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We have studied the responses of ganglion cells in the ma-
caque retina to stimuli that alternate in color. With most color
combinations, the phasic retinal ganglion cells, which sum
input from M- and L-cones in both center and surround,
showed a response with twice the alternation frequency at
equal luminance. This frequency doubling was directly re-
lated to the degree to which the M- and L-cones were stim-
ulated out-of-phase with one another, and thus varied with
the wavelength combinations used. It was absent with wave-
length combinations that lay along tritanopic confusion lines,
when at equal luminance the M- and L-cones are not mod-
ulated. Such a frequency-doubled response is evidence for
a nonlinearity at or before M- and L-cone summation. The
effect became much smaller or was abolished when the re-
ceptive field center alone was stimulated, indicating that its
mechanism lies in the surround or in a center-surround in-
teraction. Also, it was much more marked at high luminance
levels, being almost absent at retinal illuminances below 100
td. Its origin is not clear, but it seems to derive more from
the L- than the M-cone. The results imply that phasic cells,
through this nonlinearity, could respond to the red-green
equal luminance borders used in some psychophysical ex-
periments.

In the macaque retina there are 3 cone types, the L-, M-, and
S-cones. Later in the visual pathway, there exist 2 main cell
systems. Phasic, nonopponent retinal ganglion cells project to
the magnocellular layers of the lateral geniculate nucleus. Tonic,
color-opponent ganglion cells project to the parvocellular layers
of the nucleus (Wiesel and Hubel, 1966; de Monasterio and
Gouras, 1975; Dreher et al., 1976; de Monasterio, 1978; Creutz-
feldtetal., 1979; Perry etal., 1984). It is by virtue of antagonistic
input from the different cone mechanisms that tonic cells display
spectral opponency. The responses of tonic cells in the parvo-
cellular layers of the lateral geniculate nucleus can be well de-
scribed by assuming linear combination of the opponent cone
inputs feeding center and surround (Lee et al., 1983, 1987b;
Derrington et al., 1984; Valberg et al., 1987), although for more
intense stimuli it is necessary to allow for the nonlinear rela-
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tionship between the intensity of incident light and ¢one exci-
tation (Naka and Rushton, 1966; Boynton and Whitten, 1970).

Unlike tonic cells, phasic cells receive summed input from
M- and L-cones to both center and surround (de Monasterio,
1978). When wavelengths that differentially activate these cones
are alternated, it is possible to stimulate the M- and L-cones
half-a-cycle out-of-phase with one another. This permits testing
for linearity of M- and L-cone summation. If cone inputs were
summed linearly by phasic cells, it should be possible to abolish
a cell’s response completely by adjusting the relative intensities
of the 2 wavelengths. In the course of experiments with this
type of stimulus, termed heterochromatic flicker, with certain
wavelength combinations we found it impossible to completely
abolish phasic cells’ responses, a residual response being present
at twice the flicker frequency. This phenomenon was first noted,
under different stimulus conditions, by Schiller and Colby (1983).

Such evidence of nonlinear summation is of interest because
models of receptive field structure in which input elements sum-
mate in a linear manner have been applied to cells of the visual
system for many years (e.g., Rodieck, 1965). In particular, lin-
earity of spatial summation has become established as an im-
portant criterion for cell classification. The presence of nonlinear
summation is, for example, the defining feature of Y-cells of the
cat retina (Enroth-Cugell and Robson, 1966). However, tests
for linearity of spatial summation do not reliably distinguish
between the phasic and tonic cell systems of the monkey. Some
degree of nonlinearity of spatial summation is present only in
a minority of phasic, magnocellular cells (Kaplan and Shapley,
1982; Blakemore and Vital-Durand, 1986).

In this paper, we provide evidence for a nonlinearity in M-
and L-cone summation in phasic ganglion cells; the effect was
present in all cells tested. We attempt to delimit the mechanisms
that may be involved and discuss implications for psychophys-
ics.

Materials and Methods

The activity of ganglion cells was recorded from the retinas of juvenile
macaques (M. fascicularis). Animals were anesthetized initially with an
intramuscular injection of ketamine and thereafter with halothane in a
70%/30% N,O/0, mixture (1-2% during surgery, followed by 0.2-1%
during recording). Local anesthetic was applied to points of surgical
intervention, especially around the eye. EEG and the electrocardiogram
were monitored continuously as a control for anesthetic depth. Muscular
relaxation was attained by intravenous infusion of gallamine triethiod-
ide (5 mg/kg/hr) together with ca. 3 ml/hr of dextrose Ringer’s. End-
tidal pCO, was kept near 4% by adjusting the rate and depth of ven-
tilation, and body temperature was maintained near 37.5°C. To record
from retinal ganglion cells, a cuff of conjuctiva was first sewn to a metal
ring. Following removal of a section of bony orbit, a cannula was inserted
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through the sclera, and an electrode lowered onto the retina. The eyes
were focused onto a screen 57 cm [rom the animal with appropriate
contact lenses. A 6 mm artificial pupil was usually used. Clarity of the
optic media was checked frequently, and when the smaller retinal vessels
could no longer be recognized, recording from that eye was terminated,
and the second eye prepared. On completion of recording the animals
were killed with an overdose of barbitu "t«;
Ganglmn Qcﬂs were (;1;15 ﬁgd as p

course Qi its respgnscs,

Visual stimuli were generated with a 3-channel optical stimulator,
each having as a light source a tungslen filament lamp (Prado Universal,
Leitz), providing white light with chromaticity coordinates (x, y) =
(0.404, 0.410). Crossed Polaroid filters were placed before 2 of the
projectors. The beams were combined and passed through a rotating
Polaroid disc, which enabled us to alternate different spectral mixtures
sinusoidally. One channel provided a background if necessary. The
stimulus beam was combined with the background and back-projected
upon a tangent screen, We routinely used a 4° stimulus field but fre-
quently recorded responses with a 0.5° field for purposes of comparison.
Stops for producing different stimulus sizes were placed after the Po-
laroid filters.

We were concerned that spectral or spatial nonuniformity in the op-
tical system could have caused artifactual frequency-doubled responses.
Several tests were carried out to rule out this possibility. First, luminance
over the receptive field was monitored using a Photo Research Spectra-
Spotmeter. The output of the photometer closely approximated a sin-
usoid and at equal luminance it was unmodulated and artifact-free.
Second, as described below, alternation of white with white or of tri-
tanopic pairs of stimuli did not produce a frequency-doubled response.
Third, with small spots or at low luminance levels, no frequency-dou-
bled response was present. None of these manipulations should affect
a spectral artifact. Last, we tested 3 cells with a diffuser placed in front
of the stimulus. This produced an amorphous flickering patch without
distinct boundaries. Strong frequency-doubled responses were observed.
A spatial artifact can thus also be excluded. We thus conclude that
imperfections in the stimulus conditions did not generate spurious fre-
quency-doubled responses.

Spectral composition of stimuli was adjusted with interference filters
(Schott, NAL, half-bandwidth at half-maximum, 25 nm) and intensities
could be adjusted with neutral density filters. Filter wheels with 10 slots
allowed a sequence of stimuli to be preselected. These wheels were
inserted into the stimulus beams and controlled by a computer system
that also averaged and stored unit responses. An analog output from
the spot photometer was also stored to give us a record of the luminance
over a cell’s receptive field.

A Photo Research 702A/703A Scanning Spectrophotometer was used
to measure the luminance (2°) and chromaticity coordinates of the stim-
uli. The luminance levels measured with it were within 10% of those
of the spot photometer. Since cell receptive fields were parafoveal, we
used photometric values based on the 10° ¥, curve. To calculate these
values, we integrated the product of the spectral power distribution,
P()), of the light with the transmission of the interference filters, 7.()),
the transmission of the Polaroids, ,(A), and the 10° ¥, function,

760
L= f p ()\)TC(X)TDO\) Vm()\) dr
380

as described in Valberg et al. (1987). These calculated values corre-
sponded well with the 2° measured values for wavelengths above 500
nm, as to be expected. Precise comparison of ¥, of man and monkey
has not been carried out, but the available measurements (DeValois et
al., 1974) suggest they are similar. We have used the human V; function
on the assumption that it is very close to that of the monkey.

The amount of cone excitation, S, produced by a given color was
calculated by integrating the product of the spectral power distribution,
P(M), of the light with the spectral sensitivity of the cone fundamentals,

760
s(\), and the total transmission of the filters, 7(A), S = f SOP)T(V)
380
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3°_15° from the fovea. We recorded responses of 2 about lﬁ() gaﬂglmn
cells to heterochromatic and luminance flicker. The resulis reported
here were obtained from 57 phasic cells subjected to heterochromatic
flicker. A more extensive description of cell responses to the different
kinds of flicker employed is to be reported elsewhere (Lee et al., 1988,
1989a, b).

Halothane retards dark adaptation following a bleach (van Norren
and Padmos, 1974). Since mean adaptation level stayed relatively con-
stant in these experiments, and the halothane concentration was rela-
tively low, it is unlikely that it could have influenced the responses
recorded.

Results

When 2 spectral mixtures are sinusoidally alternated, at say 10
Hz, the resulting stimulus paradigm is one of heterochromatic
flicker. Human subjects, by altering the relative intensities of
the flickering lights, are able to minimize or abolish the sensation
of flicker, and the 2 lights are then defined as of equal luminance.
The human photopic luminosity, or ¥,, function was defined
in this way. It is generally assumed that the V| function is a sum
of M- and L-cone excitations (see Boynton, 1979).

When different wavelengths were alternated with a standard
white stimulus, the amplitude of a phasic ganglion cell’s re-
sponses went through a minimum at relative intensities that
corresponded very closely to the ¥, function (Lee et al., 1987a,
1988). However, for certain wavelength combinations there
often remained a clear response in phasic cells at twice the flicker
frequency.

Figure 1A illustrates this phenomenon. The averaged re-
sponses of a phasic on-center cell to 2 cycles of heterochromatic
flicker between 622 nm and white light are shown. We increased
the luminance ratio (L,:L,, 622 nm:white) in steps, as indicated
by the numbers with each histogram; a schematic representation
of the stimulus is shown on the left. At low luminance ratios,
the response at the fundamental frequency is dominant. When
stimuli were approximately of equal luminance, the cell re-
sponds at twice the frequency of flicker. When a substantial
luminance imbalance is reintroduced, the frequency-doubled
component disappears. As a control, we also show in Figure 14
a set of histograms generated when white was alternated with
white, other conditions being identical. The cell’s response is
completely abolished under this condition at equal luminance.

Figure 1B demonstrates a further example from another phas-
ic cell, in this case when 440 nm was alternated with white. At
equal luminance, a clear frequency-doubled response is present,
though inspection of the histograms reveals differences in detail
compared with the example in Figure 1A4.

Not all wavelength combinations generated a frequency-dou-
bled response. For example, in Figure 1C are shown the re-
sponses of the same cell as in Figure 1B when a light of 570 nm
was flickered against white. No frequency-doubled response ap-
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Figure 1.

A, Responses of an off-center phasic cell to heterochromatic flicker at 10 Hz at different luminance ratios of 622 nm to white light, as

indicated by values with each histogram. A sketch of the flicker composition is on the left-hand side. Two cycles of flicker are represented in each
histogram. Close to equal luminance, a frequency-doubled response appears. With white/white flicker under identical conditions it is absent. B and
C, Responses of a phasic off-center cell to 440 nm:white and 570 nm:white 10 Hz flicker. No frequency-doubled response occurs in the latter
instance, when L- and M-cones are unmodulated. D, Responses of a phasic on-center cell to 622 nm:white flicker at different stimulus frequencies
at equal luminance; a response at twice the stimulus frequency occurs in all histograms except at 40 Hz. Calibration bars, 100 impulses/sec.
Generally, 4-6 sec of activity were averaged for each histogram, and 50 bins were allocated to each cycle.

pears, the cell’s activity not being modulated close to equal
luminance.

To analyze quantitatively response histograms such as those
in Figure 1, we calculated the amplitudes of the first and higher
harmonics in the response by Fourier analysis. In Figure 2, 4-
C are plotted the first- and second-harmonic components of the
responses of the cells shown in Figure 1, A-C. On the abscissa
we have used the luminance ratio between the flicker compo-
nents, so that a ratio of one indicates equal luminance.

In all 3 graphs, the amplitude of the first harmonic (open
circles) goes through a minimum close to equal luminance. When
the first-harmonic component is large, a second-harmonic com-
ponent (filled circles) is also present, for the response waveform
is not sinusoidal, containing significant higher-harmonic com-
ponents, The presence of a second-harmonic component when
the first harmonic is large is trivial, but it can be seen in Figure
2, A, B that close to equal luminance the second-harmonic com-
ponent becomes much larger than the first harmonic. In Figure
2C, with the stimuli situated on a tritanopic confusion line, both
first- and second-harmonic components disappear at equal lu-
minance.

Frequency-doubled responses were seen in all 57 phasic cells
studied, and the curves of Figure 2, A—C were typical for all
cells recorded, although the magnitude of the second harmonic
was dependent on the wavelengths in the flicker and varied from
cell to cell, as will be documented in Figures 3 and 4. No dif-
ference was found between on- and off-center cells.

If present at only one temporal frequency, it could be argued
that this effect is due to some peculiarity in the temporal pattern
of response. If this were so, a frequency-doubled effect should
be dependent on temporal frequency. Accordingly, we tested 10

cells at a number of different frequencies between 1 and 40 Hz.
In all cases the frequency-doubled response was present over
this range, except at 40 Hz. For example, in Figure 1D are shown
histograms (2 cycles in each case) obtained from a phasic cell
when 622 nm was alternated with white at different temporal
frequencies at equal luminance. At all frequencies except 40 Hz
a second-harmonic component was present, though it is less
apparent at the lower temporal frequencies.

Phasic cells respond poorly to luminance flicker at low tem-
poral frequencies anyway (Hicks et al., 1983; Derrington et al.,
1984), so the temporal frequency dependence of the frequency-
doubled response could be due to the temporal characteristics
of the cell’s response per se. We therefore compared the am-
plitudes of the second-harmonic components from Figure 1D
with the temporal frequency tuning of the cell estimated from
responses to achromatic flicker (Fig. 2D). For the latter, we
plotted the amplitude of the first harmonic for a modulation
depth producing about the same cone contrast as the 622 nm—
white flicker. The shapes of the response curves do not differ
markedly, except at 40 Hz. This also held for other neurons
tested. Thus, the frequency-doubled response was present over
a wide range of temporal frequencies, and its frequency tuning
appeared similar to that of the first harmonic. An origin of the
effect as a simple latency phenomenon can thus be ruled out.

Dependence on wavelength of flicker components

The amplitude of the residual second-harmonic component var-
ied according to the spectral mixtures in the flicker. It was very
pronounced for long wavelengths (e.g., 684 nm, Fig. 5) but was
always absent for flicker along tritanopic confusion lines. Along
such a line in a cone excitation space, at equal luminance, both
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M- and L-cones are unmodulated and only S-cones give a mod-
ulated signal. Tritanopic observers are unable to distinguish
such stimuli. White alternated with 570 nm at equal luminance
is such a stimulus combination, as illustrated in Figures 1C and
2C. We also tested on 4 cells 412 nm alternated with 528 nm,
another pair of tritanopic stimuli. No frequency-doubled re-
sponse was present.

These results strongly suggest that a nonlinearity on sum-
mation of the M- and L-cone mechanisms is occurring and that
this is responsible for the response at twice the fundamental
frequency. We interpret the phenomenon as follows.

When a large luminance difference between 2 alternating lights
is present, both cones are stimulated in phase, and the funda-
mental dominates the response. However, with, for example,
red-green flicker with the components close to equal luminance,
the M- and L-cones are stimulated 180° out of phase. During
the half-cycle when the proportion of red light is increasing in
the mixture, excitation increases for the L-cone and decreases
for the M-cone, while in the other half of the cycle the opposite
occurs. This is a necessary consequence of the V, function being
made up of a sum of M- and L-cones.

If summation were linear, M- and L-cone signals would can-
cel. A nonlinearity might well result in the frequency-doubled
responses seen. If stimuli lie along tritanopic confusion lines,
neither cone will be modulated at equal luminance. With such
flicker, activity of phasic cells was not modulated at equal lu-
minance,

If the above interpretation were correct, then the amplitude
of the frequency-doubled response at equal luminance should
be related to the degree to which the cones are activated in

10
Luminance

||1v|||

3
ratio (Lalw Frequency(Hz)

antiphase. The further away 2 wavelengths lie from a tritanopic
confusion line, the greater will be the M- and L-cone modulation
and the larger should be the frequency-doubled response. To
test this, we derived a measure of the out-of-phase cone signal
at equal luminance for different pairs of alternating colors. We
used this measure, which is proportional to the |R — G| cone
signal, because Michelson contrast differs between the cones
under these conditions. An identical measure was used by Val-
berg and Tansley (1977).

For 26 phasic cells, we tested a variety of spectral combina-
tions with the heterochromatic flicker paradigm. Figure 3 (open
circles) shows the second-harmonic amplitude obtained from a
Fourier analysis of cell responses plotted as a function of |R —
G| cone modulation at equal luminance for 4 typical cells. The
different points mostly represent flicker with white alternated
with a particular wavelength, but red—green flicker was also used.

For all cells, there was a clear relationship between the am-
plitude of the frequency-doubled response at equal luminance
and |R — G| cone modulation, as exemplified in the cells of
Figure 3. The extent to which second-harmonic components
were apparent varied from cell to cell, as may be seen from the
variation in slopes of the relationships for the cells in Figure 3.

The points in Figure 3 seem to fall close to straight lines, and
we have therefore drawn least-squares regression lines through
them, with correlation coefficients as indicated. For the 26 cells,
the correlation coefficient, r, varied between 0.72 and 0.97, with
a mean of 0.90. The mean slopes of the regressien lines was
33.4 impulses per unit of cone excitation (n = 26, ¢ = 11.7).
Values for the cells in Figure 3 are given in the legend. It is
noteworthy that the regression lines passed close to the origin.
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The mean y-axis intercept was 3.1 (n = 26, ¢ = 4.0), which was
similar to the value obtained from a Fourier analysis of main-
tained activity. Thus, a differential modulation of the M- and
L-cones at equal luminance does not have to exceed a threshold
before a frequency-doubled response becomes apparent.

As the ratio of intensities of 2 flickering lights are altered so
that the axis of flicker tilts out of the equal luminance plane of
a cone excitation space, there will be ratios at which either the
M- or L-cone is unmodulated, this paradigm being termed silent
substitution for the M- or L-cone. The way these ratios can be
calculated is described under Materials and Methods. For clar-
ity, we will here refer to the modulated cone mechanism,
M-cone flicker for silent L-cone substitution and L-cone flicker
for silent M-cone substitution. The ratios at which M- and
L-cone flicker occur are illustrated by arrows in Figure 2. Be-
tween the arrows, the M- and L-cones are modulated in anti-
phase by the heterochromatic flicker. For 570 nm:white flicker,
the 2 lights are so close to a tritanopic confusion line that at
equal luminance the M- and L-cones are unmodulated and there
is only one arrow. For the examples in Figure 2, it is between
the arrows that the second-harmonic component becomes equal
to or larger than the first harmonic. This qualitative observation
supports the suggestion that out-of-phase modulation of the M-
and L-cones is necessary for a frequency-doubled response to
occur.

We conclude that for a frequency-doubled response to be
present, the M- and L-cones must be modulated in antiphase
and that the size of the response is linearly related to the degree
of counterphase cone modulation. This is in accord with the
notion that the some kinds of nonlinearity at the point of M-
and L-cone summation is occurring.

beingas follows: C, 5, and D, 8 impulses
per unit of cone excitation.

Localization of second-harmonic component

To determine if the mechanism that might be responsible for
this effect was present in both center and surround, we tested
if a frequency-doubled response was present if the flickering
stimulus was restricted to the receptive field center. Instead of
a 4° field, a 0.5° flickering spot was used. This should easily be
large enough to completely fill the center of parafoveal phasic
cells, as their expected center size is 0.12°-0.4° (de Monasterio
and Gouras, 1975; Crook et al., 1988).

Figure 4 shows results from such an experiment. For hetero-
chromatic flicker between white and 440 nm, with a 4° stimulus
a marked frequency-doubled response was present (Fig. 44).
When a flickering spot of 0.5° was used, the second-harmonic
component was absent at equal luminance (Fig. 4B). In Figure
4, C, D cell responses have been quantified in the same way as
in Figure 2. With the 4° stimulus, a large second-harmonic com-
ponent is clearly present at equal luminance, but it is absent
with the smaller stimulus (Fig. 4D). For small and farge fields
the fundamental response component was equally vigorous when
a luminance imbalance was present.

A substantial reduction or elimination of second-harmonic
components occurred with all 10 cells tested with small stimuli.
For 8 cells, we tested a range of wavelengths with small spots.
Two of the cells in Figure 3, C, D were tested with small spots
and amplitudes of the second-harmonic components at equal
luminance for the different cone modulations piotted (filled sym-
bols). These points and regression lines lie much below those
for 4° stimuli. Averaged over 8 cells, this reduction in slope of
the regression line was from 36.9 to 11.0 impulses per unit of
cone excitation with the smaller spot size (¢ = 10.8 and 8.1,
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respectively, n = 8). It is possible that any residual, frequency-
doubled component may be because the spot size used (0.5°)
was large enough to significantly activate the surround mech-
anism.

We conclude that the frequency-doubled effect observed re-
quires stimulation of the receptive field surround. In an attempt
to isolate the surround response, we used flickering annuli, but
they evoked poor responses.

Effect of adaptation level

In heterochromatic flicker photometry, similar psychophysical
results are obtained at different adaptation levels, except that at
high retinal illuminances subjects report difficulties due to re-
sidual flicker. We tested 7 phasic cells at different adaptation
levels, ranging from the usual retinal illuminance of 1400 td
down to 44 td. The amplitude of the first-harmonic components
went through a minimum at luminance ratios close to one in-
dependent of retinal illuminance. At 44 td, the spectral sensi-
tivity of phasic cells still clearly matched the photopic rather
than the scotopic luminosity function and was thus determined
by the cones.

However, for all cells, the amplitude of second-harmonic
components at equal luminance decreased markedly with de-
creasing mean retinal illuminance, until at an illuminance of 44
td little second-harmonic component was present. This is illus-
trated in Figure 5. The histograms show the response of a phasic
cell to heterochromatic flicker between 684 nm and white at
equal luminance. With this wavelength, the second-harmonic
component was very marked at 1400 td but decreased at lower
illuminances until at 44 td no second-harmonic component was
present. The amplitudes of the first- and second-harmonic com-
ponents at 44 and 1400 td are plotted in Figure 5, B, C. At the

lower luminance level, both first- and second-harmonic com-
ponents of the cell’s response are almost abolished near a
luminance ratio of one, but at the higher level the second-har-
monic component is very marked. The amplitudes of first-har-
monic components are comparable in Figure 5, B, C.

It would thus appear that the nonlinearity responsible for the
frequency-doubled response only becomes apparent as retinal
illuminance is increased above the mesopic into the photopic
range. The results of Figure 5 are of interest in view of some
psychophysical results discussed below.

Origin of frequency-doubled component

The occurrence of a response at twice the stimulation frequency
is evidence of some kind of nonlinearity. Since with center stim-
ulation alone, no frequency-doubled response was present, the
center appears to be able to sum M- and L-cone signals linearly.
The mechanism of this nonlinearity of the surround is not readi-
ly obvious, and 2 factors make its investigation difficult. First,
as the effect requires activation of the surround, any model must
be couched in terms of surround modification of the center
signal. The fact that poor responses were obtained with flickering
annuli would imply the surround is to some extent ““silent,”” and
this is in itself an indication of nonlinearity. Second, the char-
acteristics of the signals from M- and L-cones reaching the sur-
round may be different. Since no frequency-doubled response
was present when just the center was stimulated, any such dif-
ference presumably does not originate in the cones themselves
but somewhere between the cones and the point of summation
in the surround mechanism.

Inspection of histograms with heterochromatic flicker sug-
gested that a difference between M- and L-cone cone mecha-
nisms might be present, as judged from the shape of response
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Figure5. A, Responses of a phasic on-
center cell to 684 nm/white flicker (10
Hz) at equal luminance at 4 different
levels of retinal illuminance. The fre-
quency-doubled response disappears at
low retinal illumination. Calibration
bar, 100 impulses/sec. B and C show a
quantitative analysis of the first- and
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histograms at luminance ratios at which M- or L-cone flicker
occurred. To test this possibility, we studied 10 phasic cells with
622/528 nm flicker, the relative luminances of the components
being adjusted so as to generate M- or L-cone flicker. The stim-
ulus was projected upon a 570 nm background (total mean
illuminance, 1400 td), and various contrasts for each cone mech-
anism could be provided.

Figure 64 shows the responses of a phasic on-center cell to
M- and L-cone flicker for 4° and 0.5° stimuli. Responses to equal
luminance flicker are also shown. Contrast for the modulated
cone mechanism was about 15% in each case and was about
15% for both cones in the equal luminance condition.

For the 4° stimulus, the sinusoidal stimulus waveform is dis-
torted in the response of the cell for both M- and L-cone flicker
conditions. Insofar as this distortion arises prior to the point of
summation, adding such waveforms would be likely to leave a
residual response, and the histogram recorded with equal lu-
minance flicker (with equivalent cone contrasts) shows a sub-
stantial frequency-doubled component.

It is possible that some distortion of cone inputs might follow
summation, but this would be expected to influence signals from
both cones equally. For the 4° field, it can be seen that the
response histograms for L-cone flicker show more distortion
than for M-cone flicker. As a measure of distortion, we took
the ratio of the sum of harmonics 2—-6 to the fundamental, and
then compared these ratios for M- and L-cone flicker over the
11 cells tested. The same cone contrasts (15%) at the same mean
luminance level were used for the comparison. Values obtained
ranged from 0.80 to 2.53 for M-cone flicker, and 1.66 to 3.39
for L-cone flicker. On average, harmonic distortion for L-cone
flicker was 1.61 times greater than for M-cone flicker (¢ = 0.56,
n = 11), this difference being significant at the 1% level. This

T T 1

30 second-harmonic components at the
highest and lowest illumination levels.

suggests that prior to cone summation in the surround the
L-cone signal undergoes more distortion than the M-cone signal.

Inspection of response histograms also revealed that with small
spots or at low luminance levels responses become more si-
nusoidal in waveform, less harmonic distortion being present.
Figure 6 also shows response histograms with a 0.5° spot, under
the same stimulus conditions as with the 4° field. The response
looks more sinusoidal in shape with the smaller stimulus, es-
pecially for L-cone flicker.

To quantify this difference, we calculated estimates of dis-
tortion as described above for the 8 cells tested with small and
large stimulus fields. For 642 nm/white flicker, the mean dis-
tortion ratio was reduced from 2.22 (¢ = 0.92) to 1.18 (s = 0.24)
for M-cone flicker on reducing stimulus size, and from 8.08 (¢
=4.79) to 1.53 (¢ = 0.65) for L-cone flicker, both these changes
being significant at the 1% level.

These results again suggest more distortion in L- than in
M-cones occurs prior to summation. The mechanism of this
distortion, be it a rectifying nonlinearity as in Y-cells of the cat
retina (Hochstein and Shapley, 1976) or some other mechanism
requires further study. However, the phase of frequency-dou-
bled responses at equal luminance was variable among cells (Fig.
1), which suggests the mechanism may not be easy to define.

A further result obtained using M- and L-cone flicker is il-
lustrated in Figure 6, B, C. The amplitudes of first- and second-
harmonic components are plotted against increasing modula-
tion depth for M- and L-cone flicker and for equal luminance
flicker; in the latter case it is the contrast for the individual
cones that has been used. With M- and L-cone flicker, increasing
contrast results in a gradual increase of both first- and second-
harmonic components, with the former being dominant. At
equal luminance, the second-harmonic component is the dom-
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inant one. As might be predicted from Figure 3, a significant
frequency-doubled response is present at cone contrasts not much
above M- and L-cone flicker thresholds.

Discussion

The presence of a response at twice the stimulus frequency is a
clear indication of nonlinearity. The frequency-doubled re-
sponses seen in Figure 1 are, in this respect, analogous to the
frequency-doubled responses seen in Y-cells of the cat retina
when testing for linearity of spatial summation by contrast re-
versal (Enroth-Cugell and Robson, 1966). When a sine-wave
grating is appropriately situated over a Y-cell’s receptive field,
contrast reversal leads to a response at twice the reversal fre-
quency. For Y-cells in the cat this nonlinearity has been attrib-
uted to subunits in the receptive field (Hochstein and Shapley,
1976).

We have demonstrated here a nonlinearity revealed on sum-
mation of the M- and L-cone inputs to phasic ganglion cells of
the macaque. Though most cells in the phasic, magnocellular
layers of the lateral geniculate nucleus show linear spatial sum-
mation (Kaplan and Shapley, 1982; Blakemore and Vital-Du-
rand, 1986), their and our findings are not incompatible. First,
achromatic contrast reversal stimulates both cones in phase,
and so a nonlinearity in cone summation may not be so ap-
parent. Second, the 4° stimulus used here corresponds to a spatial
frequency low (ca. 0.125 cycles/deg) compared with that usually
employed in contrast reversal tests. We show in Figure 4 that
with small spots (and thus at higher spatial frequencies) more
linear behavior is to be observed.

We did not test for linearity of spatial summation in our
experiments, but since every phasic cell recorded displayed a
frequency-doubled response, it is likely that cells with linear
spatial summation were represented in our sample. In all cells,
mixed M- and L-cone inputs to the center mechanism could be
demonstrated (Lee et al., 1988a), but we did not test if the effect
was more marked in phasic cells with a red-sensitive surrounds,
as is the case for the Type IV cells of Wiesel and Hubel (1966).
It remains to be seen if phasic cells with nonlinear spatial sum-
mation may show nonlinearity of M- and L-cone summation
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to a more marked degree. It will be of interest if linearity of
spatial summation in phasic ganglion cells should prove to be
dependent on retinal illuminance, as we show here for linearity
of M- and L-cone summation.

All tonic cells from the parvocellular layers of the lateral
geniculate nucleus show linear spatial summation. For these
wavelength-opponent cells, for achromatic flicker the cone
mechanisms will act antagonistically. We tested over 100 tonic
ganglion cells with achromatic flicker, but in no cell with only
M- and L-cone input was any frequency-doubled response seen,
and this is consistent with linear summation of cone signals. In
some cells with S-cone input, higher-harmonic components were
sometimes present in responses, but their origin is obscure.

A response at each phase of a red—green substitution at equal
luminance was first noted by Schiller and Colby (1983) in cells
of the magnocellular layers of the geniculate nucleus, but they
were uncertain as to its origin. They used low temporal fre-
quencies, and it is possible this might have accentuated the
response due to differential adaptation of M- and L-cones. We
found the effect at all temporal frequencies below 40 Hz. It is
difficult to calculate cone contrast for their data. On the other
hand, Derrington et al. (1984), measuring responses to flicker
generated on a video display, seldom found frequency-doubled
responses with heterochromatic flicker. However, the chromatic
modulation used by them was probably too limited to evoke
substantial frequency-doubled responses; we calculated we could
provide an out-of-phase cone signal at least 6 times larger than
they employed. Further, background responses to the 60 Hz
frame rate they used could have led to second-harmonic com-
ponents being less readily distinguishable.

Many possibilities exist as to the source of the nonlinearities
observed. Obvious candidates are a rectifying nonlinearity, as
in the spatial subunits in the receptive fields of Y-cells of the
cat retina (Hochstein and Shapley, 1976), or a compressive or
saturating nonlinearity (Boynton and Whitten, 1971), as seen
in some of the late receptor potential recordings of Baron and
Boynton (1975).

The L-cone signal reaching the surround seems to be more
distorted than the M-cone signal. Since the center sums the cone



signals linearly, this difference cannot be in the cones themselves
but at some later stage. Whatever the mechanism responsible,
it must be able to account for the results in Figure 3, in which
we have shown a linear relationship between the second-har-
monic amplitude at equal luminance and the out-of-phase cone
signal. A saturating nonlinearity would not readily lead to such
a result, but a rectifying nonlinearity might do so. Also, the
harmonic composition at ratios around equal luminance should
also be predicted by a valid model.

Psychophysical considerations

Heterochromatic flicker photometry was devised as a means of
determining the spectral sensitivity of a human observer, and
it was largely on the basis of data obtained by this method that
the photopic luminosity function was defined by the CIE in
1924. As the relative intensity of 2 flickering lights is changed,
the sensation of flicker can be minimized or abolished by a
human subject, and the lights are then defined as of equal lu-
minance.

We show elsewhere that minimization of phasic cell responses
underlies this psychophysical task (Lee et al. 1987a, 1988). The
mean spectral sensitivity of phasic cells, as judged from minima
of the fundamental response component as shown in Figure 2,
closely corresponds to that determined psychophysically, with
a variability between cells of about 20%. Such minima are in-
dependent of temporal frequency, and obey laws of linearity
such as additivity and transitivity, which are important prop-
erties psychophysically. These results are described extensively
elsewhere (Lee et al., 1988).

One requirement of the analysis presented here is that the 7,
functions of man and macaque are similar. DeValois et al. (1974)
found this to be the case, although there were some deviations
at the spectral extremes in comparison with the 2° curve. DeValois
et al. (1974) themselves point out, however, that their simian
subjects were able to use the peripheral retina. This and a field
size of more than 4° would lead to the reported deviations from
the 2° curve at the spectral extremes. It is also important to note
that the cones of man and macaque are virtually identical in
their spectral properties (Bowmaker and Dartnall, 1980; Bow-
maker et al., 1980; Nunn et al., 1984; Baylor et al., 1987), so
that the V, function, as a sum of M- and L-cones, would be
expected to be rather similar in the 2 species.

The presence of frequency-doubled responses might be ex-
pected to interfere with flicker photometry and contribute to
variability. Psychophysically, it is seldom possible to eliminate
residual flicker completely. It is feasible that this residual flicker
partly derives from the frequency-doubled responses of phasic
cell responses at equal luminance, although variation in the
M/L cone balance among individual phasic cells or a contri-
bution from tonic cells could also be responsible. With long
wavelengths (e.g., 682 or 642 nm), residual flicker becomes so
marked that heterochromatic flicker photometry becomes dif-
ficult at high retinal illuminances (J. Pokorny, personal com-
munication). It is just under these conditions that the frequency-
doubled responses of phasic cells become very vigorous (Fig.
35).

We argue elsewhere (Lee et al., 1989b) that high temporal
frequency signals from tonic cells are not perceived as flicker.
It is of interest that Swanson et al. (1987) suggested that a
luminance mechanism contributes to detection of chromatic
flicker at high temporal frequencies. This could have a phys-
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iological substrate in the frequency-doubled responses from
phasic cells.

Qur results are also rclevant to data obtained using other
psychophysical paradigms. For example, it is possible to gen-
erale the V, function using the minimal distinct border technique
(Boynton and Kaiscr, 1968; Wagner and Boynton, 1972). This
method involves the juxlaposition of 2 fields of different wave-
lengths, the relative inlensities of which are adjusted until the
border is minimally distinct. The relative spectral sensitivity
function so generated matches the V, function. If the nonline-
arity described here is also present when a chromatic border is
moved across the receptive field, phasic ganglion cells could
provide a residual signal when no luminance difference is pres-
ent, Such a signal would contain only spatial and no chromatic
information for the response would be independent of the di-
rection of chromatic contrast.

Valberg and Tansley (1977) described a proportional rela-
tionship between the residual distinctness of a border at equal
luminance and the |R — G| cone difference signal. If the linear
relationship shown in Figure 3 also holds for moving borders,
the results in Figure 3 would thus closely resemble this relation
between border distinctness and the |R — G| difference signal
(Valberg and Tansley, 1977, Fig. 7). Both the shape of the curves
and their slopes are similar, although absolute sensitivity differs.
The same relationship has been established for pattern-evoked
cortical potentials with equal luminance patterns (Tansley et al.,
1983), suggesting such potentials could partially derive from the
phasic cell pathway.

More recently, Livingstone and Hubel (1987) have reviewed
paradigms in which there is a degradation in perceptual per-
formance with chromatic patterns having no luminance differ-
ence, at illuminance levels quite comparable to those at which
we found frequency-doubled responses. It is generally assumed
that with such patterns the “luminance channel” provides no
signal at a chromatic border. If this channel has as a physio-
logical substrate the phasic magnocellular system (Lee et al.,
1988), then nonlinearity in M- and L-cone summation may
provide such a signal from phasic cells. The assumption that a
luminance channel does not provide a signal with such patterns
may then have to be reexamined.
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