses. T[he center and surround can be antagonistic to some
stimuli and synergistic to others; spectrally opponent cells' antagonis-
tic color components can interact and enhance the cell's spatial reso-
Iu’tion; a cell can provide orientation and direction information for
some stimuli but not for others. All of which leads to the following
conclusion: In order to understand the behavior of a neuron, one

must examine its spatial, temporal and spectral properties.

One goal of this project was to bring the spatial processing of
goldfish ganglion cells "up to date”. The general subdivision of gan-
glion cells into X, Y, and W categories appears to hold across verte-
brate species. These cells clearly exist in the goldfish and their
properties seem to be the same as in mammals. This increases the
usefulness of the goldfish as a "model vertebrate" system. The gold-
fish also offers some distinct advantages over other species: First,
the goldfish, unlike most mammals, has well-developed color vision.

Second, the spectral sensitivities of its cones are well separated so
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that, unlike in monkeys, it is relatively simple to isolate responses
driven by single cone types and to ask what are their sepérate con-
tributions to spatial and temporal processing. Third, compared with
the mammalian retina, the isolated goldfish retina is easier to main-
tain, and the responses of more distal cells that provide inputs to the
ganglion cells are easier to record.

In terms of future research, perhaps a more detailed and
focused approach is the next step. This project attempted to examine
a wide range of visual processing. Such a global approach was nec-
essary to provide a framework for more specific and detailed projects.

One such project would be a more detailed investigation of the
center and surround inputs to the overall S-CSF. Because the center
and surround fields overlap, it is impossible to stimulate the entire
area of one component without stimulating the other. For example,
any stimulus that stimulates the center must inevitably stimulate the
middle portion of the surround. This was the case in this project as
well; the stimulus areas for this study were chosen to maximize the
influence of one area, while minimizing the input from the other..
Since there is no simple way to avoid this interaction, it would be
interesting to examine the S-CSFs as the size of the stimulus area is
varied. For instance, one could restrict the stimulus pattern to 0.5,
1.0, 2.0 mm, etc. diameters and derive S-CSFs for the center and
surround and compare them to the full field S-CSF as in this study.
Presumably, as the stimulus area becomes smaller, there is less influ-
ence of the surround and the response is mostly the result of the

center input. To illustrate the role of the center and surround



Figure 55

Effect of stimulus area on the S-CSFs of the
center and surround components of an X-like
cell. The response measure was the amplitude
of the fundamental component. The stimulus
consisted of a 2 Hz drifting grating at 40% con-
trast. Each response value was normalized with
respect to one maximum. The dotted line in
each figure represents the response of the cell
to a zero contrast stimulus (i.e., spontaneous
level). The full field S-CSF (closed circles) is
shown in both figures for comparison. Open
stars refer to the response to a grating
restricted to either a 1 mm by 1 mm (a) or a
0.5 mm by 0.5 mm (b) square centered on the
receptive field; enclosed stars represent the
response of the cell to a grating restricted to
the surrounding portion of the full aperture.
In all cases, the portion of the receptive field
not stimulated by the grating was maintained at
mean luminance.
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interactions as a function of stimulus area, Figure 55 shows some pilot
work on an X-like cell. S-CSFs were obtained from the full field, the
center only, and the surround only. |In Figure 55a, the sinusoidal
grating was restricted to a 1 mm by 1 mm s;quare; in Figure 35b, the
grating was presented in a 0.5 mm by 0.5 mm square. For surround
stimulation only, the stimulus consisted of the full field area with a
center plug of the appropriate size. The overall mean luminance was
the same for all areas. The response measure was the amplitude of
the fundamental component and the stimulus consisted of a 2 Hz drift-
ing grating at 40 percent contrast. The full field S-CSF was derived
only once but shown in each figure for comparison. Although the
values at high spatial frequencies are most like due to noise (the hor-
izontal dotted line represents the cell's response to a zero contrast
grating), it is obvious that when the stimulus area is smaller (Figure
55b), the center component dominates the response. Comparing the
S-CSFs of the center and the full field with a larger stimulus area
(Figure 55a), there is some low frequency -attenuation in the full field
S-CSF as well as in the center component; at low spatial frequencies
in this figure the response of the surround function is relatively
strong and the center function may also contain a surround contribu-
tion. However, with a smaller stimulus area, the center displays no
low frequency attenuation and the surround response is not as
strong.

Another set of experiments that can be used to examine the
interaction of the center and surround, is to derive S-CSFs at differ-

ent mean luminances. As demonstrated in cat ganglion cells, at low
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luminance levels, the respon'se of the surround diminishes (Barlow, et
al., 1957); thus low frequency attenuation should decrease (Enroth-
Cugell and Robson, 1966). One could also examine the spatio-
temporal interactions under the different luminance conditions to
obtain a more complete understanding of the center and surround
interactions.

Finally, one could examine the spatial and temporal characteris-
tics of the separate cone channels. Although there is evidence from
human psychophysics that the L- and M-channels are spatially and
temporally similar (Cavonius and Estevez, 1975; Green, 1968; 1969;
Kelly, 1974; Mollon and Krauskopf, 1973), there is also evidence to
suggest that the S-channel may have poorer spatial (Cavonius and
Estevez, 1975; Green, 1968; Kelly, 1974) and temporal resolution
(Boynton and Whitten, 1975). To examine this, one must be able to
isolate the separate cone mechanisms prior to examining the spatial
and temporal properties. This could be accomplished by the use of
chromatic adaptation or the technique of "silent substitution” (see
Estevez and Spekreijse, 1982). Chromatic adaptation is a technique
in which an intense, spectrally restricted, light is presented to the
retina which selectively adapts or desensiti‘zes the cone mechanism(s)
one wishes to eliminate. The problem with chromatic adaptation lies
in the fact that the spectral sensitivities of the cone types overlap
particularly at the shorter wavelengths. Thus, although it is possi-
ble to e.iminate the M- and L-cones with an intense "yellow" light and
examine the S-cone input, it would be difficult to chromatically adapt

the S-cones and not also adapt the M- and L-cones. Another problem



285

with chromatic adaptation is the phenomenon of cross-adaptation.
That is, adapting one cone channel, may alter the senéitivity or
responses of the isolated cone channel (see Wisowaty and Boynton,
1980) .

Silent substitution is an alternative method to isolate cone types.
In this technique, two wavelengths of light are chosen so that the
two cone types one wishes to eliminate are equally sensitive. Alter-
nating these two stimuli in succession produces no change in response
for these two cone inputs. - However, if a third cone input is present
and the two stimuli are not iso-absorption values for that cone type,
there will be a response modulation when the two stimuli are inter-
changed. Unfortunately, for silent substitution to be effective, the
stimuli must be chosen with great precision; any variation can
produce large discrepancies in the responses. This can be accom-
plished only if the cone spectra are accurately known. Although
there are problems with both methods, any information regarding the

spatio-temporal processing of ;the cone types would prove interesting.
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Appendix

CONVERTING CYCLES PER MILLIMETER TO CYCLES PER DEGREE

In this section, the operations used to convert cycles per milli-
meters on the retina to cvcles per degree are described. This con-
version is necessary to compare the electrophysiological spatial con-
trast sensitivity function (S-CSF) of single neurons to the goldfish
psychophysical S-CSF determined by Northmore and Dvorak (1979).

The procedure is based on the values obtained from the sche-
matic eye of the goldfish (Charman and Tucker, 1973). They derived
the "standard" values from fish ranging in body length from 5 to 9
centimeters and body weight between 3 and 10 grams. Their sche-
matic eye reflects values of a 8.5 centimeter fish weighing 10 grams.

Based on the assutﬁptions of thick-lens theory and the fact that
the goldfish lens is roughly spherical, the principle and nodal points
are located in the center of the lens, the important value for our
purpose is the distance from the receptors to the lens nodal point or
the second focal length. Chgrman and Tucker (1973) found this
value to be 2.87 millimeters in water. (In air, it is slightly different
at 2.51 millimeters.) From this value, the appropriate conversion
value can be determined in the following manner:

Suppose an object is imaged on the retina so that the image cov-
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ers one millimeter of the retina. In bisecting this image with a line

perpendicular to the retina extending to the second nodal point of the

lens, a right triangle is formed (see Figure 56). Two sides of this

triangle are known since one side is one-half of the one millimeter

image on the retina, and another side is the second focal

From these two values, the angle 8 can be determined:

tan 8 = one-half image size / second focal length
Substituting the known values into equation A.1:
tan 8 = 0.5 mm / 2.87 mm

giving:

tan 8 = 0.17422
and solving for 6:

8 = arctan 0.17422
yielding:

8 = 9.88 degrees

length.

(A.1)

(A.2)

(A.3)

(A.4)

(A.5)

Since 08 represents only half of the entire image length, a one
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Figure 56

Schematic of the goldfish eye. The values are
from Charman and Tucker (1973).
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millimeter image on the retina has double this angular subtense to
yield 19.76 degrees. Therefore, the conversion factor is 20 degrees
per millimeter on the retina.

However, the schematic goldfish eye values were calculated from
a standard fish 8.5 centimeters in length. Since the goldfish lens
diameter is positively correlated with body length (Easter, Johns and
Bouman, 1977), the length of the fish used in the measurements could
affect the values of the lens diamenter and hence the conversion
value. Macy and Easter (1981) have shown that the distance on the
retinal surface per degree of visual angle varies as a function of the
lens diameter. Because of this, they have derived a general equation
which adjusts for the difference in lens diameter. This "Retinal Mag-

nification Factor (RMF) can be computed as follows:

RMF (um/deg) = 20.5 x lens diameter (mm) (A.6)

Referring back to the schematic eye, the lens diameter for the
standard fish is 2.40 millimeters. Substituting this value into equa-
tion A.6 giVes a RMF of 49.2 microns per degree. Converting to
degrees per millimeter vyields 20.3 or approximately 20 degrees per
millimeter; this agrees with the value determined above.

To determine the appropriate RMF of the fish used in this
study, the lens diameters of ten eyes used in this study were meas-
ured. Each lens was measured immediately following enucleation with
vernier calipers (Manstat; Type 6911). The average lens diameter

was found to be 2.58 millimeters (SD = 0.23). Substituting this value
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into equation A.6 produces a conversion value of 18.91 or 19 degrees
per millimeter. Therefore, the conversion value used in this project
to convert cycles per millimeter on the retina to cycles per degree of

visual angle was 19 degrees per millimeter.
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