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Abstract—We recorded the responses of single macaque striate cortical cells to color-varying and
juminance-varying patterns. We show that (a) the vast majority of primate striate cells respond to pure
color sumuli. in addition to responding to luminance-varying stimuli (b) in general. simple cells are
color-selective whereas complex cells respond to muitiple color regions. (c) most cortical cells show
bandpass spatial frequency tuning to pure color-varying gratings. with various cells tuned to each of a
wide range of spatial frequencies and (d) the peak spatial frequency and bandwidth of most stnate cells
is the same for color as for luminance-varying gratings: when they differ, cells tend to be more broadly
tuned and peak at lower spatial frequencies for color (e) complex cells. on the average. respond to higher

spatial frequencies than do simple cells.
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INTRODUCTION

A major problem in pattern recognition is the re-
lationship between luminance and color information
in the form-analyzing mechanisms of the visual cor-
tex. For example, is there any evidence that the visual
system can use color for analyzing form? Anyone
who has seen the figures in the Ishihara color plates
can attest to the perception of such pure color spatial
patterns. It follows that. at some level in the visual
pathway, spatial mechanisms must exist which ab-
stract these figures composed of purely chromatic
differences. In this study, we sought to determine
whether the finely tuned spatial preferences for lumi-
nance patterns which have been demonstrated for
cortical cells exist for pure color patterns as well.

Let us assume that there are color-selective spatial
mechanisms: what is the spatial sensitivity of these
mechanisms and how does it compare with the
luminance-sensitive spatial mechanism? A number of
psvchophysical experiments have addressed this ques-
tion by quantitatively measuring the visual threshold
for spatial sinusoidal grating patterns modulated 1n
either luminance or chromaticity (van der Horst and
Bouman, 1969:; Granger. 1973. Granger and Heurt-
ley. 1973; Watanabe et al.. 1976). These reports all
concur that the visual system possesses low pass
tuning for color-varying gratings and bandpass tun-
ing for luminance-varving gratings. Consistent with
these psychophysical findings. single cell recordings
in the dorsal lateral geniculate nucleus (LGN) (De
Valois and Pease. 1971. De Valois er al., 1977) have
shown that color information is processed spatially in
a quite different way from luminance information:
the same LGN cell will tend to have low pass tuning
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to color spatial patterns and bandpass tuning to
luminance stimuli (von Blanckensee, 1980). In gen-
eral, these cells respond best to large field (or low
spatial frequency) pure color variations and finer
gradations (or medium to high spatial frequency)
luminance variations.

We have addressed four principal questions: first.
what proportion of the units in V1 (area 17) are color
cells? Although there have now been a number of
investigations of the spectral properties of visual
cortical cells. the results are conflicting. The diverse
criteria employed in identifying and categorizing
color cells have produced a variety of different esu-
mates of the number as well as the types of color cells
present at all levels of the pathway thus far examined.
One of the more perplexing aspects is the low per-
centage of color cells reported in the ininal cortical
studies (Hubel and Wiesel. 1968). Such a low propor-
tion seems very curious because the principal input to
striate cortex is via the dorsal lateral geniculate
nucleus (LGN). where the vast majority of cells are.
in fact. color-sensitive (De Valois and Jones. 1961: De
Valois er al.. 1966; Wiesel and Hubel. 1966: Padmos
and van Norren. 1975).

Secondly. we asked. what types of color cells are
present? Since Hubel and Wiesel's pioneering studies
(1968) 1t has been apparent that there are essentially
two major functional cell classes in monkey VI
(striate cortex): simple cells. which only respond to
spatial patterns placed in certuin positions within
their receptive fieids (RFs) and complex cells. which
respond to spatial patterns independent of their
positions with respect to the RFs. More recently 1t
has been reported that these cell types also differ in
their grating response charactenistics (Schiller er al..
1976) and hinearity of spatial summation (De Valois
er al.. 1982). In sum. it seems these cell tvpes carry
two distinct transforms of the visual image. We
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wondered if these distinctions existed for the cells’
responses to pure color stimuli as well. In particular,
we wondered how many V1 celis retained the simple
color opponency established at earlier levels and how
many {(if any) possessed new spectral response prop-
erties? Furthermore. while two distinct populations
of color opponent cells have been identified in mon-
key LGN. red-green and yellow-blue types. (De
Valots er al.. 1966; Lennie er al., 1982), recent studies
suggest the existence of only a red-green opponent
organization at the cortex (Michael, 1978a,b,c,
1979). This too seems curious since at least some cells
in higher cortical regions, whose principal input is
from V1, are reported to possess yellow or blue color
preferences (van Essen and Zeki. 1978: Schein e: al.,
1982.)

Thirdly, what is the relation, if any. between the
luminance and color processing of V1 cells?
Specifically. are these two forms of information car-
ned by two quite different cell populations. as some
reports have suggested (Dow. 1974: Michael. 1978,
1979, 1981)? Or are color and luminance information
mainly processed by the same cells, as appears to be
true at earlier levels of the pathway (Pease, 1975; De
Valois et al., 1977)?

Fourthly, what is the relation between the spatial
tuning for luminance and color variations? LGN cells
show low pass tuning for color. Do cortical cells show
bandpass tuning for color patterns as they show for
luminance-varying patterns? In other words, are there
multiple spatial frequency channels for processing
color vanations?

A brief report of these findings has been presented
elsewhere (Thorell er al.. 1978, 1979).

METHODS

Three adolescent Old World monkeys (Macaca
fascicularis ) were used 1n this study: each animal was
run several times giving a total of 31 electrode
penetrations: 165 cells were examined from the foveal
representation of VI1: 51 cells were examined from
parafoveal regions (2-5 deg).

1. Stimulus display and calibration

Visual sumuli were generated by a Nova 1220
computer and presented on a Tektronix 634 color
television monitor. There were independent inputs to
the red (R). green (G) and blue (B) phosphors, whose
CIE chromaticity coordinates were (0.645, 0.330).
(0.290. 0.600) and (0.150. 0.065). respectively. Refer-
ence white for the monitor was factory set to match
INMuminant D (approx. 6500 K).

An essential task of this investigation was to
distinguish between responses to luminance-varving
and color varving sumuh. Thus prior to the expen-
ment color stimuli were equated for luminance by
flicker photometry using trained human observers. In
the flicker photometric procedure we alternated the
separate color phosphors [and combinations of
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B + G (cyan). R + B (magenta) and R + G (vellow))
against the fixed 8 ft-L standard white at a 10 Hz rate.
Since our intent was to produce equiluminant stimuyj;
for macaques. the measurements were made by an
observer whose values provided nearly an identica]
match to those previously measured on adolescent
macaque monkeys (De Valois ez al., 1974). Great care
was taken to maintain these calibrations.

In addition to black, white, and equiluminant
colored bars of various widths, we also used si-
nusoidal grating patterns. The patterns were drifted
across the screen at any desired spatial frequency.
temporal frequency and orientation. The mean lumi-
nance of both pure color-varying and pure
luminance-varying gratings was 16 ft-L. It was also
possible to delimit the grating patterns in both the X-
and Y-axes to present just a certain number of cycles
of a particular length. Color gratings were produced
by feeding patterns into the color guns out of phase.
For instance. a red-green sine wave grating was
produced by feeding a sine wave 180 deg out of phase
to the red and green guns. This produced a modu-
lation along the R and G phosphor loci with the
voltages so chosen as to maintain equal luminance.
The color gratings employed in these experiments
were red-green, red-cyan, yellow-blue, blue-green and
purple-green.

The oscilloscope was viewed by the animal through
a circular aperture in a large white screen. The scope
display subtended 6deg at the viewing distance of
172 cm.

2. Experimenial procedure

A week before the first recording experiment. the
animal was prepared for chronic neurophysiological
recording under deep barbituate anesthesia (sodium
pentobarbital. 35 mg/kg/hr). A performed “occipital
bonnet” was attached to the ammal’s skull with
screws and dental cement. The animal was then given
penicillin (200,000 units, intramuscular) and returned
to its cage. On the day of the experiment the monkey
was first anesthetized with an injection of a short-
acting barbituate (sodium thiamyal. 20 mg-kg) and
then transferred to 75°, NO,.25°, O for the duration
of the experiment. The animal’s body was positioned
as comfortably as possible on a rubber pad and the
head held by the bonnet. (We therefore did not need
to use ear bars.) The animal showed no physiological
signs of stress. The amimal's head was held in a
gimbal arrangement to enable centering of the recep-
uve field of a cell on the stimulus display. We
monitored continuously and kept within normal lim-
its the EKG. rectal temperature (37 C) and expired
CO.,. The animal was intubated with an endotracheal
tube (coated with a local anesthetic. Zylocaine) and
artificially respirated. At this point a continuous
infusion of gallamine triethiodide (Flaxedil 10 mg kg
hrj and supplemental b-tubo curarine (0.05mg kg hr)
in a glucose saline solution minimized eye move-
ments.
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The pupils were dilated and accommodation re-
laxed by applying cyclopentate hydrochloride (Cyclo-
gvl). The corneas were fitted with contact lenses of the
appropriate curvature having a 3 mm artificial pupil.
The animal was refracted and the appropriate cor-
rective lenses placed before each eye to bring the
stimuli in focus on the retinae.

Single units were isolated with glass-coated
platinum-iridium microelectrodes whose tips were
electrolytically etched to 0.5-1.6 um in diameter and
were exposed for 5-8 um behind the tip. Extracellular
unit activity was amplified and discriminated by
conventional means.

To minimize sampling biases. an exhaustive at-
tempt was made to examine every cell encountered.
Since cortical cells are notoriously quiescent, we
designed a search program which presented drifting
gratings and bars whose color as well as spatial,
temporal and orientation properties could be con-
trolled manually.

The general paradigm was as follows: once a cell’s
receptive field (RF) had been located, the optimal
stimulus values for that cell were determined: the
preferred eye. and the best orientation, direction of
movement, spatial frequency and temporal fre-
quency. We obtained some preliminary measures of
each cell’s RF structure by flashing stationary bright
and dark bars at different positions across the field.
Cells could thereby be classified as simple or complex,
using Hubel and Wiesel's original definitions (1959,
1962, 1968). Qur cortical population also included
“concentric” and “‘hypercomplex™ RF types. How-
ever. based on the results of Gilbert (1977) and De
Valois er al. (1982). we treat these two cell types as
subsets of the major classes or simple and complex
RFs. These subsets did not show any different color
or spatial frequency preferences from the major
classes.

Quantitative response profiles (RF maps) were
measured using both achromatic luminance in-
crements and decrements (black and white bars). as
well as color bars presented on an equiluminant
complementary color background. The computer
flashed each black or white bar repeatedly at 9-11
randomly presented locations across the RF. The
chromatic RF map was obtained in a similar manner,
but in this case a color bar repeatedly replaced a
contrasting color background, with no change in
luminance. Prior to each RF mapping (and spectral
response test), a pre-stimulus bar positioned on the
RF center checked whether the eyes had moved.

The stimuli we used to test color responsiveness
were produced by shifting from a steady background
to an equiluminant bar of a different color presented
on the same background. In different experiments.
two types of color step were used. For most cells. a
color change from a neutral background was used
{e.g. grav to red) as well as a color change from one
spectral region to its complement (e.g. red to green,
vellow 1o blue. etc.). The color bars and their domi-

nant wavelengths were orangish-red (610 nm). vellow
(578 nm), green (547nm), cyan (495 nm). blue
(465 nm) and purple (518 nm). These nominal wave-
length values were verified by matching each color
against a calibrated monochromator. In addition.
bars composed of achromatic luminance increments
or decrements were presented on the gray back-
ground. The contrast of the black or white bars
varied from 1 to 60°;. In some cells. we also analyzed
responses to color changes combined with luminance
increments and decrements.

In all experiments, each test bar was flashed on for
1 sec and repeated 5 times at each position. Where
possible, this procedure was repeated several times.
For the few cells which would not respond to flashed
stationary stimuli, the test bars were moved back and
forth across the RF at a constant optimal rate.

Spatial tuning was measured by drifting
luminance-varying or color-varving gratings of
different spatial frequencies. Spatial frequencies vary-
ing from Oc/deg (full field sinusoidal flicker) to
22cideg (in equal logarithmic intervals) were
presented: the drift rate was held constant at the
optimal temporal frequency for the cell under test.
These gratings were presented at each of 2-8 different
contrast levels (56, 33, 19. 11, 6.6. 4. 2.4 and 1.4°))
in order to determine the sensitivity to color and
luminance contrast. The color responses of cells with
high luminance contrast sensitivity (cells which might
respond to very slight luminance mismatches) were
verified by other procedures (e.g. by the luminance
masking experiment. andsor by differentiating color
from luminance responses on the basis of different
spatial preferences. like the cells shown in Figs 12(B)
and 15).

After several recording sessions. the amimal was
sacrificed and the recording sites were determined
from histological examination of the electrode tracks
in relation to the V1-V2 border and the retinotopic
map of Talbot and Marshall (1941). All electrode
penetrations were within the foveal and parafoveal
representations in V1. Some 52°, of the 16 31 pene-
trations were made in the foveal positon. The re-
maining tracks were medial and posterior 1o the
foveal representation.

3. Data analysis

Analysis of each cell’s peri-stimulus time histogram
(PSTH) to the stationary and moving bars was
computed and printed out on line. The PSTH was
collected under computer control by summing spikes
into 5msec time bins and then averaging over 5
repetitions. For stationary bar patterns. the total
number of spikes during the sumulus and for equal
intervals  (1sec) before and after sumulus
presentation were averaged over the repeated sumu-
lus presentations. For moving bar patterns. the total
number of spikes was counted for each traverse. over
and back. across the RF and each averaged over the
stimulus repetitions.
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For gratings. the PSTH was collected by summing
spikes into 5 msec time bins and then averaging over
the 20 temporal cvcles. From these data a harmonic
Fourier analysis was computed relative to the funda-
mental temporal frequency of the grating’s amplitude
(or chromaticity) modulation. This analysis yielded
the average firing rate (D.C.) and the amplitude and
phase of each of the first five harmonics. The ampii-
tude of the major component (the D.C., 1st or 2nd
harmonic) was used as the response measure.

RESULTS

1. Cell classification

In order to assess the relative responsiveness to
luminance and color, we performed the following
experiment: & narrow bar was centered on the RF
and flashed on and off. First, the luminance contrast
of the bar was varied. that is. the responses to white
bars and black bars were recorded. Then. a series of
identical isoluminant bars of various wavelengths
were presented. In order to compare the cell re-
sponses to color and luminance variations, despite
their being along different physical dimensions, we
defined color contrast with respect to percentage of
maximum distance within CIE space. Therefore a
100°; color contrast was defined as the maximum
excursion from a spectral color (e.g. 610 nm) to its
spectral complement (e.g. 495nm) and was thus
considered equivalent to a 100°, luminance contrast.
With respect to this maximum. our color stimuli on
a neutral background were equivalent to approx. a
33°, (mean to peak) color contrast. We therefore
compared the color responses to the responses to a
33°, luminance contrast.

To quantify the relative responsiveness of cells to
our color-varying and luminance-varying stimuli, we
took the maximum excitatory response to a 33%,
luminance contrast (L_,.) and the maximum ex-
citatory response to our 33°, pure color contrast
(Co..) and computed the following ratio:
Coin = Linss Conan + L. If @ cell responds only to
color. then the index will equal +1.0. If a cell
responds only to luminance contrast, the index will

miy

equal —1.0. Obviously. if a cell responds equally to
both luminance and color contrast. the index will
equal zero.

The distribution of the color response index for all
cells is shown in Fig. 1. Dividing the abscissa into
three equal parts. we can say that the majority of
cortical cells (53°,) responded equally well to both
color and luminance. while 26°  of the cells preferred
color stimuli and 21" preferred achromatic stimuli.
The latter type are undoubtedly the “luminance
sensitive” cells reported by previous studies (Hubel
and Wiesel. 1968: Michael. 1978a.b.c: 1979).

For a subsample of our cortical population we also
checked the color responses in the presence of lumi-
nance increments and decrements. For instance. a
30Y, luminance contrast would be added to (or
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Fig. 1. Distribution of the color response index for the entire
population of cortical cells.

subtracted from) the color test bars. The question
here was the extent to which a cell’s spectral response
was maintained in the presence of luminance changes.
that is, whether or not the presence of luminance
change would mask the response to color. This is an
important test because, in the real world. there are
both color and luminance variations. Any cell whose
color responses could be “masked™ by a small lumi-
nance change would not serve as a very good color
cell.

Of the 50 cortical cells so tested. 30 (76°,) showed
essentially invariant spectral response characteristics
in the presence of a luminance change and 12 showed
variable spectral behavior, in which the color re-
sponse was eliminated by the presence of luminance
contrast in the stimutus. Figures 2(a) and 2(b) present
data for two cells which showed color responses
which were invariant or variant with luminance. The
cell in Fig. 2(a) excited to red and inhibited to shorter
wavelength bars. When a 30°, luminance increment
was superimposed on the color bars. the spectral
response remained essentially unchanged. In con-
trast, the color opponent behavior of the cell shown
in Fig. 2(b) was eliminated by adding a luminance
increment to the bars. Those few cells in which color
responses were masked by concurrent luminance
variations were also predominantly (10/12) cells
which preferred luminance contrast by our con-
ventional measures (i.e. the color-luminance response
ratio was less than —0.33).
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Fig. 2. The spectral response funcuons of two cortical

simple cells tested with pure color bars tsolid circles to the

left). 33, contrast achromatic bars (sohd circles to the night)

and their combination (open circles). Data points plotted

above the dotted line indicate excitation and data points
plotted below indicate off-responses.




