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ABSTRACT

The axons of retinal ganglion cells convey the signals from which
the brain constructs its visual percept of the world. The considerable
processing done in the retina is implicit in these signals; it is there-

fore desirable to understand this processing in some detail.

Only one aspect of retinal processing is considered--the spatial
interactions within either the center or the surround of the receptive
field of the ganglion cell. A generalized model for this restricted
processing is proposed: the independent signals in each of two separately
stimulated areas may undergo non-linear transformation; the two areas
may interact at one or several levels, ultimately converging on a final
common pathway (the ganglion cell); a further non-linear transformation

may be performed on the combined signal in the final common pathway.

To examine the features of such a model, two separate areas within
the center of a receptive field are stimulated, both individually and
simultaneously. A wide range of intensities is used. Two methods of
analysis are applied to these data; each is intended to elucidate

particular features of the model.

The first method of analysis, the method of response-summation,
compares responses when each spot is illuminated separately with
responses when both spots are presented together. A graph is presented
of the responses to simultaneous stimulation (physiological sum) as a
function of the arithmetically summed responses to each spot alone at
the same intensity; the independent parameter is intensity. The plot
(response-summation) is not affected by non-linearities which occur
before the first interaction of the two areas; if there are no non-
linearities at or after the first interaction this plot must be a
straight line of unity slope. If there are non-linearities at or
after the first interaction of the areas, some other function will be
obtained; an analysis is given of the expected forms of this curve for
a number of possible non-linearities which might reasonably be

postulated.

I v\owm’\
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The second form of analysis, the method of sensitivity-summation,
considers the intensities required to elicit a particular response in
each area stimulated alone as compared with the intensity required for
the same response when both are stimulated simultaneously. A graph is
presented (sensitivity-summation plot) showing the logarithm of the

summed individual sensitivities as a function of the logarithm of the

sensitivity to both spots; the criterion response level is the independent

parameter. This plot is not affected by any non-linearities after the
signals are combined; if there are no non-linearities before the final
combination of responses from the two areas, the resultant plot must be
a straight 1iné of unity slope passing through the origin. If there are
non-linearities at or before the final combination some other function
will be obtained; an analysis is presented of the expected forms of

this plot for a number of plausible non-linearities.

The response-summation plot is affected only by non-linearities
at or after the first interaction of the two areas, while the sensiti-
vity-summation plot is affected only by non-linearities at all levels
up to that at which the signals are finally combined; thus the con-
current application of both methods to the same data effectively divides
the processing into a three stage model. Non-linearities before the
areas interact affect only the sensitivity-summation plot, non-lineari-
ties in the final common pathway after the final combination affect
only the response-summation plot, while non-linearities in the region

from the first to the final interaction must affect both plots.

The methods of response- and sensitivity-summation are applied
to data from single ganglion cells in the excised retinae of goldfish.
Chromatic interactions are eliminated by the use of near-infrared lights
which stimulate only the long-wavelength receptive cones. Spatial
interactions within either center or surround of the receptive fields
of ganglion cells are examined. The following minimal model is derived.
The receptors in each area perform a non-linear transformation; this
may best be described by a square root function, but one which fails at

the highest and the lowest intensities. There is also a threshold in
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each pathway which must be exceeded before the signal from that area
will be included in the ganglion cell response. The signals from
separate areas combine at a single level by simple linear summation.
The final common pathway includes a non-linearity which may best be
described as "compressive''--linear for low levels of response, but
gradually reaching a limiting value at high levels. No lateral inter-
actions need be postulated; various attempts to demonstrate a level of

lateral interactions other than simple spatial summation all fail.

The time courses of the responses are also examined by applying
the same summation methods to short time segments of the responses.
A supplementary method (relative timing) is also applied; in this
method the responses to a brief test flash are measured when the test
flash is presented at various times relative to a longer conditioning
stimulus in another area. These analyses lead to the hypothesis that
the decay in firing rate as a function of time after the onset of a
stimulus is a part of the same process which gives the compressive

function after summation.
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INTRODUCTION
Genesis

In the early 17th century, the astronomer Kepler studied the
optics of the eye and concluded that the light sensitive part of the
eye must be the retina. Since that time, there has been a mounting
attempt to understand the operation of the mysterious layer of tissue

primarily responsible for the sense of sight.

In the ensuing three centuries since Kepler, most of the advances
in vision research were made by physicists defining the properties of
the light with which the visual system operates, psychologists defining
general properties of the system, and anatomists defining the physical
appearance of the system. Work on the functioning of the retina had to
await the development of electronic instrumentation. In 1927, Adrian
and Matthews recorded the "all-or-nothing'" action potentials which
indicate activity in the optic nerve of the eel. They hoped to single
out the message from a single fiber by optically isolating its input
with an extremely small stimulating spot, but found that no matter how
minute a spot they used, many cells responded; moreover, increasing the
spot size led not only to an increase in total response, but a decrease
in latency. Clearly, the retina was doing something far more complicated,
and more interesting, than simply transmitting a point by point repli-

cation of the stimulating light pattern.

The first recordings of single fibers in a vertebrate retina were
made by Hartline in 1938. He teased apart the bundles of fibers coursing
over the vitreal surface of a frog retina, until his electrode sensed a
single active axon. Probing with small spots of light, he found a large
area in which a cell could be stimulated, which he termed the cell's
receptive field. He also found that different cells had quite different
response characteristics; a few continued to respond throughout the
duration of a maintained light, but others gave bursts of response only
to an increase in illumination ("on" type), others responded only to the

reduction of light ("off" type), and still others to either increase or



diminution of light ("on-off" type).

The concept of a receptive field was further extended by Kuffler
in 1953. Using a fine platinum-iridium wire with glass insulation at
all but the very tip, he recorded from single ganglion cells in the
retina of the cat. He found, like Hartline, that stimulation over a
roughly circular area (which he now could demonstrate was approximately
concentric with the ganglion cell body) evoked some typical discharge,
either "on" or "off." However, each cell had an additional concentric
region in which the evoked responses were of the opposite type; thus,
if the central region of a cell responded with "on" firing, the sur-
rounding area would respond at "off," while intermediate regions would
give mixed responses ("on-off'). The outermost zone has become known

as the antagonistic surround.

The receptive fields of ganglion cells testify that the retina
performs a considerable amount of spatial and temporal information pro-
cessing, but there is another form of information abstracted by the
retina. Many animals have the ability to distinguish wavelengths of
light, independently of the relative intensities at the different wave-
lengths. To do this requires at least two independent mechanisms of

g

different spectral sensitivities®; animals with a well-developed color

sense, such as man, have three different cone photopigments as the

basis of trichromaticg

color vision. But is there a point by point
representation of wavelength, each ganglion cell having one of the
available spectral sensitivities? The answer is no, and as in the
spatial case, there is an antagonism of mechanisms (Svaetichin and
MacNichol, 1958). De Valois and his colleagues (1955, 1966) investi-
gated the spectral responses of lateral geniculate units in the macaque
monkey and found them to respond '"on'" to lights at one end of the

visible spectrum, and "off" at the other end of the spectrum. Such

&The superscripted g shall indicate terms which are defined in the
glossary, Appendix I.



responses may be described as "spectrally opponent.'" Furthermore, the
long wavelength sensitive and short wavelength sensitive mechanisms
contributing to the response are typically in separate parts of the
concentric receptive field of the ganglion cell (see for example
Wagner, MacNichol, and Wolbarsht, 1960, 1963; Motokawa, Yamashita, and
Ogawa, 1960; Wiesel and Hubel, 1966; Daw, 1967).

The above description constitutes an outline of the generalized
receptive field of a retinal ganglion cell. If one were merely interested
in the form of the information being sent to the brain, a quantified
version of this picture would suffice. But it would be much more
satisfying to be able to understand how the retina performs this pro-
cessing. A functional model of the formation of the receptive field
would be valuable both as a better description of the receptive field,
and as an example of a piece of brain at least partially understood.

The goal of this thesis is to develop a minimal model of the processing

underlying a ganglion cell receptive field,

The Goldfish Retina

The experimental work reported in this thesis was performed on

the isolated retina of the common goldfish, Carassius auratus. There

were a number of reasons for selecting this particular system for study,
including considerable previous work on the goldfish (and its close
relative, the carp), a number of physiological advantages, and some
operational considerations. This section describes the particulars of
the goldfish retina and some of the advantages for which it was selected

for this study.

Ahatomz The goldfish is a fresh-water teleost, and therefore
evolutionarily quite distant from the mammals. However, there are
remarkable similarities between the fish retina and our own. Like man,
goldfish has a duplex retina; that is, it has two receptor systems, a
rod system for dim light vision, and a cone system for brighter lighting.
Like man, the goldfish has demonstrably trichromatic photopicg vision

(see for example, Yager, 1967), and goldfish cones each contain one of




three possible pigments. The analogy extends to the deeper layers of
the retina as well; the same basic cell® types and interconnections as

are found in man are found in goldfish (De Testa, 1966).

There are, of course, important differences between the two
species. Nearly half the cones in goldfish are paired as twin cones,
which are not seen in mammals. Twin cones are pairs of cones with
closely contiguous inner segments; one is maximally receptive to longer
wavelength light, the other to shorter wavelength light (Marks, 1965).
According to Walls (1942), the development of the teleost cone and the
mammalian cone were two separate events in evolution, so there may be
significant differences in the output of the two types of cones, or in
the ways in which the deeper retinal layers make use of cone information.
Another difference is in the horizontal cells, of which the goldfish has
three distinct layers, including an innermost layer consisting of long
tubelike processes not seen in man (Stell, 1967). The amacrine cells in
the lower vertebrates are more numerous than in man, and appear to
synapse extensively with each other (Dubin, 1970); in man there is a
relatively higher ratio of direct bipolar to ganglion cell contacts
(Dowling, 1970). The processing in the teleost retina may in fact be
more complex than in man's retina, including functions that in man have

been subsumed by the brain.

Photopigments The cone pigments in the goldfish were studied

microspectrophotometrically by Marks (1965). The transmission of single

cone outer segments was measured, and compared with the same measurement

after all the pigment had been bleached. The density difference spectrag

thus obtained are a measure of the photopigment absorption as a function

of wavelength; Marks found three distinct pigments, only one in each

g

cone, each of which could be fitted by a Dartnall nomogram® indicating

a lawful visual pigment (Dartnall, 1962; Munz and Schwanzara, 1967; for
a more complete discussion, see Abramov, 1972). The peak sensitivities
of the three pigments were at about 455 nm, 530 nm, and 625 nm (Marks,

1965; Liebman and Entine, 1964). For brevity, these will be referred to

as "short," "medium," and "long" pigments, respectively, despite the fact



that each is capable of some absorption over most of the spectrum. In
1967, Tomita, Kaneko, Murakami, and Pautler succeeded in recording
electrophysiologically from single cones in carp, and corroborated

Marks' findings.

It is worth noting that the "short" and "medium" pigments in
goldfish have absorption peaks essentially identical to two of the human
cone pigments (Marks, Dobelle and MacNichol, 1964; Brown and Wald,
pefsonal communication) but the third is sensitive at considerably
longer wavelengths than the corresponding human "long'" pigment, which
peaks at about 560 nm. This means that at longer wavelengths, greater
than 650 nm, the goldfish '"long" pigment is still highly sensitive,
while the other two are attenuated to negligible levels. This is not
the case in the primate, where virtually any wavelength of stimulating
light that has an effect on one pigment will also have some significant
effect on another pigment. In the goldfish it is possible to stimulate
with a deep red light (near infrared to human eyes) and stimulate the
"long" system exclusively, thereby examining a single color mechanism
free of any chromatic interactions. This, of course, is an important

advantage of the teleost retina as an experimental preparation.

Receptive Fields of Ganglion Cells The receptive fields of color-

coded cells in the macaque monkey as studied by Wiesel and Hubel (1966)
have the same simple center and surround structure reported by Kuffler

(1953) for the cat, with the significant difference that the center and
surround have different spectral sensitivities. Thus, one cell might

"green-off" surround, another might have a

have a "red-on" center and
"red-off" center and ''green-on" surround, another would have a "green-
on" center and "red-off" surround, and so forth. Other units are

spectrally opponent but lack any spatial opponency, while still others

lack any spectral opponency.

Wagner et al. (1960) examined the receptive fields of goldfish
ganglion cells using small spots of colored light. They found a spec-

trally opponent center, with only a small spectrally non-opponent




surround: '"red-off," 'green-on'" in the center, "green-on' in the
surround (Fig. 1A). This work was extended by Daw (1967), who used
annular stimuli to explore the surround. A small number of the cells
he found lacked an antagonistic surround, exactly as described by
Wagner et al. (1960), but the majority of his units were considerably
more complicated; these cells were spectrally opponent in both center
and surround, as well as spatially antagonistic (Fig. 1B). Thus a unit
might have a "red-on'" and "green-off" center, and a '"red-off," "green-
on" surround, or vice-versa. Such units are known as double-opponent
cells. It is possible that there may have been a band of green sensitive
region between center and surround, so these units might simply be cells
of the type described by Wagner et al. with an additional surrounding
area. Daw also reported a cell type that was not spectrally opponent,
with a spectral sensitivity in both center and surround roughly the same
as the sensitivity of the long wavelength pigment. However, by using
intense chromatic adaptation, he was able to demonstrate that some of
these cells did indeed have an opposing input from a short-wavelength
mechanism that apparently had simply been overshadowed by a far more

sensitive long-wavelength mechanism.

It thus seems possible that all three cell types found by Daw
might in fact be members of the same class of units with particularly
mismatched sensitivities of certain of the contributing mechanisms. A
spectrally non-opponent unit could result if one chromatic mechanism
dominated; a spatial imbalance could lead to units apparently lacking
an antagonistic surround. If this is so, there are only two types of

" "oreen-off" center with "red-off,"

unit in the goldfish: '"red-on,
"green-on" surround; or 'red-off," "green-on" center with "red-on,"

"green-off" surround; for brevity, the latter may be called "red-off"
(-R+R) and the former "red-on" (+R-R). (See Spekreijse, Wagner, and

Wolbarsht, 1972, for greater detail.)

The size of the receptive field of a goldfish ganglion cell is
quite large. Daw (1967) reported that only center type responses could

be found within an area with a diameter of about 1 mm; the surround




Fig. 1. Organization of the receptive fields of spectrally opponent
goldfish ganglion cells. A: The receptive field as inferred from
mapping with small spots of light. The cell receives inputs from an
excitatory mechanism which is most sensitive to short wavelength light
(green) and from an inhibitory mechanism which is most sensitive to
long wavelength light (red). The graph below shows how the sensitivity
of each mechanism might vary across the receptive field. A small spot
of red light in the center would stimulate the inhibitory mechanism
more than the excitatory, eliciting an "off" response; similarly, a
small spot of green light anywhere in the field would stimulate the
excitatory mechanism more than the inhibitory, thereby eliciting an
"on" response. On the top is shown a map of the areas giving rise to
"off" and "on" responses to red and green lights, respectively.

B: Receptive field of a similar unit, as inferred by mapping both with
spots and with annular stimuli. It is possible that a field such as
the one shown in A forms the center of the receptive field in B.

C: Oscilloscope traces of the responses of a single cell of the type
indicated in B. The shape of the stimulus is indicated to the left of
each record; wavelength of the stimulus is beneath each record. The
duration of the stimulus (1 sec) is indicated by a horizontal bar along

the abscissa. From Abramov and Gordon, 1972.
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extended to approximately 5 mm, which is about one quarter of the area

"red-

of the entire retina. Easter (1968a), mapping only the center of
on" cells with small spots of red light, found an area of high sensiti-
vity about 0.8 mm in diameter, but there was some sensitivity of the

central "red" mechanism within an area nearly 1.5 mm in diameter.

Physiological Considerations There are a number of advantages

of working on goldfish which result from the fact that it is cold-
blooded. It is possible to remove the retina from the eye and maintain
it with a minimum of difficulty. The retina can be kept alive for hours
in a slightly chilled state, with only a supply of humid oxygen to
nourish it, flush away wastes, and bring enough moisture to prevent
drying. Some advantages of the isolated retina will be discussed further

in the Materials and Methods section of this thesis.

Although Daw (1967) cited the avoidance of the morass of anesthe-
siology as an advantage of the isolated retina preparation, recent work
by Abramov and Levine (1972) indicates that the problem has not been
completely sidestepped. The traditional method of maintaining the
retina advocated by MécNichol and Svaetichin (1958) is to introduce a

stream of humidified oxygen mixed with 57 CO This prescription was

9
followed by Daw and by Easter, and probably most other workers, though
it is often not mentioned explicitly. Abramov and Levine demonstrated

that the presence of CO, is an important parameter in determining the

2

retinal response. In particular, if the CO2 is omitted and the retina

maintained with a flow of pure humid oxygen, the cells are more sensi-
tive, normally exhibit spontaneous firing in the dark, and, most signi-
ficantly, seem to be nearly always spectrally non-opponent. In fact,
a spectrally non-opponent cell may be converted into an opponent one

by simply introducing 2% CO, into the oxygen stream. If the retina is

2

maintained with pure 0,, which was the preparation used in these experi-

2
ments, the non-opponent type seems to be the normal cell. This is a
surprising observation in view of the goldfish's demonstrable color

vision, but was also found in the intact goldfish by Jacobson (1964)

and Adams (1971, and personal communication).
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Temperature is also an important parameter affecting the relative
spectral sensitivities of the chromatic mechanisms in goldfish. Lower
temperatures tend to depress the short-wavelength sensitive mechanisms
observed electrophysiologically (Spekreijse, Wagner, and Wolbarsht,

1972); an analogous observation was made by Thorpe (1971), who studied
behavior of goldfish stored at various temperatures. The temperature

at which the experiments of this thesis were done (13o C) is approxi-
mately that used by previous investigators of goldfish retinal physiology.

Both the relatively low temperature and lack of CO, tend to depress the

2
short-wavelength sensitive mechanisms, and thereby help isolate the long-

wavelength sensitive mechanism.

Linearity and the Receptive Field

Considerable work has been done on the organization of receptive
fields and the interactions of the underlying mechanisms. I shall
consider some of this work here; however, this section is not intended
as an exhaustive review but, like the preceding sections, merely a

summary intended to convey some of the pertinent facts.

If there were no non-linearities in the retina, the receptive
field of a ganglion cell would be completely describable with a single
linear equation. As there are non-linearities, an understanding of the
receptive field depends on an understanding of these non-linearities,

their natures and their interrelationships.

Two points must be borne in mind when considering non-linearities.
Firstly, any non-linearity introduced at an early stage in the retinal
processing must be expressed in all subsequent stages. Conversely, a
non-linearity observed in a particular unit need not have been intro-

duced by that unit, but may have been implicit in the input to the unit.

The second point is that most non-linear functions observed in
biological systems may be closely approximated (over a short range) by
a linear function. Given a short enough segment of a curve, a secant
is an adequate description; before we may conclude that a function is

linear we must be cautious that it has been observed over a wide enough
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range of inputs to permit any non-linearity to express itself.

Receptors First, let us consider the receptors themselves, as
they must be the primary inputs to the receptive field. It is extremely
difficult to record from vertebrate receptors, and only a limited amount
of information is available. While the spectral sensitivities of the
receptors are known from the absorption characteristics of the pigments,
it is not clear how the receptors translate captured photons into
signals. The receptor is hyperpolarized by light (Tomita et al., 1967;
Tomita, 1970), and must have a saturation level which it cannot exceed.
According to Werblin (1971), receptors (in Necturus) have a com.pressiveg
intensity-response function, but do not show sensitivity changes in the
presence of steady background illumination. Brown and Watanabe (1965)
reported that the receptor potential of the monkey was not greatly

affected by long-term exposure to light.

The amplitude of the receptor response in most species depends
solely on the intensity of light incident upon that receptor (Tomita,
1970; Werblin and Dowling, 1969). The turtle is exceptional in this
respect, for the responses of single turtle cones depend to a large
extent on the spatial configuration of the stimulus (Baylor, Fuortes,
and 0'Bryan, 1971). A specific search for such effects has demonstrated

that this is not the case in the goldfish (Tomita, personal communication).

Studies of the input output relationships of the cone can be done
by using the massed response of many cones, the late receptor potential
(LRP) of the electroretinogram (Brown, Watanabe, and Murakami, 1965).

In such a study on the isolated LRP in macaque, Boynton and Whitten
(1971) reported that the relationship may be approximated by a (modified)

power function, to wit:

n
. I
B = _lL___?; (1)
k+1I
where R is response, I is light intensity, v and k are constants related
to the level at which response saturates, and the exponent n has a value

which they found to be 0.73. Werblin's results from Necturus and Tomita's
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from goldfish are in accord with this equation. However, the data may
be approximated by a variety of other functions; if the modified power
function is plotted on the same coordinates as either a simple power
function with an 0.5 exponent or a logarithmic transform, it can be

seen that the differences among them are relatively small (Fig. 2).

Inner Nuclear Layer Less is known of the units between the

receptors and ganglion cells. According to Kaneko (1970) both spectrally
noﬁ—opponent (L-type) and spectrally opponent (C-type) S—potentialsg
may be recorded from each type of goldfish horizontal cell, though this
does not necessarily mean that all reported S-potentials have in fact
been intracellular horizontal cell recordings. Nonetheless, it is clear
from Kaneko's work that horizontal cells have large receptive fields,
and may exhibit spectral opponency. As to the intensity-response
functions of horizontal cells, S-units recorded by Naka and Rushﬁon
(1966) obey R = I/(k + I). This relationship is difficult to reconcile
with the observation that the horizontal cell's response to a stimulus
is determined by the product of stimulus area and intensity (Norton,
Spekreijse, Wolbarsht, and Wagner, 1968), unless one assumes differences
in sensitivity across the receptive field of the horizontal cell (see

discussion of Ricco's Law under "Ganglion Cells: Interactions within the

Center," below).

Bipolar cells are the first level at which a center-surround
organization is evident (Kaneko and Hashimoto, 1968; Werblin and Dowling,
1969; Kaneko, 1970; Werblin, 1971). The surrounds of the receptive
fields of bipolar cells are of greater area than the spread of the bi-
polar dendritic arborization (Kaneko and Hashimoto, 1968) implying in-
puts from horizontal cells. Werblin has also indicated that the bipolar's
adaptive state is controlled both by overall luminance and the
luminance difference between the center and the surround of its receptive

field.




Fig. 2. Comparison of three non-linear functions which have been

suggested to describe the responses of the receptors. The ordinate is

output magnitude (linear scale); the abscissa is input magnitude
(logarithmic scale).
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Amacrine cells are the least understood of all. Werblin and
Dowling (1969) found a slight center-surround antagonism in Necturus,
as one would expect from the bipolar responses, but Kaneko found no
such distinct organization in goldfish amacrines. The intensity-response
characteristics of amacrine cells appear steeper than those for bipolar
cells (Werblin, 1971). Lastly, it appears that amacrine cells respond
quite phasically to changes in the stimulus intensity (Werblin and
Dowling, 1969; Kaneko, 1970). This is in contrast to the more distal
units, which respond with a sustained potential throughout the stimulus
(Kaneko, 1970, 1971; Tomita, 1970; Werblin and Dowling, 1969; Werblin,
1972).

Ganglion Cells: Combination of Center and Surround The ganglion

cell receptive field is not only the easiest to study, but perhaps the
most interesting. The more distal units are interconnected in compli-
cated ways, and it is not easy to decipher the effect a given cell might
have on the next unit down the line; for that matter, it is not yet
possible to state which unit is the predecessor of some other. But the
ganglion cell presents us with a bottleneck: all information going to
the brain must be transmitted by the ganglion cells. They stand in a
unique position as the end result of all retinal processing. Whatever
combinations and interrelations between groups of receptors and other
cells occur in the retina, to be effective they must have happened by

the time the ganglion cell spike train is generated.

A considerable amount of work has been done on the summation of
the center and surround in the receptive field of ganglion cells in the
cat. To a first approximation, the center and surround sum linearly;
the response to a spot in the center and the response to an annulus in
the surround, if summed point by point in time, match the physiological
response to the spot and annulus presented simultaneously (Enroth-Cugell

and Pinto, 1970, 1972a, b).

Maffei (1968) used a somewhat different method to demonstrate non-

linear adaptational interactions between center and surround in the cat.
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He placed a spot of light in the center of a receptive field; the
intensity of the spot could be modulated® about its mean level according
to a 1/2 Hz sine wave, aﬁd the amplitude of the sinusoidal response of
the ganglion cell measured. (In assuming a sinusoidal input will yield
a sinusoidal output, one is tacitly assuming a linear system, and
effectively using linear systems analysis, as discussed in Appendix IV.)
A second spot of the same size and mean luminance was held at fixed
intensity, but could be moved to different locations in the receptive
field. If the system were linear, the amplitude of the sinusoidal
portion of the cell's response would be unaffected by the unmodulated
sﬁot. Maffei found the amplitude of response depressed when the second
spot was in the center of the receptive field, and enhanced when it was
moved into the surround. In effect, the second spot changed the state
of adaptation of the cell, so it was operating on a different poftion

of its intensity-response curve. The amplitude of the modulation was

so low (10%, which is less than 0.1 log unit) that the curve could be
treated as a linear segment, the change in effective mean level yielding
a difference in slope (gain). That the second spot can lower the gain
when it is in the center is not surprising; that it need not be physi-
cally superimposed on the flickering spot implies an adaptation pool,
rather than individual receptor adaptation (see Rushton and Westheimer,
1962; Rushton, 1959). It is more surprising that the steady spot in the
surround can enhance the sinusoidal response: this could imply a
simultaneous contrast mechanism of the adaptive pool, or it might be a
result of the overall change of excitation of the unit changing a gain

after summation of center and surround.

Maffei, Cervetto and Fiorentini (1970) did the same experiment,
measuring the effect on the entire temporal modulation transfer function
(MTF)g. The general results are in agreement with those of Maffei

described above, but depend in detail on the frequency of modulation.

In a very similar experiment on cat, Maffei and Cervetto (1968)
found evidence for linear summation of center and surround. They had a

spot centered on the receptive field and another spot in the surround;
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the intensity of either could be sinusoidally modulated at 1/2 Hz.

Treating response as a complex number (sinusoidal amplitude and phase),
they showed that the response due to flickering both spots equalled the
vector sum of the responses due to flickering each separately, implying
linear summation. Note, however, that the range of this modulation was

under 0.2 log units.

A similar technique was brought to bear on the problem of the
summation of the four underlying spatial and chromatic mechanisms in
the goldfish receptive field (see '"Receptive Fields of Ganglion Cells,"
above). Spekreijse (1969), recording from isolated goldfish retinae,
found two distinct types of cell with respect to temporal character-
istics: the rarer tonic cell, which he did not analyze, responded with
a maintained discharge proportional to stimulus intensity; the phasic
cell gave a response proportional to the time derivative of the stimulus.
Phasic cells fired only to signal changes, having no maintained or
spontaneous firing; moreover, they rectified, responding only to incre-
ments in the stimulus (or only to decrements, for responses to those
mechanisms which yielded "off'" responses). In response to sinusoidal
stimuli, these cells responded with a clearly half-wave rectified
response, with the negative part of the cycle truncated at the zero
firing level. It is possible that no spontaneous firing was observed

by Spekreijse because he used O, with 5% CO2 (see "Physiological Consid-

2

1

erations,'" above).

Spekreijse wished to use linear analysis, but the presence of a
rectifier clearly made the system non-linear. However, by assuming the
non-linearity was of a known type, namely a rectifier, and taking its
properties into account, the system could be analyzed. First, it was
necessary to demonstrate that the remainder of the system was quasi-
linear. If the non-linearity were a rectifier with no bias, one could
extrapolate the negative side of the response waveform as a mirror of
the positive side; the amplitude of this extrapolated, and now sinusoidal,
output would be twice the peak to peak amplitude of the actual response.

The criterion for linearity is Rax = aRx (see Appendix IV), where o is a
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scalar and Rx is the response to an input of magnitude x. This relation-
ship he found to hold over the limited range of modulation used, up to

about 0.7 log units.

Assuming the rectifier to be the only non-linearity, it was then
possible to ask whether the rectification occurred before or after
various mechanisms were summed. Two stimuli could be focused in the
receptive field of the ganglion cell such that each stimulated a dif-
ferent mechanism. By observing the cell's response to the temporal
modulation of first one and then the other stimulus, the relative phases
of modulation could be adjusted such that the responses would be exactly
one half cycle apart; both stimuli could then be modulated simultaneously
with this phase relationship. If summation occurred after rectification,
the summing would be of two half-wave rectified sines, and the result
(if the signals were exactly out of phase at the summation point) would
be a full-wave rectified sine. If the summation occurred before recti-
fication, however, and the signals were exactly in counterphase, the two

would be cancelled by the summation, and no response would ensue.

The experiment described above was performed by Spekreijse and
van den Berg (1971); their finding was that a red spot invthe center and
a red annulus in the surround, with their phases arranged as described,
cancelled nearly perfectly; center and surround summed before rectifi-
cation. Spekreijse and van den Berg also extended this procedure to
examine the summation of the "red" and the '"green" mechanisms within the
center of the field. Using superimposed temporally modulated lights of
500 nm and 650 nm wavelength, with the phases of the modulations appro-
priately adjusted, they found a completely null response. Fearing that
the interaction might be within the pairs of twin cones, they focused
the 650 nm and 500 nm lights on two separate areas within the center;
again, there was no response when they were flickered in the appropriate

phase. As with center and surround, the "red" and "green" mechanisms

sum before rectification.
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Ganglion Cells: Interactions Within the Center Just as one might

consider how the center and surround of the receptive field of the
ganglion cell are summed, one can ask how individual sub-areas within
either center or surround combine with each other. Spekreijse and van
den Berg found that the '"red" inputs from two distinct areas in the

center are summed before the rectifier.

The problem of interactions of areas within the center was examined
in detail by Easter (1968a), also for the goldfish. Easter first

demonstrated a well-known psychophysical relationship, Ricco's law®,

Working only in the centers of "

red-on" goldfish ganglion cells, he
found an intensity-response relationship for each of several long wave-
length circular stimuli concentric with the receptive field. By inter-
polating on these curves, he found 