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Abstract

A model is prop-osed for the spatial and temporal characteristics of X- and Y-type responses of ganglion
cells in tﬁe primate retina. |

Spatial aspects of the model:

Based on the geometry of the cones, horizontal, and bipolar cells in the outer Plexiform Layer, it is
suggested that the spatial organization of the receptive fields may take place at the level of the bipolar cells,

Two sizes of receptive field, both with the shape of a difference-of-gaussians, can be constructed at this
level. In the central fovea, one has a central diameter of about 80" (the midget bipolar channel), the second
about 150" of arc (the flat diffuse bipolar channel). |

The larger receptive fields of Y-units are generated by a convergence of smaller units at the level of the
ganglion cells.

Temporal aspects:

The X-‘type temporal response is determined primarily by the faét that its surround response is slower
than, and delayed with respect to, the center response.

The Y-type response is generated in the Inner Plexiform Layer by a derivative-like operation on the
bipolar cells signal (taking place in the dyad synaptic structure), followed by a rectification in the convergence
of these signals on the ganglion cell.

The X- and Y-type responses predicted by the model, for a variety of stimuli, were examined and com-
pared with available electrophysiological recordings. Finally, certain predictions derived from the model are

discussed.




1. Introduction

In this paper, a model for the spatio-temporal organization of receptive. fields in the primate retina is
proposed. The primary goal of the model is to account for the origin of X- and Y-type responses in retinal

ganglion cells,

The paper is organized into four parts. The first part surveys background data regarding the X/Y ‘
classification and retinal structure. The second part proposes a model for the generation of X- and Y-type
units in the retina. The third part compares the X- and Y-type responses predicted by the' model with electro-
physiological recordings for a variety of stimuli. The fourth and last part contains a short discussion and

summary.

1.1 Spatio-temporal organization of X and Y units

The spatialycenter-surround orgénization of retinal ganglion celis was first discovered by Kuffler [1952,
1953]. Rodieck and Stone [1965b] suggested that this organization was the result of superimposing a small
central excitatory region ona larger inhibitory "dome" that extends over the entire receptive field. Rodieck
[1965] and Enroth-Cugell & Robson [1966] described the two "domes" as gaussians, thus describing the

receptive field as a difference of two gaussians (DOG).

In 1966, Enroth-Cugell & Robson suggested a distinction between two classes of retinal ganglion cells in
the cat (termed X and Y cells), on the basis of the linearity of their respbnse to alternating gratings. When a
grating is turned on and off in the receptive field of an X-type cell, a "null position” at which no response is
elicited, can be found. Y-cells, in contrast, Have no such null position, and often respond to both the on and
the off phase of the stimulation [Hochstein & Shapely, 19764, cat; Schiller & Malpeli, 1977 De Monasterio,
1978b, monkey]. Following this classification, Cleland, Dubin & Levick [1971] found that responses of both
retinal and LGN cells in the cat can be subdivided i_nto sustained and transicnt response types, and that this

classification seems to correlate with the X/Y classification (the linear units being the more sustained ones).

- similar properties were found by De Monasterio [1978 b] in the monkey.




In addition to the linear/non-linear and sustained/transient distinctions, other parameters were suggested

to correlate with the X/Y subdivision. These include:

Size: Y-cells have larger receptive fields (measured in terms of radius of the unit’s center) than X-cells at
the same retinal eccentricity [Enroth - Cugell & Robson, 1966; Boycott & Wassle, 1974: Peichl & Wassle, 1979,

cat; De Monasterio & Gouras, 1975, monkey].

Color specificity: In the monkey X-cells are often cone-specific, while Y-cells tend to have a broz;td band

response [Schiller & Malpeli, 1977; De Monasterio & Gouras 1975; De Monasterio 1978a,b].
- Shift and Mcllwain effects: are significantly more pronounced in Y-type cells [Cleland, Dubin & Levick,
1971; Barlow, Derrington, Harris & Lennie, 1977, in the cat].
Conduction speed: is higher in outcoming fibers from Y-type ganglion cells, by about 70-100% [Cleland,
”Dubin & Levick 1971; Dreher, Fukada & Rodieck 1976, in the cat; Sherman et. al. 1976; Schiller & Malpeli
1977, in the monkey].

Anatomy: retinal X and Y cells differ in their anatomical appearance [Boycott & Wassle 1974, in the cat],
and in their relative densities at different eccentricities [Cleland & Levick 1974, Fukada & Stone 1974; Wassle,‘
Levick & Cleland 1975; in the cat, De Monasterio & Gouras 1975; De Monasterio, 1978a; in the monkey].
There is evidence suggesting that in the monkey their target cells in the LGN are organized in different layers
[Dreher et. al. 1976; Sherman et. al. 1976}, which then project to distinct cortical layers {Hubel & Wiesel, 1972].

For a detailed summary of X/Y differences in the cat see also [Rodicck, 1979].

1.2 X/Y properties incorporated in the model

Although not all of the above distinctions are universally accepted as pertaining to X - Y classification,
the evidence strongly suggests the existence of sub-populations of retinal cells with different spatio-temporal
characteristics. (There are additional cell types in the retina, e.g. the W-cells, [Stone & Hoffmann, 1972; Stone
& Fukada, 1974; in the cat, De Monasterio, 1978c; in the monkey] but these will not be considered here.)

It appears possible, however, that the X/Y partition may not be sharply defined, for two reasons. F‘irs;t, the
p




correlation among the various properties that distinguish X- from Y- cells is not ideal. Second, there may exist
X and Y cells with intermediate propertles e.g. between pure sustained and pure transient (see, e.g., Schiller
& Malpeh 1977, Fig. 8; De Monasterio, 1978a, Fig. 11). For methodologxcal reasons, however, we shall
start by examining "idealized X" and "idealized Y" responses, defined by their transience and linearity. Thus,
an idealized X-response would be sustained and linear, while an idealized Y-response would be transient and
non-linear. We shall then suggest how intermediate responses may be generated. The receptive field’s size
and some aspects of color specificity will‘ also be discussed, but the shift and Mcliwain effects will not be
considered. The model further assumes stable adaptation level in photopic vision, so that the effect of rod
mechanisms and adaptation processes (as well as the contrast gain control described by Shapley & ’Vic’:tor,
1978) will not be considered. The main aim of the model is to account for the origin of X- and Y- type
responses (subject to the above limitations), and to explicitly predict X- and Y-type responses to arbitrary
spatio-temporai patterns.

-

1.3 Anatomy and Physiology of the vertebrate retina

In this section, aspects of the anatomy and physiology of the vertebrate retina will be briefly reviewed.
The review is not intended to be complete, but to provide a general overview and to introduce the data of
direct relevance to the model. Since physiological data on the primate rétina is restricted primarily to ganglion
cells, the model incorporates certain data from the retinae of lower vertebrates. Our strategy in adopting such

data will be explained.
1.3.1 Anatomy

Detailed descriptions of the primait‘e retina can be found in the works of [Cajal, 1911; Polyak, 1941:
Dowling & Boycott, 1966; Boycott & Dowling, 1969; Kolb, 1970; Boycott & Kolb, 1973]. The general struc-
tufe of the retina is summarized in Figure 1. The first layer of cells includes the rod and cone photoreceptors.
In the outer plexiform layer (OPL), the cones contact the horizontal cells and the invaginating midgct bipolar

cells in a synaptic structure called the triad, and the flat-midget and flat-diffuse bipolar cells on the basal




Figure 1. The primate’s retina. A: The retinal structure (after Boycolt & Dowling 1969, fig. 98) showing the
different cell types. The upper row are the receptors, (HD) and (HA) the horizontal cells, (FB) a flat bipolar cell,
(MB) an invaginating midget bipolar cell, (FMB) a flat midget bipolar cell, (A1) to (A4) different amacrine cells,
(G1) midget ganglion cells and (G4) Y ganglion cells. B: the triad in the cone’s pedicle (from Kolb 1970, fig. 59),
showing the processes of the horizontal cells (HD1, HD2),the flat bipolar cell (FB) and the midget bipolar cells
(MB, FMB). C: the dyad (from Dowling & Boycolt 1966, fig. 14 ) showing the synapses from the bipolar cell(B)

to the amacrine cell (A) and to the ganglion cell(G), as well as the reciprocal synapse of the amacrine cell onto
the bipolar cell.




membrane nearby (Fig. 1-b). Midget and flat-midget bipolar cells contact a single cone, while the flat-diffuse
bipolar cells contact about 6-7 cones. The horizontal cells provide lateral connections in the OPL. Two distinct
types of horizontal cells haye been described in the primate [Kolb, Mariani & Gallego, 1980]. Type I have
a dendritic field diameterof about 20 in the fovea connecting exclusively to cones, and a larger axonic field
connecting exclusively to rods. The two fields are connected by a long, non-branching axon. This connection
is likely to be physiologically ineffective [Kolb, Mariani & Gallego, 1980; see also Nelson et al regarding type
B horizontal cells in the cat]. Type II horizontal cells in the fovea have a larger and more diffuse dendritic
Aﬁeld. their axon is shorter and branching, and it bears clusters of terminals connecting to cone pc;,dicles. It is
unknown whether the horizontal cells make efferent connections to cones or to bipolar cells. (Connections to
bipolar cells have been shown in the mudpuppy, Dowling & Werblin 1969, and to cones in the turtle, Baylor,
Fourtes & O’Bryan, 1971.) Also unknown is whether the connections of horizontal and flat bipolar cells to

cones is color-specific, and the extent to which horizonatl cells are interconnected.

The bipolars terminate in the inner plexiform layer (IPL) where they contact both amacrine and ganglion
* cells in the same synaptic structure, shown in Fig. 1-c (This synaptic arrangement is called the dyad. ) In close
proximity to this structure, the amacrine cell synapses back onto the bipolar cell, and it also contacts directly
the ganglion cell. There are several anatomically distinct types of amacrine and ganglion cells that differ in the
size and shape of their dendritic fields, as illustrated schematically in Fig. 1-a. The IPL is further divided into
two layers: invaginating midget bipolar cells terminate in its inner third layer (sublamina b), and flat-midget
in the outer third (sublamina a) [Dowling & Boycott 1969]. In other species On—center bipolar cells have been
shown to terminate in sublamina a, and off{center in sublamina.b [Famiglietti, Kancko & Tachibana, 1977,
carp; Nelson, Famiglictti & Kolb, 1978, cat].

Figure 1 here.
1.3.2 Physiology — the use of lower vertebrates data

Physiological data on the primate retina is limited to ganglion cells [Gouras, 1968, 1969; De Monasterio &

Gouras, 1975; Schiller & Malpcli, 1977; De Monasterio, 1978a, 1978b]. Responses of other retinal cells, wheﬁ




required, had therefore to be inferred from data concerning other mammals and lower verfebrates. Such an
inference has to be exercised with care, but in certain instances is supported by the fact that the basic responses
of retinal preganglionic cells show strong similarity across species, such as goldfish and catfish [Chan & Naka,
1976; Kaneko, 1970], the mudpuppy [Werblin & Dowling, 1968; Miller & Dacheux, 1976a,b], salamander
[Wunk & Werblin, 1979] and turtle [Schwartz, 1973; Marchiafava & Torre, 1978].

Our strategy has been to adopt the response of a given cell only if (i) it isinvariant across sbecies aﬁd (i) it
is also consistent with the primate’s retinal anatomy. The responses adopted in this way were:

(1) The cone’s response to light increments and decrements.

(2) The temporal response of horizontal cells to light increments and decrements.

(3) The concentrically opponent receptive field of bipolar cells. Also supported by preliminary recordings
in the monkey (De Monasterio, personal communication).

(4) The amacrine cell relevant to the model is the bistratified type [Cajal, 1911; Polyak, 1941; Boycott &
Dowling, 1969]. Its response was taken to be transient on-off response, as described by Werblin & Dowling
[1969], mudpuppy; Kaneko [1970], goldfish; Chan & Naka [1976], catfish; Miller & Dacheux [1976a,b], mud-.
puppy; and Marchiafava & Torre [1978], turtle. Quantitative adjustments of the time scale were made, since
lower vertebrate responses are appreciabelly slower than those of high mammals. More detailed descriptions

and justifications of these responses will be given in the exposition of the model in Part 2.

1.4 The model in relation to a theory of directional seleétivity
A theory of directional sclectivity and its use in early visual processing has been proposed recently by
Marr & Ullman [1979]. One implication of this theory is that two types of sub-units with diﬁ“erent'spatio-
temporal characteristics are required for the construction of directionally selective units. Spatially, both sub-
units have a DOG-shaped receptive field. Tcmpofélly, one is sustained, while the response of the other is

proportional to the change in (or, more precisely, the temporal derivative of) the response of the sustained

i unit. Marr & Ullman suggested that X-type units provide the required sustained "building blocks", while




- Y-type units provide the required change-sensitive units. Analysis of available recordings from Y-type units

has confirmed that for stimuli moving across the retina at moderate speeds, the Y-type response is indeed
in cfose égreement with the temporal derivative of the X-type response [Marr & Ullman, 1979, Fig. 8, this
paper, Fig. 15]. For other stimuli, however, (e.g., alternating gratings, a flickering dot at the center-surround
boundary, or full-field stimulation), the response of Y-units deviates considerably from the predictions based
on the temporal derivative operation. Similarly, under certain stimulations (e.g., fullfield, or a flickering dot
at the center-surround boundary), X-units deviate significantly from a pure sustained reponse. It is of interest
to examine whether these deviations arise naturally in a biological implementation of the two types of units
suggested by computational considerations. One goal of the model was therefore to examine the X- and Y-
type responses in light of the computational considerations on the one hand, and the known anatomical and

physiological data on the other.

2. The Model

The exposition of the model will be divided into two parts: the spatio-temporal organiztion at the outer
plexiform layer (Sections 2.1-2.2), and at the inner plexiform layer (2.3-2.5). Although spatial and tcmporal
aspects cannot be dissociated, the emphasis in the OPL is on the spatial organization, and in the IPL on the

temporal response.

2.1 Receptive field organization in the OPL

In this section it will be suggested that the DOG-like receptive ficld organization is formed in the OPL.
Two receptive field sizes can be generated at that level, with center sizes in the fovea of approximately 80" and
150" of arc respectively. Temporally, the surround response is slower than, and delayed with respect to, the

center response.

An overall antagonistic center-surround organization of the bipolar cell's receptive field has been ob-
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Figure 2. Spatial formation of the receptive field of a midget bipolar cell. The arrengement of cones and
horizontal cells is shown in a. Each horizontal cell covers a circle (the shaded area) with a radius three times that
of the spacing between cone pedicles (the dots). It contacts seven cones: one in the center and six second order
neighbors (filled dots). Thus, seven horizontal cells contact each cone, connecting a total of 19 cones to mediate
the surround of a midget bipolr cell (all the filled dots). b. The cotribution to the surround of the central cone
and the three concentric "rings" of cones. 1: The contribution of the central cone (o its surround. 2, 3, 4. The
contributions of the first, sccond, and third rings. The amplitudes are scaled according to the scaling factor in the
model: 7, 4, 2, 1 respectively. The resulting receptive fiekl is shown in 5 and a cut through it in 6.
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served in a numbef of species [Werblin & Dowling, 1969, Werblin, 1970, Norton er af , 1970, Kaneko, 1970d,
Miller & Dacheux, 1976a, in the mudpuppy; Naka & Nye, 1970, 1971, Naka, Marmarelis & Chan, 1975, in the
catfish; Wunk & Werblin, 1979, in the salamander.] Preliminary recordings in the monkey ( De Monasterio,
personal communication ) suppbrt this organization. It is unclear, however, whether the final DOGjlike shape
of the receptive field is generated at this level, and how the different sizes of the X- and Y-type receptive fields
are generated. These questions are particularly problematic for the primate retina, since there is no di;ect
physiological data from the primate OPL, and since the organization of primates’ OPL may differ from that of
lower species, e.g. with respect to horizontal-to-horizontal connections. We shall nevertheless aréue that the
OPL mechanisms are sufficient to generate DOG-shaped receptive fields of two sizes, one with a center size of
about 80" of arc, the other about 150" (in the fovea). The smaller channel is generated by the midget Bipolar

cells, and the larger by the flat bipolar cells. We shall consider each in turn.

| 2.1.1 The generation of small DOG-shaped channels by the midget bipolar cells

Midget bipolar cells serve as the inputs to the midget ganglion célls (G1 in Fig. 1), and their center
is formed by a single cone [Boycott &Dowling, 1969; Kolb, 1970]. The shape of the center contribution is
approximately gaussian with an additional "skirt" [Baylor & Hoéigkin’, 1973, in the turtle; Nelson 1977, in the
cat]. This shape is determined by a combination of the optical propefties of the eye [Campbell & Gubish,
1966, Westheimer, 1976] and the optical propertics of the cone itsclf [O’Brian, 1951]. Based on these data the
gaussian-like receptive field of a single cone ip the human retina has a spatial constant (o) of about 25" of arc

[Marr, Poggio & Hildreth 1981].

The inhibitory surround of the midget bipolars is mediated by the horizontal cells connecting either
directly onto the bipolar cells, or back onto the cones [Raylor er al,1971; Naka, 1972; Naka & Witkovsky,
1972]. The spatial shape of this surround contribution would depend on the interconnections that exist
among horizon@ cells. In the primate retina, cffective interconnections among horizontal cells have not been

observed [Boycott & Dowling 1969; Kolb, 1970; Boycott & Kolb, 1973], but this may be the result of inade-
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quate staining conditions for OPL preparations (Dowling, pérsonal communication.) Some junctions between
horizontal cells were observed by Raviola, [1976]. We have therefore considered two different schemes of |

horizontal interconnections.

In the first scheme, the existence of an electric net created by interconnections among horizontal cells
has been assumed. Such interconnections were found in lower vertebrates [Kaneko, 1971; Rodieck, 1973].
The existence of an electric net formed by horizontal cells in the cat (or possibly two networks, foﬁned by
the two distinct horizontal cell types) is suggested by the findings of Nelsoﬁ [1977]. Such an arrangement
can provide a good approximation to a given DOG-shaped receptive field, provided that the horizontal cells
network has the appropriate space constant. Given the differences in size between the receptive fields in the
cat and monkey, the effective space constant of the net should be considerably smaller in the monkey to give
the required receptive field shape. Our computation indicated that a space constant of about 20p would yield
a close approximation to a DOG-shape with space constants in the ratio of 1.75. This small space constant is
ioo smali for passive conductance in the dendrites themselves but could be the result of the interconnections
between the horizontal cells.

In the second scheme, examined in the rest of this section, no horizontal interconnections were assumed.
We shall see that a good approximation to a DOG-shape can be obtained in this case as well, by the geometry
of the connections among cones, bipolars, and horizontal cells in the primate retina. A possible advantage
of this latter arrangement is that it may be superior in preserving cone specificity of the horizontal, and

subseducntly the bipolar cells.

In the lack of interconnections among horizontal cells, only those cells whose dendritic fields overlaps
that of a given bipolar cell can contribute to its surround response. We shall therefore examine the geometrical

arrangement of cones and horizontal cells in the primate retina.

The general arrangement of cones in the primétc retina approximates a hexagonal packing [e.g. Polyak,
1941; Boycott & Kolb, 1973, Fig. 25 plate 5]. Tt is possible that the different populations of cones (red, green,

bluc) are also arranged in‘a hexagonal pattern [Wassle & Riemann, 1978], as they are in the cyprinid fish
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[Scholes, 1975] and the goldfish [Marc & Sperlirig, 1976], and as has been shown for blue cones in the baboon
(Marc & Sper]ing, 1§77). Anatomical data in the monkey suggest that the diameter of type I horizontal cell’s
dendritié field is about five times larger than the size of the cone pedicle, and that it contacts only a part of the
cones within its dendritic field: about 6-9 cones in an area that may contain up to 30 cones (assuming cone
density of 220 in 2500u? area, and dendritic diameter of 20u, see Boycott & Kolb, 1973). Light microscopy
data [Boycott & Dowling, 1969; Boycott & Kolb, 1973] indicates that the distance between horizontal cells’
terminal aggregates (which correspond to their contacts with cone pedicles) is about twice the cone pedicle’s
diameter. As we shall see, these parameters allow the generation of a DOG-shaped receptive field with the
appropriate size for the midget channel (and color specificty of the connections). We have therefore used theA
parameters of the type I horizontal cells in modelling the midget channel.

From the above studies, the geometrical arrangement of cones and type I horizontal cells in the foveal
region of the prlmate retina can be summarized by the followmg estimates:

(1) The size of a cone pedicle is about 54, and so is the average distance between neighbouring pedicle
centers [De Monasterio & Gouras, 1975]. ( The diameter of the conc’s inner segment, determining its optical
collecting area [ O’Brian 1951], in thé center of the fovea is about 1.5 - 2 w and the spacing between neighbor-
ing conesis 1.8-2.3 u [Poiiak, 1957]. But at the OPL level the pedicle is the structuré that corresponds to one
cone.) | |

(2) The dendritic field diameter of a horizontal cell is about 25u.

(3) Each horizontal cell contacts about 7 (6-9) cones. The average distance between contacts is about 10u.

(4) Neighbouring horizontal cells overlap by about 1/2 the diameter of their dendritic fields [Wassle &
Riemann, Figs. 5,7].

This geometrical arrangement is diagrammed in Figure 2. The area covered by one horizontal cell is
marked by the shaded circle in Fig. 2-A. Within this area, the horizontal cell contacts seven cones: a central
one and six others arranged in a concentric ring. Note that this ring is composed not of the six ncarest

neighbours to the central cone, but of the next six neighbors in the hexagonal arrangement (filled dots in the
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shaded area). We shall refer to this second ring as the second-order neighbors of the central cone.

Seven horizontal cells converge in this arrangement on the central cone, connecting a total of 19 cones
(the filled dots in Fig. 2-A) to form the surround of the midget channel. The central cone contributes to the
surround via seven distinct horizontal cells. The cones in the first, second, and third concentric rings of six
cones, each contribute to the surround response via four, two, and a single horizontal cell, respectively (Fig. 2-
A). If the relative contribution of each cone to the surround response is roughly proportional to the number of

intermediate horizontal cells (i.e., 7, 4, 2, and 1), then a DOG-shaped receptive field will be obtained.

The contribution of the central cone, and of the first, second, and third rings of cones are shown
separately in Fig. 2-B, 1-4. The responses are scaled using a weighting of 7,4,2, and 1, respectively. Combined
with the center response of a single cone, the receptive field will have the DOG-shape illustrated in Fig. 2-B
5 and 6. The close approximation of the resulting receptive field to a DOG-shape can be seen in Figure 3-a,
which compares a projection profile of the receptive field (curve a) with the corresponding profile of a DOG
(with space constants in the ratio of 1.75, curve b). (The profile through the simulated receptive field chémges
slightly as a function of the orientation of the cut through the receptive field. Figure 2(a) shows the maximal
deviation from an ideal DOG.) Given the above parameters, the receptive field has a central diameter of about

80" of arc, which is in close agreement with the smallest channel suggested by Marr, Poggio & Hildreth [1981]

for human vision.

This spatial model is schematic and idealized, in that it assumes pfecise packing and interconnections.
The resulting similarity between the receptive field and a DOG :shape is, however, rather insensitive to the
precise parameters. For example, we have ‘examined the receptive field shape with weighting of (12, 9, 2,
1) (rather than 7, 4, 2, 1). This possible modification was suggested by the data in [Kolb, 1970] concerning |
the number of synapses betwpen cones and horizontal cells. The resulting receptive field was still in good
agreement with a two-dimensional DOG. Similarly, changing the number of cones cennecting to a horizontal
cell between 6 and 9, and introducing some deviation from hexagonal packing, introduce only minor changes

in the receptive field shape.
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Figure 3. The shape of receptive fields. a. A one-dimensional projection of the receptive field generated under
the assumption of no connections between horizontal cells (curve a) is compared to a projection of a difference of
gaussians (DOG) with a ratio of 1 : 1.75 between center and surround space constant (curve b). b. The weighting
function used for pooling bipolar cells (o generate a Y-type ganglion cell (see 2.1.3 ). c. The resulting receptive Y-
type field, obtained by convolving the bipolar receptive field in (a) with the weighting function (b). The result is a
~ ballanced DOG-shaped receptive field twice as wide, and with the same ratio between center and surround space
constants, as the original one in (a). d. A simulation of mapping Y-type receptive ficld with a flickering bar.

The simulation used the ballanced DOG shown in (c). The apparent change in the receptive field shape is due
to the temporal differentiation and the different time response characteristics of center and surround mechanisms.
e,f, are mappings of Y-type and X~ type receptive fields of cat ganglion cells (from [Bullier & Norton 1979 b))
for comparison with d and a in our simulation. '
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2.1.2 The receptive field generated by the flat bipolar cell '

Flat bipolar cells contact about 6-7 cones each [Boycott & Dowling, 1969; Kolb, 1970; Mariani, 1981],
and the distance 6etween their terminal aggregates (where they contact the cone pedicles) is abrout twice the
inter-cone distance [Boycott & Dowling, 1969; Boycott & Kolb, 1973; Mariani, 1981, e.g. plate 4a]. We
therefore modeled the flat bipolar cell as connected to a central cone and the ring of its six second-order
neighbours, akin to the foveal horizontal cell. The surround of the flat bipolar cell was modeled in the same
manner as that of the midget cell. In this case, however, the horizontal cells that contribute to the surround
response are those that converge on any of the 6-7 cones forming the center. The resulting receptive field is
again closely approximated by a DOG, with a center size of about 150" of arc and space constants in the ratio

of about 1.85 (somewhat larger if th surround is mediated by type IT horizontal cells.

2.1.3 The generation of larger receptive fields DOG -shaped receptive fields of two sizes can be gencerated

at the OPL level. Larger receptive fields can be gencrated subsequently by simple convergence. Figure 3-‘
‘¢ shows a simulated receptive field, formed by the convergence on a stratified ganglion cell of all the flat
bipolar cells whos axons overlap its dendritic field (100 — 200, [Boycott & Dowling, 1969]), using the weighing
function shown in 3-b. This functin is the sum of four gaussians with space constants of v/3, v/6, v/9 and
V/12. Tt can be shown that this function will double the size of the receptive field without changing the center
~-surround space ratio or ballance. In addition, the feasibility of gencrating larger receptive fields from smaller
ones by convergence alone raises the possibility tﬁat larger units can, in principle, also be formed beyond the
retinal stage - in the LGN or even the cortex. A word of caution is in order, due to temporal factors, a direct
measurment of the spatial organization of the receptive field is difficult to obtain, especially for Y - cells. For
example even if the receptive field is a ballanced DOG - shaped receptive field ( fig. 3-b) a mapping of the
receptive ficld with flashing spot or bar of light is not cxpected to reveal such a ballanced DOG. Figure 3-d
shows a simulation of the receptive field in 3-b by a flashing bar (the details of the simulation are explained in

the next section). Note that the receptive field seems to have an uaballanced shape with a weak surround. Fig.
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3-e is a corresponding mapping of a Y—cell in the cat [Bullier & Norton 1979 b, fig. 4].

Conclusion: The foregoing analysis cannot prove, of course, that the generation of DOG - shaped recep-
tive fields is completed in the OPL level. It indicates, however, that given plausible estimates the OPL
mechnisms are sufficient for the generation of such DOG - shaped receptive fields, with center diameter of 80"

and 150", in the fovea.

2.2 Temporal aspects of the OPL

The temporal response of bipolar cells is determined by their response to the activity in the cones and
the horizontal cells, and by the temporal relation between these two contributions. The temporal responses
measured in the bipolar cell to inputs from cones and horizontal cells resemble (disregarding slow adapta-
tion éffects) the voltage change across a charging or discharging capacitor (RC circuit) [Norton ez al, 1968;
Werblin & Dowling, 1969; Wunk & Werblin, 1979; in the mudpuppy; Baylor, Fourfes & O’Bryan, 1971;
direct measurement from cones and horizontals cells in the turtle]. The time constant of the horizontal cell is,
however, longer than that of the cone (about 200 msec. and 100 msec. respectively, in the response to a light
increment in the mudpuppy) considerably shorter in mammals. The difference in time constants for the decre-
ment of light appears to be somewhat smaller, but this reﬁhement was not incorporated into our simulations,
since at the bipolar cell it does not appear significant.) At ihe bipolar cell, where the cone and horizontal cell
responses are combined, the surround contribution (mediaféd by the horizontal cells) is delayed with respect
to the direct cone contribution by about 20-50 msec. [Miller & Dacheux, 1976a; Werblin, 1977, Fig. 3, in the
Mudpuppy; Marchiafava & Torre, 1978, Fig. 5, in the turtle; sce also Rodieck, 1973, pp. 443-449]. This delay
appears to be caused primarily by the inhibitory synapse of the horizontal cell, since, unlike its inhibitory

“contribution, the response of the horizontal cell itself does not appear to be delayed appreciably with. respect
to the cone’s [Baylor ez al, 1971]. Intracellular recordings from cones and horizontal cells in the cat [Nelson,

1977} and from bipolar cells in the monkey [De Monasterio, pesonal communication], indicate a qualitative
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Figure 4. The response of a midget hyperpolarizing hipolar cell as a function of the radius of the stimulating
spot. The stimulus is a spot of light turning on and off, and centered on the receptive field. The spot size is expressed
in terms of o, the space constant of the center gaussian. As the radius of the spot is increased from 0.5¢ (bottom),
to full field (top), the response diminishes in size and becomes more transient due to the increased contribution
of the surround mechanism. The inset is from Werblin [1974, fig. 6] for corresponding stimulation conditions, the
spot radius given in millimeters. Calibration: Abscissa ~ time in msec. Ordinate - relative response.The time scale
of the inset, recorded in the mudpuppy, is cosiderably slower,
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resemblence to lower vertebrates responses, with considerably shorter time constants (factor 5 to 10). Precise
estimates of the time constants for higher vertebrates are not available. The parameters incorporated in the
model for simulating the temporal aspects of the OPL were time constants of 10 and 20 msec. for the center
and surround responses, respectively, and a surround-center delay of 3 msec. The choice of these parameters is

justified later by the similarity between the simulated responses of the model, and the recorded ones.

The delay between center and surround responses, and the difference in their respective time constants,
introduces transience at the bipolar level. Consider, for instance, the response of a bipolar cell to a small spot
of light being turned on in the middle of its receptive field. The center contribution will appear first, followed
by the surround contribution that will gradually reduce the combined response to a lower steady-state activity.
As the spot increases in size, the response will diminish in size and become more transient. For a full-field
illumination (i.e., an increment in uniform illumination across the receptive field), the response will be entirely
transient, since after a sufficiently long time fhe surround response will be equal in magnitgcic, and opposite in
sign, to the center contribution. These expected responses (computed for a DOG with, space constants in the
ratio of 1.75 and a delay of 3 msec.) are shown in Figure 4 for four sizes of the stimulating dot. The inset is
an electrophysiological recording from the mudpuppy by Werblin with slower time scale [1974, Fig. 6]. Similar
responses were recently recorded from a limited number of flat fiiffuse bipolar cells in the rhesus monkey [De
Monasterio, personal communication] and their time course is in good agreement with the simulated response

in fig. 4.

2.3 The formation of Y-type responses in the IPL

The final spatio-temporal organization of X and»Y units is formed in the IPL. The bipolar cells that carry
the input to the IPL already have, according to the model, a spatio-temporal organization similar to that of the
X-type units. We shall therefore consider first the generation of Y-type responscs from the bipolar outputs.
We shall argue that Lhé Y-type response is generated in the IPL by a derivative-like operation on the bipolar

cells’ signal, followed by a rectification in the convergence of these signals on the ganglion cell.
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A Y-type response has been characterized as transient. That is, the response follows ch:;mges in the light
distribution across the unit’s receptive field. In the lack of temporal changes, the steady-state activity falls
back to the maintained level. This description gives, however‘, only a partial characterization of the Y-type
temporal response; it is insufficient for predicting the response of Y-type units to arbitrary stimuli. We suggest
that the primary origin of this transience is a derivative-like operation, probably taking place in the dyad and
the reciprocal synapse from the amacrine to the bipolar. The term "derivative-like” means thét the oﬁeration
approximates the temporal derivative of the bipolar cell’s signal. A biological system cannot be expected, of
course, to perform a precise mathematical differentiation, but for moderate temporal frequencies the operation

we suggest can be so approximated.

Support for the derivative-like operation hypothesis comes from three sources. First, in their theory
of directional selectivity Marr & Ullman [1980] have observed that for stimuli moving across the retina at
moderate speeds the physiolqgical recordings from Y units are in close agreement with the tcmppral derivative
of the corresponding X-type responses. Some of this evidence will be summarized in discussing simulation
results in Section 3.6. (see also Spekreijse, 1969, where the notion of phasic ganglion cells as differentiators.
is suggested explicitly). Second, the anatomy of the dyad appears to have the necessary structure for such a
derivative-like operation. In the dyad, the bipolar transmits to the amacrine cell, and the amacrine in turn
has a recurrent synapse back onto the bipolar cell in a close spatial proximity to the dyad (usually within 1-
3u [Boycott & Dowling, 1969; Dubin, 1970]). If the recurrent synapse is inhibitory, and if the amplification
factors of the synapses are sufficient, a local derivative-like transformation of the signal can be obtained. This
effect of the recurrent synapse is illustrated in Figure 5-C. Shown is the computed effect of a recurrent synapse
arrangement on the bipolar terminal response. (That is, the ganglion response to the bipolar is obtained by
convolving the bipolar signal with the curve in Fig. 5-C). This is a somewhat "smeared out" derivative-like
operation, composed of a positive lobe followed by a negative one of longer duration and roughly the same

total arca. For more detail on this derivative-like operation sce Section 4.2,

The third support for the derivative hypothesis comes from the resulting behavior of the model. In
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Figure 5. The generation in the model of the Y-response to full field stimulation. A: a depolarizing bipolar
cell response, combining a positive cone input (time constant = 10 msec.) and a surround negative input (time

constant =20 msec. and delayed by 3 msec.). B: the synaptic time response assumed for the excitatory synapses -

between the bipolar and the amacrine cell (the alpha function of Jack et. al. [1975]). C: the impulse response
of the system between the bipolar and the ganglion celi, combining the cable properties of the bipolar cell, the
mechanism of the dyad and the synaplic transmission to the ganglion cell. D: the bipolar signal (A) following
the transformation by the dyad (C) and a rectification. E: the Amacrine cell response. It combines contributions
of both depolarizing and hyperpolarizing bipolar cclls, with spikes superimposed on the slow potential component.
F: the final on-center Y-Ganglion cell response.combining the bipolar cell input (D) and the Amacrine input (E)
subtracted with a delay. Insets are physiclogical recordings to demonstrate the similarities between the model and
the physiological responses. Inset in A. hyperpolarizing Bipolar [ Kaneko 1970]. Inset in E. Amacrine cell [Miller
& Dacheux 1976 b, fig. 3]. Inset in F. from monkey’s Y-Ganglion cell [ De Monasterio 1978 a, fig. 2] Calibration
: Abscissa - time in milliseconds, Ordinate — relative response for all the graphs. The on period in A, D, E and
F is from 50 to 550 msec.
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examining the simulation results, we shall see that the predicted Y-type response agrees closely with the
empirical data for a rénge of different stimuli, thus lending support to the derivative assumption incorporated

in the model.

In summary, we suggest that a derivative-like transformation takes place in the IPL. This operation is
possible, given the synaptic structure of the IPL, and can account for temporal aspects of the Y-type response.
The most plausible candidate for a differentiator is the reciprocal synaptic arrangement in the dyad (analysed
in section 4.2), although alternative schemes cannot be completely excluded. This view is supported in part
by a recent and independent findings by Shapely & Victor [in preparation] where the best fit for the high pass
temporal response of Y- cells was obtained by a low pass feedback mechanism.(This transient response which
is generated at the bipolar terminals is expected to have only a small effect on the potential in the bipolar
soma, and therefore the soma potential is expected to remain essentialy sustained.)

The bipolar signal U‘gjlsfor;ned rb‘y the dcx"iyatiyc-like operation is transmitted in the dyad to the ganglion
cell. At this stage, a number of bipolar cells converge onto the same ganglion cell to produce the larger Y-unit
recepti\re field, as discussed in Section 2.1.3. Finally, we suggest that the non-linearities exhibited by Y-type
responses are produced by a rectification fn this bipolar-to-ganglion connection. Th-i_s suggestion is consistent
with the conclusion of Ho'chstein & Shapley [1976b] that Y units are composed of smaller, rectifying, sub-
units. As we shall see, this rectification can account for the observed non-linearities in Y-type responses.
The rectification in the bipolar-ganglion conncetion has been modeled by assuming that positive signals are
essentially unaltered in their transmission from the bipolar to the ganglion cell, while negative potentials are
attenuated by a factor of 0.6. (Rectifying synapses of this type are not uncommon. They would correspond to

the inward going rectifying membrane in [Jack, Nobel & Tsien, 1975, pp. 225-260].)

In addition to the bipolar cell input, the ganglion cell also receives input from the amacrine cell (shown to
be inhibitory in the mudpuppy, [Miller & Dacheux 1976a, b, c]). The amacrine cell’s response is discussed in
some detail in the subsequent section. For the present, it is sufficient to note that for abruptly changing stimuli

the (transicnt) amacrine response is a brisk on-off response, as illustrated in Figure 5-E. Figure 5 summarizes
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the Y-type response to full-field stimulation turning on and off, that results from combining the bipolar and
amacrine contributions. The bipolar cell’s response (5-A) is transformed by the derivative-like operation (5-C)
and rectified (5-D). In the ganglion it is combined with the amacrine’s inhibitory contribution (5-E) to produce
the final response (5-F). The amacrine cell’s input to the ganglion cell is delayed with respect to the bipolar cell
input. This delay can be caused, at least in part, by the spike-generating mechanism, i.e, the time required for
the charging of the cell’s membrane to the spike threshold. The lquth of the delay depends on the stimu_lus
intensity, and varies between about 20-40 msec. in lower vertebrates. [Werblin & Dowling, 1969; Werblin &
Copenhagen 1974; Werblin, 1977, in the mudpuppy; Marchiafava & Torre, 1978, turtle]. It was Ttaken as 30

msec in the model.

The final response is compared (Fig. 5-F, the inset) with a physiological recording from the monkey [De
Monasterio, 1978b]. For qualitative comparison, lower vertebrate recordings are shown in 5-a and 5-e. The
inset in 5-A is a recording from the goldﬁsh [Kaneko, 1970], and in 5-E the inset shows a recording from ‘t'he

mudpuppy [Miller & Dacheux, 1976a).

Note in conclusion that there are two sources for the additional transience of the Y-response. The first
and more important is the derivative-like operation which renders the Y-unit unresponsive to stimuli that do
not change with time. Second, the amacrine cell can, under appropriate conditions, cause strong inhibition

that further shortens the Y-type response.

2.4 The amacrine cell

Most of the amacrine cells recorded from in lower vertebrates exhibited a transicnt behavior, responding
with short bursts of spikes to ‘both increments and decrements of illuminations within their rcceptivé fields
[Werblin & Dowling, 1969; Miller & Dachcux, 1976a; in the mudpuppy; Kanecke, 1970: in the goldfish;
Marchiafava & Tprre, 1978; in the turtle]. The cells were also characterized by a lack of maintained discharge,

and spikes of a relatively small amplitude (20-30 mv) and long duration. In a number of studies, the reponses
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of amacrine cells were correlated with their anatomical stru¢turc, Transient amacrine églls,/weﬁreﬂ, found to be of

the bi-stratified type [Chan & Naka, 1976; -in the catfish, Tachibana, 1980; personal comunication, in the carp].
| This stratification enables the cells to collect inputs from depolarizing as well as hyperpolarizing bipolar cells.
Since the amacrine cell receives its input from the bipolar cell at the dyad, their input will be, according to the
hypothesis of the last section similar to the input to the ganglion cell ( see section 4.2). Unlike the ganglion
cells, however, the same bi-stratified amacrine cell collects inputs from both hyperpolarizing aﬁd depdlarizing
bipolar cells. If these antagonistic inputs were simultaneous and of equal magnitude, the combined response
would have been nullified. There is some evidence, however, that they do not arrive at the amacrine cell
sixﬁultaneously. There seems to be a delay ( 10 msec. or more, in lower vertcbrates) between the inputs
from the depolarizing and the hyperpolarizing bipolar cells [see Marchiafava & Torre, 1978, Fig. 13, in the
turtle. In the mudpuppy the depolarizing bipolars are delayed by up to about 90 msec., Nelson, 1973]. Such
a delay is a sufficient (although not necessarily the only) cause for the combined response not to be nullified.
Furthermore, the amacrine cell would respond to both increrﬁehts and decrements of light, and’the magnitude
of the response would depend on the stimulus’ rate of change. For an image moving across its receptive field,
the response of the amacrine cell will increase therefore with an increase in the stimulus speed. The calculated
effect of the speed of movement of a thin bar on the maximal response of the amacrine cell is summerized
in Figure 6. The graph shows the maximum in the combined input from hypérpolarizing and depolarizing
bipolar cells within a diamater of 100u, for a delay of 1 msec. of the hyperpolarizing with respect to the
depolarizing bipolars. The graph has a sigmoid shape, rising sharply in the 3 - 100 w/sec speed range (where
w is the diameter of the receptive field center), and then leveling off. For sufficiently high speeds, the amacrine
cell’s activity will reach its spiking threshold, causing a sharp decrease in the ganglion activity. This decrease
can be observed in Figure 5-F and in Figure 16, computed for a speed of 50 w/scc. For lower speeds, the
amacrine cell would not reach threshold, its contribution will therefore be negligible, and the final Y-response

would resemble the derivative-like transformation of the X-response without further modifications.

Analogous amacrine responses will be produced by the temporal modulation of standing gratings. When
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Figure 6. Simulated amacrine cell response as a function of the speed of movement of a thin bar. The amacrine
cell recieves opposite input from depolarizing and hyperpolarizing bipolar cells. One input is delayed relative to the
other one (see text). The temporal overlap of the two opposing inputs decreases with the speed of movement of the
image. Consequently, the greater the speed of movement, the larger the combined response will be. The amplitude
of the combined input to the amacrine cell is shown as a function of the speed "of movement of a thin bar. The
insets are parts of the simulated inputs showing their amplitude. Calibration: Abscissa - speed of movement in w/
sec., Ordinate - relative input amplitude.
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the temporal modulation is a square-wave, the amacrine cell’s contribution will be significant, while for slow
sinusoidal modulation the contribution will be minor. Similarly, when the intensity of a spot of light turning
on and oﬁ‘ in the centerofa’Y uﬁit is too low to elicit the amacrine cell’s contribution, the Y-response will be
prolonged and without the "dip" contributed by the amacrine cell’s spiking activity [Cleland &Enroth-Cugell,

1968, fig. 2, De Monasterio 1978b, fig. 2]. In summary, the main effect of the amacrine contribution in our

- model is in causing the "dip" and further shortening the ganglion cell’s response, provided that the stimulus’

rate of change is sufficiently high.

2.5 X-type response

X-type response is similar to the response in our model of the bipolar cell [see Naka, 1972, Fig. 5]. Such
a similarity may be obtained if the bipolar-to—amacrine transmission in the dyad, or the recurrent synapse of
the amacrine onto the bipolar, are relatively ineffective in X-type units, in which case the bipolar signal will be
little affected on its way to the ganglioﬁ. Note also that in this model amacrine input is not required for the
organization of the midget X-units, since their spatial organization occurs at the OPL level.

We have modeled thé pure X-response by assuming the extreme case of a completely ineffective trans-
mission in the bipolar-amacrine connection, obtaining an X-response that is essentially equivalent to the
bipolar response described in Sections 2.1-2.2. Intermediate units with a combination of X and Y temporal
properties can in principle be obtained by a gradual increase in the efficiency of the dyad’s derivative-like
operation. This mechanism could also serve as the contrast— gain-control if the synaptic efficiency is gain
controled [shapely et. al. 1978]. Recent results by Shapely & Victor [in preparation] support the existence of
a feedback mechanismwhich is (i) more effective in Y then in X units, and (ii) controlled by contrast. The
transience and the nonlinearity characteristics of the cells’ behavior are not necessarily tightly linked, since
the first is generated in the bipolar-amacrine interconnections while the second is introduced in the bipolar to

ganglion transmission.
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3, Simulation Results

In this part, the simulated X- and Y-responses to a variety of stimuli will be described and compared with
electrophysiological recordings whenever available.
Before describing the results, we shall summarize the parameters and assumptions incorporéted in the

| model, and the method of computing the X- and Y-response to an ar_bitrary spatio-temporal pattern P(x,y,t).

3.1 Summary of parameters and assumption

The bipolar response BP(t) in computed in the model by:
BP(t) = C(t) — S(t — &t)

where C(t) is the center response, S(t) the surround response, and 6t the surround-center delay, taken as 3
msec. |

The center response C(t) is obtained by weighing the spatio-tempofal pattern P(xl,y,t) by G,, the central
gaussian of the receptive field, and convolving the result with I(¢), the temporal impulse response function of

the center mechanism. In mathematical notation:
o=t [ Gley)- Ple,v, sy
Similarly, the surround response S(t) is given by: |
St)=1s [ Glew)- Pla, i t)dsdy

where G, is the gaussian shape of the surround mechanism, and I, the temporal impulse response of the
surround mechanism.

For the midget bipolar receptive field, G, and G, can be approximated by two-dimensional gaussians
with space constants of 25" and 50" of arc respectively. For the flat bipolar the space constants are 35" and 75"

of arc for the center and surround mechanisms respectively.
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The temporal impulse response functions I, and I, were both modeled by the impulse résponse of an RC
.circuit, ie, L. e ’l;he time constant 7 was taken as 10 msec. for the center response and 20 msec. for the
surround.

A Pure X-type response is identical in the model to the computed bipolar resporise, in the sense that the
changes in its rate of discharge follow the éhanges in the bipolar cell’s membrane potential. Since X units may
differ in size (depending, e.g., on retinal eccentricity), we expressed the dimensions of the stir-nuli in ferms of
w, the diameter of the receptive field center. For example, the speed of moving stimuli was expressed in units
of w/sec.

A Y-type response is computed by integrating the contributions from all the (flat) bipolars within a radius
of 100, and assuming that the density of flat bipolars of a given polarity in the fovea is about half the cone’s
density (as suggested, e.g., by the data in [Kolb, 1970]. Each flat bipolar contacts 5-7 cones, and each cone is
contacted by up to six flat bipolars. The ratio between cones and flat bipolars of both polarities is therefore
about 1). The contribution of each bipolar cell to the Y-re'spor'lse‘ is obtained by passiné the bipolaf signal
BP(t) through the derivative-like operation shown in Figure 5-C. This function was generated by simulating
two reciprocal synapses, as explained in the discussion.

kThe response is then rectified: the positive part is unaltered, while the negative part is multiplied by 0.6.
The Y-unit then integrates the responses using a the weighting function described in section 2.1.3. The Y-
response can be summariied as:

Y(t)= Z[wi - (BP; # d(t)] — Amacrine

1

where i ranges over all the bipolars that contribute to the unit’s response, and w; the weight of the #** unit.

The amacrine cell’s response was computed by integrating all of the depolarizing as well as hyperpolariz-
ing bipolar cells within a radius of 100u, with the contribution of the hyperpolarizing bipolars delayed by 1
msec. (The net input to the amacrine cell dependes only on ﬂlc delay between the two bipolars and not on the

order of their inputs.) We did not have to set a precise threshold for the amacrine cell. The simulations fell
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naturally into two classes: for sinusoidal modulation and slowly drifting stimuli (about 3 w/sec) the amacrine
input is small, and it can be assumed that it did not reach its threshold. For square-wave temporal modulations
and fast .moving stimuli the input to the amacrine was large: it can be seen (Fig. 6) that increasing the speed
to 50 w/sec increases the input to the amacrine almsot a hundred fold. For these conditions it can therefore
be assumed that spiking threshold has been reached, and.'the spike train was therefore superimposed on top of

the slow potential component, e.g. fig. 5-E.

3.2 Flickering spot of light

3.2.1. X-type response

In this section we shall examine the simulated X-type response to a spot of light turning on and off
in three positions in the receptive field: center (Fig. 7A), surround (7C), and the center-surround boundary
(7B). The simulated results are compared with physiological recordings from the monkey (takeh from De
Monasterio, 1978b) and the cat (from Tkeda & Wright, 71972). | |

Flickering dot at the center of the réceptive field

The simulated X-type respon‘sé (of an on-center unit) to a flickering spot of light at the center of the
receptive field is shown in Figure 7A-1, and compared with physiological recordingé from the monkey (A-2)
and cat (inset). The response is computed in the model from the difference between the center and surround

responses. For an increment in light the combined response is given by:

—_ —(t—3)
C-(l—e®)—85-(l—e" )
where C and S are the relative strengths of the center and surround contributions.
Spatially, the X-unit’s receptive field has the shape of a balanced difference-of-gaussians. In such a shape
the ratio between the peak responscs of the center and surround mechanisms is the inverse of the ratio be-
tween their respective space constants. For X-units this ratio is approximately 1.5-2.0 (Rodeick, 1965b; Bullier

& Norton, 1979; Figure 2). At the center-surround boundary C = S, and in the receptive field’s periphery C
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& S. We conclude that even an ideal X-type response can exhibit a marked transient component, but that its

steady-state response for a light spot in the center should exceed half its peak value.

Flickering dot in the periphery of the receptive field

When the flickering dot is positioned far enough in the periphery of the receptive field, the overall
response will be dominated by the surround contribution. Tﬁe response will then have the shape of the voltage
change across a charging or discharging capacitor. The time course will be slower than the response to a dot at
the center. This response is simulated in Figure 7C-1, and compared with a recording from the monkey (C2)

and cat (inset).

Flickering dot at the center-surround boundary

At the center-surround boundary the ;:cnter and surround responscs are of cqual amplitudes and dp-
posite signs. The overéll respénse will thereforé be small and entircly transiént (i.e., no »steady state response).
The simulated response at this position is shown in Fig. 7B, together with a corresponding recording from the
cat (inset).

The responses of off-center units will be similar to those of tiqe on-center one, but of the opposite polarity.
For example, it will be decply inhibited by the onset of a dot at the center, and will have a positive response

when the dot is turned off.

3.2.2 Y-type response to a flickering dot -

Flickering dot at the receptive field center

The simu]atéd Y-type response to a small spot of light turning on and off at the center of the receptive
ficld of an on-center unit is iliustratcd‘in Figure 8A-1, and compared with corresponding recordings from the
monkey (A-2, fro'm De Monasterio 1978b) and the cat (A-3, from Cleland & Enroth-Cugell, 1968. The cat’s

unit was not classified originally asa Y cell, but was classified so by us according to its responsc). The response
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Figure 7. Respouse of an on-center X-ganglion cell to a spot of light at different positions in the receptive field.
A-1: the response to a spot located at the center of the field. A-2 is a corresponding recording from a monkey
[De Monasterio 1978 a, fig. 5] B-1: the response (o a spot located at the center - surround boundary. C-1; the
response (o a spot located at the periphery. C-2: the corresponding recording from a monkey [De Monasterio 1978
a, fig. 5. The insets in A-1, B-1 and C-1 are corresponding recordings from a cat [lkeda & Wright 1972, fig 1].
Calibration : Abscissa — time in milliseconds, Ordinate ~ relative response.
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is entirely transient - it has no steady state component. The "on-dip" (that is, the sharp decrease following
the initial rising phase) is contributed in the model by the amacrine cell. The on-dip was described originally
by Saito, Shimahara & Fukada, [1971] in the cat. De Monasterio [1978b] has demonstrated that its occurence

coincides with the proximal negative response of the ERG, attributed to amacrine cells‘activity.

The amacrine cell’s activity has an additional effect: it shortens considerably the overall duration of the
response. For similar responses, including the "on-dip" see also [Sherman, Wilson, Kaas & Webb, 1976;

Schiller & Malpeli, 1977; Bullier & Norton, 1979b].
Flickering dot at the center-surround boundary

At the center-surround boundary, the.Y-unit will respond to the onset as well as the termination of
the stimulus (Fig. 8B-1). This "on-off" response is characteristic of Y-type units, and therefore we have
classified the recordings in 8B-2 (from Rodieck & Stone, 1965a; in the cat) and the discharge pattern in the
insct (from Kuffier, 1953; in the cat) as Y-type respoises (both of these recordings predated the original XY
classiﬁéation). The’main cause for the édditional oﬂ“—reéponse, éccbgding to thé ﬁodel, is‘th-e deri?étive-liké
operation in the 1PL. The model predicts, therefore, that units classified as Y-type on the basis of transienf
response to a spot in their center, would also exhibit the on-off response at the center-surround boundary. The
model predicts that at the exact center-surround boundary there will only be a weak off-response. To get on-
and off-responses of roughly equal amplitudes, the dot has to be displaced towards the surround region of
the receptive field. (The underlying reason is the difference in the time constants of the center and surround

mechanisms.)
Flickering dot in the surround

As the flickering spot of light is moved further towards the periphery of the Y-unit’s receptive field,
the on-response diminishes in amplitude and the off-response increases. A simulated surround response is
illustrated in Fig. 8C-1. According to the model, a short inhibitory period separates the off-response from the
termination of the stimulus. An exclusive off-response with an apparent delay can be scen in the discharge

pattern in the inset (from Kuffler, 1953, same unit as in A-1 and B-1). Again, we did not have a comparable
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response from a unit already classified as Y-type, but we can predict that the off-response and its delay would
be characteristic of Y-units. The simulated Y-responses to ﬂickering dots are also in good agreement with the
spatio-teﬁqporal diagram in Bulliér & Norton [1979b, figs. 1,4). Although the diagram was plotted using a
flickering bar rather than a dot, the results are qualitatively comparable, owing to the circular symmetry of the

receptive field.

The Y-response simulations were all for on-center units. An off-center unit would have similar responses,
but of the opposite polarity. It will have an off response in the center, on response in the surround, and on-off

response at the center-surround boundary. The on response will be preceded by a short inhibitory period.

3.3 Full-field stimulation

In this section we shall compare the simulated and empirical responses to an increase and decrease in

illumination across the entire receptive fields of X- and Y-units.
3.3.1 X-type response (o full-field stimulation

Since the modeled receptive field of X-units has the shaps of a balanced difference-of-gaussians, it will
have no steady-state response to full-field édmulation. It will exhibit, however, a shoft transient fesponse when
the illumination is increased or decreased. For on-center units, the response will be positive for increment and
negative for decrement in the overall illumination. This transient response in pure X-units is caused by the

delay between the center and surround mechanisms in the OPL.

The X-type simulated response to full-field simulation is shown in Figure 9C-1, and compared with
fecordings under similar conditions from the monkey (C-2, from De Monasterio, 1978b) and the cat (C-3,
from Enroth-Cugell & Robson, 1966). The unit's response is qualitatively similar to its response to a spot of
light ﬂickering at the center-surround boundary (compare with Fig. 7B). The stimulus employed in the record-
ings extended over most, but not necessarily all of the receptive field. This may account for the residual steady-
state response in them. The simulated response is entirely transient. If, however, the unit is not balanced

(center stronger then surround), then a sustained component would be observed.
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Figure 8. Response of an on-center Y-ganglion cell to a spot of light at different positions in the receptive field.
A-1: the simulated response of the cell (o a spot at the center of the field. A-2 and A-3 are the corresponding
recordings from a monkey [De Monasterio 1978 b, fig. 2] and a cat [Cleland & Enroth - Cugell 1968, fig 2]
respectively. Note the dip following the initial increase in the rate of dischage ( A-2, A-3 ) and the corresponding one
in the model ( A-1). B-1: the simulated response to a spot at the center surround - boundary. B-2: a corresponding
recording from a cat [Rodieck & Stone 1965 a, fig 5. Note the on - off response. C-1: the simulated response to
a spot at the periphery . The insets in A-1, B-1 and C-1 are spike discharges in corresponding conditions in a cat
{Kufiler 1953]. Calibration : Abscissa - time in milliseconds, Ordinate - relative response.
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3.3.2 Y-type response to full-field stimulation

The simulated Y-response to full-field stimulation is shown in Figure 10C-1, and compared with record-
ings made under similar conditions in the monkey (C-2, De Monasterio 1978a) and the cat (c - 3, Enroth-
Cugell & Robson, 1966). As for the X-units, the recordings were made with stimuli extending over most of the
receptive field, but not c/ove»ring it completely. The response is qualitatively similar to the Y-type response to
a flickering dot in the central region of the receptive field. Both haye strong on- but little or no off-response
(compare with Fig. 7A).

A general observation from the above simulation is that the sustained / transient dichotomy requires
some caution. Although the X-type response is on the whole more sustained than the Y-type, the nature of the
temporal response depends also on the stimulus and its position. Even an ideal X-type response will exhibit a
transient component to a flickering dot in the unit’s ceﬁter. For a point at the center-surround boundary, or for

full-field stimulation, the response will be entirely transient (c.f. Kuffler, 1953; De Monasterio, 1978a).

3.4 Alternating edge

The stimulus in this condition is a single intensity edge positioned within the unit’s receptive field. The
edge is modulated as a function of time — the two half-fields altérnate in counterphase. In this section the X-
and Y-type responses to an alternating edge at various positions within the receptive field will be examined.
This stimulus (and the alternating gratings considered in the subsequent'scction) are of interest since they are
commonly used to classify X and Y responses. X-units are linear, .hence they will have no response to an edge

passing through the middle of the receptive field. Y-units, in contrast, have no such null position.

3.4.1 X-type response to an alternating edge

The X-type responses to an alternating edge at different positions within the unit’s receptive field are
shown in Figure 9. When the edge passes through the center of the receptive field, the simulated response
is zero (9A-1). This null position is shown in the recordings in 9A-2 (Dc Monasterio, 1978b; from the

monkey), and 9A-3 (Enroth-Cugell & Robson, 1966; from the cat, using a 0.16 c¢/dcg. square wave grating).
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When the edge is displaced towards the periphery of the feceptive field, positive and negaﬁve responses to
the opposite phases of the alternating edge begin to emerge (9B-1, where the edge was displaced by 0.5 w).
Figure 9B-2 illustrates a similar recording from the monkey (by De Monasterio, 1978b). The position of the
edge is illustrated in the inset. As the edge is displaced further towards the periphery of the receptive field,
the responses (both positive and negative) gradually increase. Finally, when the edge is far enough in the
periphery, the situation is essentially the same as the full-ficld condition examined in the pr.eceding. section

(Fig. 9C).

3.4.2 Y-type response to an alternating edge

When the alternating edge passes through the middle of a Y-unit, the response will not be nullified. The
main reason (in the model) ié in the rectification effect. Being rectified, the negative contributions no longer
cancel out the positive ones. The response will therefore exhibit frequency doubling: it will respond twice
within each cycle of the alternating edge. The main contribution to the response comes from the half-field
that is turning on (for an on-center unit). In this sense it is an "on-on" response, in contrast with the "on-off"
response to a flickering dot (Fig. 8B). While the frequency doubling in the on-on response is causes primarily
by the rectification, the on-off response is causes primarily by the derivative-like operation. Cells with marked
transience but little or no non-linearity are thercfore expected to exhibit a frequency doubling to a flickering
dot (positioned appropriately), but not to an alternating edge.

The simulated response in 10A-1 is compared with recordings from the monkey (A-2, De Monasterio
1978b), and the cat (A-3, Enroth-Cugell & Robson, 1966).

As the edge is displaced towards the periphery of the receptive field, one side of the edge (the "major”
side) will cover a larger portion of the recéptive field’s arca. The unit will now respond more strongly to the on
phase of the major side than to its off phase. F inall);, when the major side covers t11c" entire receptive field, the
situation becomes identical to the full-ficld condition examined in the pervious section, and the off response

will become greatly reduced or absent. The full-ficld condition in Fig. 10C was considercd in the preceding
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Figure 9. Response of an on-center X-ganglion cell to an alternating edge at different positions in the receptive
field. The edge is alternating in time (square wave modulation). The position of the edge relative to the receptive
field is indicated in the middle column. A-1, B-1 and C-1 are the responses to 0.5 Hz. stimulaton. A-2, B-2 and
C-2 are the corresponding recordings from a monkey [De Monasterio 1978 b, his square wave modulated bipartite
field]. A-3 and C-3 are corresponding recordings from a cat [Enroth - Cugell & Robson 1966, their low spacial
frequency square wave modulated stimulus, fig. 1] Note the null point at the center of the receptive field (A).
The responses in C-2 and C-3 are not entirely transient, probably because the field was not completly covered,
Calibration : Abscissa ~ time in milliseconds, Ordinate - relative response. '
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Figure 10. Response of an on-center Y-ganglion cell to an alternating edge at different positions in the receptive
field. All the graphs are for the same stimulation conditions as in figure 9. Note the frequency doubling at the

position where the X-cell had a null point (figure 9). The physivlogical recordings are from a monkey [De Monasterio

Ve 1978 b, A-2, B-2 and C-2] and from a cat [Enroth - Cugell & Robson 1966, fig. 1LA-3 and C-3].
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section. An intermediate position of the edge is shown in Fig. 10B-1 and compared with a recording from
the monkey (B-2, De-Monasterio, 1978b). Additional recordings of Y-unit résponses to an alternatihg edge at
various pbsitions in its receptive field are found in Bullier & Norton 1979a, Figure 12.

Similar results are obtained when the edge is modulated sinusoidally in time (rather than alternating).
Frequency doubling would occur when the edge is positioned in the middle of the receptive field, but not

when it is displaced sufficiently towards the unit’s periphery. Figure 11 illustrates the simulated Y-response to

~ a sinusoidally modulated edge at two positions in the receptive fields (shown in the insets, lower row). These

responses are compared with recordings from the monkey (by De Monasterio, 1978b). The main distinction
between sinusoidal and square-wave modulations is the lack of the on-dip in the former. The on-dip is at-
tributed in the model to the amacrine cells’ spiking activity. This activity is low for gradual temporal changes,

consequently the absence of the on-dip for sinusoidal modulation is not unexpected.

3.5 Alternating gratings

The stimuli considered in this section consist of a grating with a sinusoidal spatial modulation and a
square-wave temporal modulation. We shall examine the response of X and Y units, and the effect on their

response of the gratings’ position and spatial frequency.
3.5.1 X-type response to alternating gratings

Qualitatively, the X-type response to alternating gratings is similar (both in the model and in the empiri-
cal data) to its response to an alternating edge. The response will have a null position when the gratings are
positioned anti-symmetrically with repect to the unit’s center., The modeled response to gratings has a band-
pass shape as a function of spatial frequency (i.e., strong attenuation for both high and low spatial frequency).
The exact shape of the response curve as a function of temporal modulation frequency depends on the par-
ticular stimulus used. Qualitatively, it has the shape of a low-pass filter with peak reponse in the region of

about 6-8 Hz [c.f. van de Grind, Grusser & Lunkenheimer, 1973] sce also fig. 16-a.

3.5.2 Y-type response 1o alternating gratings
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Figure 11. Response of an on-cenfer Y-ganglion cell to a sinusoidally modulated edge. The position of the
edge relative to the receptive field is indicated by the insets in A-2 and B-2. For an edge located in the periphery,
the response of the model (A-1), as well as the physiological recording from a monkey (A-2), were modulated
sinusoidally with « frequency equal (o that of the stimulus. For an edge located in the center of the receptive field,

the frequency of the response is doubied (B-1 and B-2). The physiological recordings are from [De Monasterio 1978
b, fig. 7]. Calibration : Abscissa ~ time in milliseconds, Ordinate - relative response.
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For sufficiently high spatial frequency, the simulated Y-response exhibits a frequency doubling irrespec-
tive of the stimulus position within the receptive field. The main reason is that, as a resut of the rectification,
the negative contributions are insufficient to nullify the positive ones. The simulated response for high spatial
frequency (1.0 cycle/w ), is shown in Figure 12A-1 and A-2 for two different positions within the receptive
field. A change of 174 cycle in the position of the grating (90 deg in spatial phase) has only a minor effect on
the response. The simulated response is compared with physiological recordings from the cat in Figures 12A-

3,4, and 5, where the frequency doubling and the lack of dependence on position can be observed.

At low spatial frequency, the simulated Y-response resembles the response\ to an alternating edge.
Gratings placed anti-symmetrically with respect to the unit’s center give rise to on- and off-responses of similar
size (Fig. 12B-1, the spatial frequency is 0.5 cycle/w.). When the gratings are placed symmetricaliy with
respect to the unit’s center, the off-response diminishes in size relative to the on-response (12B-2). Similar
responsés were obtained in the cat by Enroth-Cugell & Robson [1966] (12B-3 and B-4), and by Hochstein and
Shapely [1976a] (12B-5 and B-6).

Pure Y-units in the model exhibit a band-pass response as a function. of spatial as well as temporal

modulation. The simulation curves are in general agreement with the experimental data [c.f. van de Grind,

Grusser & Lunkenheimer, 1973] see also fig. 16-b.

3.6 Moving stimuli
In this section, the X- and Y-type requnécs to edges, bars pf different widths, and gratings, moving at
different speeds, will be examined.
3.6.1 X-type response to moving stimuli
To a first approximaion, X-type response to a moving stimulus can be obtained by a convolution of the
DOG-shaped receptive field (scaled in proportion to the velocity) with the stimulus. This procedure was used
by Marr & Ullmqn [1979], and their results for an edge, thin bar (bar width = 0.5w, where w is the diameter

- of the receptive ficld center), and wide bar (bar width = 2.5w), arc shown in Figure 13-C. The predicted
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Figure 12, The effect of spatial frerquency and phase on Y-cell's response to alternating gratings. The stimulus
was an alternating (square wave modulated in time} sinusoidal grating. The spatial phase of the grating was varied,
as indicated by the place of the sine-wave relative lo the circle (representing the receptive field). At a high spatial
frequency (1.0 ¢/w) a 90 deg. change in the spatial phase caused a little change in the reponse and the response
frequency was twice that of the stimulus (A-1 compared to A-2). A-3 and A-4 are from a cat, using spatial frequency
of 0.64 c/deg. [Enroth - Cugell & Robson 1966, fig. 3]; A-5 is from a cat, using spatial frequency of 0.7 c/deg.
[Hochstein & Shapley 1976 b, fig. 5]. At a low spatial frequency (0.5 ¢/w) one spatial phase gave rise (o frequency
doubling (B-1), whereas at 90 deg. phase shift one of the responses was drastically reduced (B-2). B-3 and B-4
are from [Enroth-Cugell & Robson 1966, fig. 3] using spatial frequency of 0.16 c¢/deg..and B-5 and B-6 are from
[Fochstein &Shapley 1976 b, fig. 5] using spatial frequency of 0.35 ¢/deg. The Amacrine cell's inhibition was not

included in this case, it may add an on-dip and truncate the response. Calibration™ Abscissa ~ time in milliseconds,
Ordinate — relative response.
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response of the model for the same stimuli (moving at 3 w/sec) is illustrated in Fig. 13-B. The deviations of
the model from the calculated responses in 13-C are caused primarily by the delay between the center and
surround mechanisms. The effect of this delay can be visualized as a convolution of the signal with a DOG-
shape in which the positive and negative gaussians no longer coincide. The negative gaussian "lags behind"
by a distance of v - 7, where v is the stimulus’ speed and 7 the surround-center delay, as iﬂustrated in Fig.
14. The assymetries introduced to the modeled response in this way can also be observed in tﬁe physiblogical
recordings (13-A). The recordings in 13-A are shown in a format called "response curves” by Rodieck [1965].
Each response is a composite of a positive and a negative part, taken from on-center cells stimulated with
opﬁosite contrasts. The edge traces are from Dreher & Sanderson [1973, Fig. 6 d & ¢}, and the bar traces are
from Rodieck & Stone [1965, Figs. 1 & 2, using bars 1 and 5 degrees wide]. The edge traces were recorded
in the LGN. They can nevertheless be used for cpmparison since retinal and LGN units were found to match

closely in their reponses [Cleland, Dubin & Levick 1971; Sherman et al. , 1975; Bullier & Norton, 1979a,b].
3.6.2 Y-type responses to moving stimuli

The predicted Y-type responses to an edge, a thin bar, and a wide bar moving at a speed of 3 w/seé
are shown in Figure 15-B. The curves in 15-C are the fesponses calculated in Marr & Ullman [1979] by
taking the temporal derivative of their calculated X-type response. It can be seen that the two are in good
overall agreement, supporting the derivative-like operation hypothesis (Section 2.3). The deviations are caused
by a combination of three factors: (i) the surround-center delay, (i) the deviation of the derivative-like
operation from an exact mathematical derivative, and (iii) the rectification. The deviations will become more

pronounced at higher speeds where, in addition, the amacrine cell’s contribution will also become noticeable.

The simulated responses are compared in Fig. 15-A with electrophysiological recordings, presented in
the same form as in Fig. 13-A. The traces are taken from Dreher & Sanderson [1973, Figs. 6b, 8a, for edge
rcsponsesﬁ 1d, 2c for the thin bar; 2b for off-center fespdnsc to a wide bar], and from Rodieck & Stone [1965;
Fig. 5b for on-center response {0 a wide bar]. The units in these recordings where not identificd originally as

Y-units. We have classificd them as Y-type responses based on their close agreement with the expected Y-




Figure 13. Response of an X-ganglion cell to moving stimuli. The columns from left to right are for a moving
edge, a moving thin bar and a moving wide bar. A: response curves, prepared in the format used by Rodieck
(1965). The positive and negative parts of the composite response are from recordings with opposite contrasts. The
recordings are from Dreher & Sanderson (1973, fig 6-b) for the edge and from Rodieck & Stone (1965 b, fig. 1
and 2) for the bars. B: the predictions of the model. C: the theoretical responses used by the computational model
of Marr & Ullman (1979). The asymmetries in the model are caused by the delay between the surround and the
center mechanisms (see figure 14). Calibration : Abscissa ~ time in seconds, Ordinate - relative response.




responses, but not the X-responses (as can be seen from a comparison of Figures 13, 15).

3.6.3 Responses to moving gratings

For slowly moving gratings (modulated sinusoidally in space), the X-type response will have a sinusoida1
shape with the same frequency and about the same phase as the input. As the speed of the gratings is
increased, the surround-center delay will introduce some distortions in shape, a gradual phase shift, and (for
sufficiently high speeds) a decrease in amplitude. The response is maximal, in the model, for motion that

produces a temporal frequency of 6-8 Hz. Such responses are reported by De Monasterio [a] in the monkey.

Y-type response to slowly moving gratings is roughly a temporal derivative-like transformation of the
input. The predicted response is therefore shifted by about 90 deg in phase with respect to the input. Such a
phase shift can be observed in the recordings of Schiller & Malpeli [1977, Fig. 9a, color-opponent vs. broad-

band], and of De Monasterio [1978a, Figs. 8a & 9a]. The dependence of the response on the spatial frequency
of the moving gratings is shown in ﬁgure 16-a for X-type and 16-b for Y-type. The "X"s are the simulation
results and the full circles are experimental data from the cat [Enroth Cugell & Robson, 1966]. The sensitivity
is measured as the reciprocal of the contrést at threshold. The temporal frequency for both the simulated and
experimental results is 4;1,;. Note that although the underlying receptive fields are ballanced (and therefore
should have a band-pass fourier transform)their MTF curves have appreciable component at low frequency,
due to their temporal characteristics. A sccondary cffect in the response of Y-cells is the " on - dip" for
sufficiently high speeds. At low speed the on - dip is absent ( see, e.g., De Monasterio 1978 a, figs, 8-a,9-a,in a

speed of about 7 w/sec.

When the speed of movement is increased to about 50 w/sec [ibid , Fig. 9-c] ( spatial freq 0.5 w = 0.2,
temporal freq = 10) or higher [Fig. 9-d], the on-dip becomes apparent.
Figure 17-A illustrates the simulated Y-response to sinusoidal gratings moving at 50 w/sec. The simula-

tion is compared in Fig. 17-B with De Monasterio’s [1978a, Fig. 9-c] recording.
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Figure 14. The effective distortion of the receptive ficld due to motion. Since the surround response is delayed
with respect to the center's, for an image in motion across the receptive field, the surround gaussian will effectively
trail behind by a distance of v - 7, (where v is the speed and 7 the surround-center delay). In this figure the
distance between the peaks of the center and the surround gaussians is 0.1 w due to a delay of 3 msec. and a
speed of 30 w/sec. (at the lefi). The resulting distorted ficld is shown at the right.
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Figure 15. Response of an on-center Y-ganglion cell to moving images. Same stimuli as in figure 10, but for
a Y-cell. The response curves are prepared as in figure 13, from Dreher & Sanderson (1973, figs. 1,2 and 6-c)
Note that in spite of the delays included in the model, the deviation from a strict temporal derivative and the
rectification, the overall derivative-like nature of the response postulated by Marr & Ullman’s theory (1979) is well
Y preserved,
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4. Discussion
4.1 Summary of interconnections and responses
, A schematic diagram summarizing the retinal interconnections and responses that generate, according to
the model, the Y-type response, is shown in Figure 17. The curves inside the cell somata show the responses of

the cells to a spot of light turning on and off,

4.2 Temporal differentiation in the dyad

The derivative-like operation in the IPL was modeled by computing the affect of the recurrent synaptic
arrangement between the bipolar and the amacrine cells, the bipolar-to-ganglion synapse, and the bipolar
cable properties. The main conclusion from this computation is that a derivative-like operation can be
produced by the synaptic arrangement of the IPL. TheAinput to the dyad, coming from the bipolar cell’s soma,
is tran;mitted to the amacrine cell through 'an ex'citatory synapse; Thc potential change that dcvclopsv in the
amaérine cell’s process is transmitted back to the bipolar cell through an inhibitory synapse, delayed by the
synaptic responses. The recurrent synapse can give rise to a derivative-like operation, as can be seen from the
following qualitative argument. A stimulus V(t) arriving to the dyad at time t, is subtracted from the potential
in the dyad after a time interval §t — the synaptic delay of the iwo synapses. This causes the potential at the
dyad to change roughly as V; — Vie—s1)-

The full calculation of the dyad’s response was performed as follows: The input to the bipolar cell was
convolved with the cable properties of the bipolar cell [Jack et. alz 1975, p. 52], yielding the input to the dyad,
S(t).

S(t) = input(t) » t™. e

For the synaptic impulse response, the alpha function [Jack et. al. 1975] was used. The impulse response of the

excitatory synapse was thus taken as:

EX(t) = Ea? - te—t
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Figure 16. The response of X - and Y- ganglion cells to drifting sinusoidal grating. The simulated response to

sinusoidal gratings of different spatial frequency, drifiing at 4 Hz. (crosses), are compared with experimental results
from the cat [Enroth-Cugell & Robson 1966] (circles). for X-type (a) and Y-type (b) units. Note that the contrast
sensitivity curves do not tend to zero at zero frequency, although the receptive field is a ballanced DOG. This results
in the model from the surround-center delay that induces some transient response even for a full field modulation.
The higher low frequency tesponse in the curve for Y-type units arises in the model not form a weaker"surround,
but from the temporal differentiation. Abscissa — spatial frequency, ordinate - normalized response.
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Figure 17. Response of an on-center Y-ganglion cell to a fast moving grating. The stimulus was a 0.1 ¢/w
sinusoidal grating moving across the receptive field at a speed of 50 w/sec. The response was characterized by the
on-dip (A) caused by the spike of the Amacrine cell. The recording in (B) is from a monkey [De Monasterio 1978
b, fig. 9] for a grating moving at a specd of about 50 w/sec. ( 10 deg./sec., w about 0.2 deg. wide). Calibration :
Abscissa — time in milliseconds, Ordinate - relative response.




50

and of the inhibitory synapse as:

IN(t) = IB? - te— Pt

The constants E and I are the amplification factors of the excitatory and inhibitory synapse, respectively. The

potential change in the bipolar terminal is given by:

T
BP(T) = S(T) — / AM(t) - IN(T — t)dt
0

The potential change in the amacrine dendrite is;
T
AM(T) = /BP(t) -EX(T —t)dt
0

where BP(t) is the bipolar cell’s potential, AM(t) the amacrfne cell’s potential, EX(t) the impulse response of
the excitatory synapse, and IN(t) of the inhibitory one. The ganglion cell’s potential change G(t) is produced
by convolving the bipolar terminal signal BP(t) with the impulse response of the excitatory synapse to the
gqnglion cell:

G(t) = BP(t) * EX(t)

The final result of this calculation is shown in Figure 5-C.

Stability: Tn a linear feedback system complete transience and stability are opposing requirements. For
a unit-step input, the steady-state response in the bipolar bipolar is 1—_,—_’75 To achieve transience, the product
IE has to be large, and this may cause instability in the systyem.

It turns out, however, that in the system described above both transience and stability can be achiéved
if the inhibitory response is sufficiently slower than the cxcitatory one. An analysis of the system’s stability
reveals that stability is maintained as long as the inequality IE < (—lj;f is satisfied, where r == 5 Itis

therefore possible in principle to achieve transience by making IE large, and avoid instability by increasing r.
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- The model used r = 10, which yields considerable transience, and at the same time the impulse response has

only minor oscillatior;s, that disappear in the transmission to the ganglion (see Fig. Sc).

Non-linearity: We have compared the 'li_near model with the behaviour of a non-linear system, in which
the inhibitory synapse changes the CI conductance in the bipolar cell. For a number of stimuli we have
examined (including short pulses and a step function), the results in the bipolar cell are quite similar to the
linear model ( For current injected into the amacrine cell the deviation is more significant where the nonlinear
model predicts almost no response iin the bipolar cell while the linear one predicts some response in the
bipolar.) . In the non-linear system it is possible to obtain a stable system with a higher degree of transience

compared to the linear system.
4.3 Receptive field size in the man and monkey

The smallest DOG-shaped receptive field generated in the OPL has, according to the model, a center
diameter of about 80" of arc. There are no direct data on the human retina to compare this estimate with, It is

of interest, however, to compate this size with the available data from the rhesus.

Measurements from the rhesus monkey [De Monasterio, 1978a] show that the X units have an average
"modal diameter"” (the diameter at which the response of the center alone falls to 1/¢ of its peak response)
of about 0.06 deg. (very likely an overestimation due to finite size of the stimulating spot, De Monasterio per-
sonal communication) For a DOG-shaped receptive field th.is would correspond to feceptive fields about three
times larger than the model’s prediction. Taking into account the anatomical data (eyeball size ratio of about
2/3, similar cones size and spacing), Westheimer’s reduced eye formula [Westheimer 1972, p. 461] predicts a
scale factor of about 2.25 between the visual angle covered by a single cone, and consequent& also between
the corresponding receptive fields in the rhesus and human retinae. This formula is for an ideal optical system,
abberation effects [Campbell & Gubisch, 1966] are expected to further increase the scale factor. We conclude
that the measured receptive field sizes in the rhesus are not inconsistent with the smallest channel predicted by

the model.
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Figure 18. Functicnal and wiring model for a Y-ganglion cell in the retina. Schematic responses of the different
cell types 1o a flashing spot of light, as predicted by the model, are shown inside the cells’ somata. The arrows
indicate the direction of transmission in the synapses. The synapses on the cone pedicle are the triad and the basal
synapses and the three synapses at the efferent side of the bipolars are the dyad. The horizontal cell’s efferent
synapse may transmit to the bipolar cell rather than to the cone. The model refers to the primale’s retina and in
this respect the bipolar cells are flat bipolars (FB in figure 1)the amacrine is a bistratified amacrine cell and the
ganglion cells are stratified ganglion cells (G4). [Boycott & Dowling 1969, fig. 98].




4.4 Flat bz‘pblar cells and the formation of ganglion cell’s receptive field,

Flat bipolar cells ‘may be connected specifically only to cones of a single color population, thus forming
color-coded units (similar to the midget bipolar cells). Alternatively, they may be connected to different color
populations, giving rise to broad-band units. (Recent recordings from flat bipolar cells in the monkey [De
Monasterio, personal communication) seem to support the second alternative.) The second case would implyv
that color-coded X channels are formed exclusively by midget bipolar cells. Different sizes of color-specific
units may be then formed by convergence. It would therefore be of interest to investigate the color specificity

of flat bipolar cells in primates.

4.6 Nonlinearity and convergence

According to the model, the rectification is infroduced in the connection between bipolar cells and
ganglion cells. I’n thi‘s scheme, the rcc;tiﬁcatién by itself ig insufﬁciént‘ to cause frcqucncy doubling, since, if tﬁe
cell’s receptive field is not formed by converging subunits, its response will be nullified already at the linear
bipolar cell’s level. Thus, even if a midget ganglion cell has a rectified input from the bipolar cell, it would still
exhibit a null position.

The Y-type receptive field was modeled by convergence of hat bipolars directly on the ganglion cell. This
simple scheme is sufficient for the gencration of the larger DOG-shaped field. However, different convergence

schemes, ¢.g. using amacrine-to-amacrine interconnections cannot be ruled out.

4.7 Limitations of the model

The consideration of sufficiency is taken in dealing with the two main issues of this model. Thus it is _
demonstrated that spatial organization of the receptive field in the OPL is consistent with the anatomy of the
retina and with recordings from bipolar cells, and no further organization is needed in the IPL to account
for the ganglion pcll’s receptive field. It is also shown that the feedback mechanism in the dyad is sufficient

for producing the derivative-like response of Y~cells. Tt is possiblc that the spatial organization or some part
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of it is done in the IPL, and there are other ways to achieve derivative-like response that does not involve
feedback mechanism.Our simulations does not exclude these possibilitics. Nevertheless the model shows that
there is enough computation capacity in the OPL for organizing the receptive field, and the analysis of the
dyad throws some light on its performance whatever it is used for.

4.8 Implications of the model

The model has several implications to the retinal structure and physiology, and can be used to prédict X-
and Y-type responses to arbitrary spatio-temporal patterns.

4.8.1 Implications to retinal structure

There are several predictions regarding the retinal structure which, if disproved, will falsify important
aspects of the model.

1. If the rccepﬁve field of midget bipolar cells is measured, it should have the final shape of the X-type
unit, with a center diameter of about 80" of arc (ab_out_mr,ee times larger in the rhesus). Flat bipolar cells
should have DOG-shaped receptive fields with a center size of about 150" (about 0.1 deg. in the rhesus).

2. The sign of the synapses should be positive for the bipolar-to-amacrine synapse, and negative for the.
amacrine-to-bipolar synapse.

3. The bipolar-amacrine interaction should be less efficient in X (sustained) units than in Y (transient)
ones. That is, if the amacrine response to a stimulation in the bipolar cell, and the bipolar response to a
stimulation in the amacrine cell, are measured, at least one of them, and possibly both, should be significantly
less efficient in X-units than in Y-units.

4. If the bipolar-amacrine interaction can be blocked pharmacologically (c.g., by blocking the amacrine-
to-bipolar inhibitory synapse), Y-units should become X-like (sustained) in their responses.

4.8.2 Predicting X- and Y-type responses

On the basis of the model, the X- and Y-type responscs to arbitrary spatio-temporal paitcrns can be
computed. We shall cite four examples.

1. The model predicts that the delay in the off response of an on-center Y unit to a flickering spot should
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be significantly loriger than the on response (see Section 3.2.2).

2. As mentioned in Section 3.3.2, it is predicted that at the exact center-surround boundary of a Y-unit,
the on response to a flickering dot should be significantly larger than the off response (for an on-center unit).

To obtain on and off responses of equél magnitudes, the flickering spot has to be displaced further towards the

periphery.

3. The maximal response of pure X units to a moving grating is expected to depend on temporal fre-
quency, and not on velocity. That is, for each grating, the velocity that induces a temporal frequency of about

6-8 Hz should give rise to a maximal response.

4. It should be possible to obtain a null position in a Y-unit for an alternating edge by employing a non-
standard modulation of the edge. In the standard modulation, one half-field undergoes a positive intensity
change, while the other half undergoes a negative change of cqual magnitude. The modcl predicts that by
making the positive change sufficiently smaller in amplitude compared to the negative one (a square wave
modulation superimposed on the descending phasé of a sawtooth intensity change), it would Be possible to

obtain a null response.
4.8.3 Implication to the relations among different X and Y properties
The model implies that certain X/Y properties arc causally related.

Y-units ‘have aﬁ on-off response to a flickering dot at the center-surround boundary (Section 3.2.2) as well
as to an alternating edgé (Section 2.4.2). According to the model, the first response is caused by the unit’s
transience (the derivative-like operation), and the second by the rectification. Any unit that shows a clear
transience (c.g., to a spot in the middle of the receptive field) should necessarily give an on-off response to a
flickering spot at the center-surround boundary. It may be possible, on the other hand, to find a transient but
non-rectifying unit. Such a unit will still have the on-off response to a flickering spot at the center-surround

boundary, but not to an alternating edge.
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