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Moutoussis, K. and S. Zeki. Responses of spectrally selective cellsin
macaque area V2 to wavelengths and colors. J Neurophysiol 87:
2104-2112, 2002; 10.1152/jn.00248.2001. We have recorded from
wavelength-selective cells in macague monkey visual area V2, inter-
posed between areas V1 and V4 of the color-specialized pathway, to
learn whether their responses correlate with perceived colors or are
determined by the wavelength composition of light reflected from
their receptive fields. All the cells we recorded from were unselective
for the orientation and direction of motion of the stimulus, and all
were histologically identified to be in the thin cytochrome oxidase
stripes. Using multi-colored “Mondrian” scenes of the appropriate
spatial configuration, areas of different color were placed in the
receptive field of each cell and the entire scene illuminated by three
projectors, passing long-, middle-, and short-wave light, respectively,
in various combinations. Our results show that wavelength-selective
cellsin V2 respond to an area of any color depending on whether or
not it reflects a sufficient amount of light of their preferred wave-
length. In addition, the responses of a third of the cells tested were
also influenced by the wavelength composition of their immediate
surrounds, thus signaling the result of alocal spatial comparison with
respect to the amount of their preferred wavelength present. The
responses of al also depended on the sequence with which their
receptive fields were illuminated with light of the three different
wavebands: cells were activated when there was an increase (and
inhibited when there was a decrease) in the amount of their preferred
wavelength with respect to the other two; the temporal route taken
was therefore a determining factor, and, depending on it, cells would
either respond or not to a particular combination of wavelengths. We
conclude that although spatiotemporal wavelength comparisons are
taking place in the color-specialized subdivisions of area V2, the
determination of complete color-constant behavior at the neuronal
level requires further processing, in other areas.

INTRODUCTION

Area V2 of the macagque brain is interposed between the
primary visua cortex, area V1, and the other visual areas of the
occipital lobe. The nature of visual field representation in it, as
well as its extent and borders with V1 and V3, were first
revealed by anatomical studies in the macague monkey (Cragg
1969; Zeki 1969) and subsequently found to be true of all
primates, including man (Allman and Kaas 1971; Sereno et a.
1995; Shipp et al. 1995). V2 contains cells with many different
functional properties, including ones that are selective for
color, orientation or direction of motion (see following text).
Cytochrome oxidase staining shows that V2 consists of three

different types of aternating stripes, thick (K), thin (N), and
inter (I) (Livingstone and Hubel 1982; Tootell et al. 1983).
Most physiological studies agree that this characteristic archi-
tecture is the anatomical reflection of a functional segregation
within V2 (see Fig. 1), with spectrally selective (“color”) cells
being concentrated in the thin stripes, directionaly selective
cellsin the thick stripes, and orientation selective cells in both
thick stripes and inter-stripes (Baizer et al. 1977; DeY oe and
Van Essen 1985; Hubel and Livingstone 1985, 1987; Malach et
al. 1994; Roe and Ts 0 1995; Shipp and Zeki 1985; Tootell and
Hamilton 1989; Ts' o et al. 1990). Even studies that do not find
a tight correlation between functiona properties of cells and
their anatomical groupings (DeY oe and Van Essen 1985; Ge-
genfurtner et al. 1996; Levitt et al. 1994) nevertheless show
color cells to be more frequently found in the thin stripes,
direction-selective cells in the thick stripes, and orientation-
selective cells in the thick stripes and interstripes and exclu-
sively so if they occur in clusters. This functional segregation
of color in V2 is also anatomically evident in this area’s
afferent and efferent connections: thin stripes receive their
input from V1 cytochrome oxidase blobs, which are mainly
driven by the parvocellular layers of the LGN and contain cells
selective for the color of the stimulus (Born and Tootell 1991,
Livingstone and Hubel 1983, 1984; Tootell et a. 1988; Ts o
and Gilbert 1988) and project mainly to V4 (DeYoe and Van
Essen 1985; DeYoe et a. 1994; Felleman et a. 1997; Malach
et al. 1994; Nakamura et al. 1993; Shipp and Zeki 1985; Xiao
et al. 1999; Zeki and Shipp 1989), an area specialized in color
processing (Zeki 1973, 1977, 1978a,b). The picture of func-
tional specialization that emerges from past studies of V2
reflects, we believe, the more global functional specialization
that characterizes the primate visual brain (for a review, see
Zeki 2001). This is even reflected in the temporal dimension
because different attributes of the visual scene are perceived
asynchronously, color being perceived before motion and form
(Moutoussis and Zeki 1997a,b). There is, however, an aterna
tive view of the organization of the visual brain, with which we
disagree, namely that all visual areas, far from being special-
ized, are in fact multi-purpose (for areview, see Schiller 1996,
1997).

Because V2 is an area that is anatomically and functionally
interposed in the color pathway between the wavel ength-selec-
tive cellsin V1 and the color-selective cellsin V4, we thought
it interesting to learn whether its cells display the property of
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Fic. 1. A: schematic representation of orientation, color, and directional
selectivities of cells along a single long penetration, perpendicular to the
cytochrome oxidase (CO) stripes of V2. Recordings were made from 2 thin
(N), 2inter (1), and 1 thick (K) stripes. Every cell was given a selectivity index
(DeY oe and Van Esssen 1985) for each 1 of the 3 visua attributes tested. The
selectivity index varies from O to 1 (or higher if there isinhibition by 1 of the
stimuli) and is color coded with red representing high selectivity and green no
selectivity at all. The width of each stripe is representative of the number of
cellsrecorded from it and does not reflect the actual size of the stripein reality.
B: cytochrome-oxidase-stained sections of the flat-mounted operculum recon-
structed in A. The entire stripe pattern is more clearly seen in the lower section;
the stripes recorded from are shown in the 2 top sections, where the electrode
track is present. A magnification of part of the recording sites is shown to the
right, revealing parts of the electrode track and the lesions used as landmarks
(see METHODS).

color constancy. Color constancy—the fact that the color of
surfaces remains largely unaltered in spite of wide fluctuations
in the wavelength/energy composition of the light reflected
from them—is probably the most prominent characteristic of
the color system. A possible strategy by which the brain
achieves this is to compare the different amounts of long-,
middle-, and short-wave light across space (Land 1974; Land
and McCann 1971). Recent psychophysical and imaging evi-
dence suggests that such a comparison is shared between early
and late stages of the visual pathway (Bartels and Zeki 2000;
Moutoussis and Zeki 2000). On the other hand, physiological
evidence shows that cells whose responses correlate with color
as perceived by humans, rather than the wavelength composi-
tion of the stimulus, occur in areaV4 but not V1 (Zeki 1983a):
striate cortex (and some V4) cells were found to respond to an
area of any color in the scene, as long as it is made to reflect
a sufficient minimum amount of light of their preferred wave-
length and lesser amounts of the other two wavelengths. Some
V4 cells, on the other hand, respond to an area of their
preferred color irrespective of the wavelength composition of
the light reflected from it and do not respond to areas of other
colors even if they are reflecting light of the same wavelength
composition as the area of their preferred color. We tried
therefore to learn something about the role of cellsin areaVV2
thin stripes in color processing and perception by testing
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whether they are genuine color cells, in the sense of responding
to a patch of a given color irrespective of the wavelength
composition of the light reflected from it, or whether they are
only wavelength selective. If the latter, they should respond to
a patch of any color if it reflects sufficient amounts of light of
their preferred wavelength. In summary, we were interested to
see whether V2 cells with a strong wavelength preference
across the spectrum are able to discriminate between wave-
length composition and real color, and able to compare be-
tween the various wavelength compositions across space and
time.

METHODS
Animal preparation

Four male juvenile macaques between 12 and 20 mo of age were
used. Each wasfirst sedated with 20 mg/kg ketamine (Vetalar, Parker-
Davis), cannulated via the saphenous vein, and intubated through the
mouth. Propofol (Diprivan, Zeneca) was continuously perfused intra-
venously a arate of 4-12 mg - kg~* - h™* to maintain anesthesia.
Sufentanil citrate (Janssen) and pancuronium bromide (Pavulon, Or-
ganon Technika) were also infused alongside propofol at the rates of
3-8 and 60 g - kg~ ' - h™*, respectively. The monkey was respired
using a Harvard respirator (tidal volume: 11.6 cm®/kg), and the
respiration rate was adjusted to maintain the end tidal CO,, between 3
and 4% as measured by a “Cardiocap” electroencephalogram (ECG)/
gas analyzer. The depth of anesthesia was continuously monitored by
examination of the ECG, rectal temperature (maintained at 38°C with
the aid of an electric blanket), and exhaled CO,. The animal’s head
was rigidly placed in a head holder, using ear bars and a mouthpiece,
that was designed to offer no obstruction to the field of view. A cut
was made through the skin, and, after retracting the skin and muscle
layers, a hole was made in the skull using a dental drill to expose the
dura at around 1.5 mm forward from the occipital crest to reveal the
lunate sulcus. The dura mater was then cut, and an area of cortex
roughly 1 cm in diameter was exposed. This exposure was covered in
cooled 2% agar-in-saline solution. The eyelids were retracted with
10% phenylephrine drops (Richard Daniel and Son), the pupils were
dilated using 1% atropine eye drops (Schering-Plough), and neutral
contact lenses were placed over the eyes. Additional auxiliary lenses,
the strength of which was determined by streak retinoscopy, were
used to focus the eyes on atarget screen 114 cm in front of the animal.
Using areversible ophthalmoscope, the foveas were identified and, by
rotating the instrument through 180°, the center of gaze was marked
on the tangent screen.

Recording

Extracellular recording of neuronal activity was done with low
impedance (1 MQ at 1 kHz) and 10- to 12-um exposed-tip-length
gold-platinum-plated tungsten-in-glass microelectrodes (Merrill and
Ainsworth 1972) mounted in an impedance matching headstage on a
microdrive system. The electrode was inserted in the part of V2 near
the edge of the lunate sulcus, at an angle parallel to the V1/V2 border
and the sulcusiitself, and advanced in amedial to lateral direction, i.e.,
perpendicular to the cytochrome oxidase stripes, so as to record from
many different stripes in a single penetration (see Fig. 1). The elec-
trode was advanced by a Burleigh “Inchworm” microdrive attached to
the micromanipulator. The signal was fed into a “Neurolog” NL 100
headstage preamplifier and then filtered using a notch filter with a
high-pass section between 300 and 800 Hz and a low-pass section
between 5 and 10 kHz (NL 104 AC preamplifier, NL 125 filters, NL
200 spike trigger, NL 606 Latch counter). In this way, we were
normally able to record from single cells, although in a few cases, we
might have recorded from more than one neuron (See DISCUSSION).
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Spikes were displayed on a Tektronix RM 565 oscilloscope fitted with
atype 3A9 amplifier and relayed over a loudspeaker. The signal was
also used to drive a spike trigger, and the transistor transistor logic
(TTL) signals produced were recorded by the stimulation computer.
Using a spike discriminator after the amplification stage, recordings
were made from individual spikes that were thresholded, converted to
TTL pulses and then fed to the computer, where they were collected
in 20-ms bins and saved. The spike record was displayed during the
stimulation on another monitor, driven by a secondary processor card
fitted inside the computer. The average spike rate for each condition
was displayed graphically, and the period during which the stimulus
was inside the cell's receptive field was highlighted. To identify
individual tracks and locations within the tracks, electrolytic lesions
were made by passing current, 5-10 A tip positive for 5-10 s.

Simulation and data analysis

Stimuli were generated on a microcomputer system (Amiga 2000
microcomputer, CBM) and presented on a 19-in Grundig BGC155
color monitor. The stimuli consisted of bars of variable length, width,
color, and orientation. The background color could also be varied. The
stimuli were controlled manually by use of a trackball, or automati-
cally by the computer, in a sequence designed to test one or another
attribute of the cell. The receptive field of the cell could be located
using the manual control system, and the positions of the edges of the
receptive field (excitatory region) were entered into the computer.
Thisinformation was used in the automatic tests to center the stimulus
on the receptive field and to determine the exact epoch of stimulation.
As well as the stimulus/background characteristics, speed of motion
(which could also be equal to 0 to test directionally selective cells for
any orientation preference), stimulus duration, intertrial period (dur-
ing which the screen was blank, i.e., uniform gray, black, or any other
color used as the background color during stimulation), and number of
repetitions could also be entered for the automatic computer con-
trolled testing of acell. This enabled awide range of quantitative tests
to be devised that, together with the operator’s experience and qual-
itative testing, were used to fully characterize each cell. To give a
value to a cell’s selectivity for a particular attribute, we used a
selectivity index | = [1 — (worst-base)/(best-base)] that compares the
best and worst responses after subtraction of the baseline firing rate
(DeY oe and Van Essen 1985). We did not take into account all cells
in which the standard error bars of the best and worst responses
overlapped (see Burkhalter and Van Essen 1986). In addition, we
carried out ANOVA tests to see whether differences in mean cell
responses are statistically significant at the level of P = 0.01. Three
repetitions were normally used for each condition, and these were
usually enough to make the result significant and allow us to include
it into our analyses, when the responses of a cell were not as clear,
more repetitions were used (between 5 and 10).

Wavelength selectivity

To test for the wavelength preference of cells, we used stimuli that
were isoluminant for the senior author (Anstis and Cavanagh 1983)
and were varied gradually along the blue-green-red, red-yellow-green,
red-magenta-blue, or green-cyan-blue axes presented against an equi-
luminant gray background; the response of the cell to white, black,
and gray (control) stimuli was also tested. These tests were aso
repeated against a black background to avoid possible inhibition of the
cell’s activity due to the gray background; responses of cells against
ablack background might be partly due to luminance contrast as well,
but because this is kept constant, any color preference can be till
spotted out. If a cell showed a preference to a particularly colored
stimulus, a series of stationary tests was made during which this
preferred color was presented to the receptive field' s excitatory center,
against a variety of different background colors (including the pre-
ferred color), to test for any immediate surround effects. To make sure
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that any cell preferences were indeed due to the color rather than
uncontrolled luminance differences (which should not be the case as
isoluminant colors were used), the response of the cell to its preferred
color was aso compared with the response given to a white bar, and
a “white index” was calculated alongside with the color index. The
Commission Internationale de I’ Eclairage (CIE) (X, y) coordinates for
the RGB guns of our monitor were (0.6047, 0.3467), (0.3111, 0.5934),
and (0.1526, 0.0683), and so we could use any color inside this
color-space triangle to test cells (if in any doubt) in addition to the
standardized tests described in the preceding text.

Color-constancy tests

After the excitatory and inhibitory wavelengths and spatial regions
of a particular cell were plotted, we proceeded with the “Mondrian”
experiment to test whether a cell’s responses correlate with color, as
opposed to wavelength. We used a multi-colored display consisting of
aseries of squares and rectangles (around 20 in total) made of “Color
Aid" matt papers. The papers reflected a constant amount of light in
all directions to avoid specular effects and were assembled in such a
way that none was surrounded by another shape of asingle color. The
spatial characteristics of the Mondrian were varied for each cell, so
that the size (and shape) of the individual Mondrian areas that we used
was equal to the size of the excitatory region of the particular cell’s
receptive field. This was particularly important for cells with a sur-
round inhibited by the same wavelength that excited the center (see
RESULTS), and in general ensures that any color constant-like behavior
of the cell was not masked by using large monochromatic Mondrian
areas. The display was illuminated by three computer-controlled
350W Kodak Carousel projectors, each one having its own light
intensity control. Different band-pass filters were used with each one
so that the first projector illuminated the display with long-wave light
only (610-700 nm, peak transmittance at 660 nm), the second one
with middle-wave light only (510-570 nm, peak at 530 nm), and the
third one with short-wave light only (400—480 nm, peak at 445 nm).
On severa occasions, narrowband interference filters (Ditric Optics)
were substituted for the band-pass filters, the three filters having peak
transmittances at 630, 530, and 470 nm and bandwidths at half height
of 8—10 nm; the results using either sets of filters were identical. A
Gamma Scientific Telephotometer, equipped with an equa energy
filter, was used to measure the precise amount of light of any wave-
band from any area of the display, in radiometric units. Different color
areas were put in the receptive field of a cell and each made to reflect
various combinations of long-, middle-, and short-wave light. By
definition, a “wavelength-selective” cell will respond to any area if
there is enough light of its preferred wavelength coming from that
area (irrespective of the area’s color). A “color-coded” cell (Zeki
19834), on the other hand, will respond only to areas having a
particular color, irrespective of the wavelength combination reflected
from them. By using different wavelength combinations and putting
different colored areas in the receptive field of the cell, we were able
to distinguish between the two. We also tested the effect of the
sequence with which the three projectors were turned on: the re-
sponses were tested when a cell’ s receptive field was illuminated first
with light of its preferred wavelength, followed by the other two, or in
areverse order, so that in both cases the same triplet of energies was
used in the end but via a different temporal route.

Histology

At the end of the experiment the animals were given a fatal
overdose of anesthetic and perfused initially with a solution of 0.9%
saline, followed by 4% paraformaldehyde in 0.1 M phosphate buffer
for a period of about 30 min. The fixative was washed out by
perfusing with 1.5 | 10% phosphate-buffered sucrose, followed by
1.5 1 20% phosphate-buffered sucrose, followed by 1.5 | 30% phos-
phate-buffered sucrose at a flow rate of 50 ml/min. The brain was
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removed from the skull and stored in 30% buffered sucrose at 4°C
until it sank. The operculum was dissected out by cutting through the
fundi of the lunate, inferior occipital, and calcarine sulci and by
making short cuts across the cortex between these sulci. It was
flat-mounted on a freezing microtome and sectioned at 50- or 60-um
intervals. Sections were stained for cytochrome oxidase (CO) (Wong-
Riley 1979) to visualize the stripe architecture of V2 in relation to the
electrode track and thus assign each cell in the penetration to a
particular type of stripe.

RESULTS

We have recorded from of 217 cellsin dorsal V2 within the
representation of paracentral, inferior visual field. Figure 1
shows a typical penetration, near the edge of the lunate sulcus,
paralel to the V1/V2 border and thus perpendicular to the
cytochrome oxidase stripes. As previously reported (Hubel and
Livingstone 1985, 1987; Roe and Ts 0 1995; Shipp and Zeki
1985; Tootell and Hamilton 1989; TS o et a. 1990), orienta
tion-selective cells were mostly found in thick stripes and
interstripes, a few direction-selective cells in the thick stripe,
and a cluster of spectrally tuned cellsin one of the thin stripes.
In general, when we suspected that we were recording from
inside a thin stripe (normally due to the absence of orientation
selectivity), we advanced our electrodein smaller steps so asto
screen the region more densely for cells with any signs of a
spectral tuning. Overall, 69/217 cells have been histologically
identified to lie within thin stripes, and 41 of these (19%)
showed some sort of spectral preference. However, because of
the often poor responses to stationary stimuli and the instability
of some units, we were able to complete the Mondrian tests for
only atotal of 27/41 cells; it is the properties of these that are
described here. All 27 cells had no orientation or direction
preference; 12/27 responded preferentially to long-wave light,
10/27 to middle-wave light, and 5/27 to short-wave light.
Although none showed any clear orr response to the opponent
color flashed inside the receptive field center, 20/27 showed a
hidden opponency revealed by a weak response to white light.
In addition, 18/27 showed a decrease in response to stimuli
larger than the excitatory region of their receptive field, reveal -
ing the presence of an inhibitory surround for the same wave-
length that selectively activated the center.

Figure 2 shows how the preference of all 217 histologically
identified V2 cells recorded from is related to the type of
cytochrome-oxidase stripe. As seen in the top diagram, the vast
majority of unoriented cells were found in the thin stripes,
where we also recorded the larger number of cells responding
better to some colors than to others. Color-biased cells were
also found in the thick stripes and inter stripes, but the per-
centage was much smaller and decreased further when more
strict classification criteria were used (bottom diagram). Fi-
nally, a preference for the direction of motion of the stimulus
was rare but nevertheless more often seen in the thick stripes
and almost exclusively in the thick-stripes when more strict
criteria were used. In summary, these population results sup-
port the idea of functional segregation within area V2 and thus
reinforced our decision to concentrate on recording from thin-
stripe cells for our study of the color-specialized system.

Typical responses of al 27 cells are shown in Figs. 3-7.
Figure 3A shows acell with aclear preference for middle-wave
light, whereas B reveal s that the orientation of the bar used was
of no importance, asis the case for the rest of the cells that we
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FIG. 2. Percentages of cells showing a preference for the color, orientation,
or direction of motion of the stimulus in each of the 3 different cytochrome-
oxidase compartments. The percentages are from a population of 217 histo-
logicaly identified V2 cells. Asin Fig. 1, we used a selectivity index | = [1 —
(worst-base)/(best-base)], which compares the best and worst responses after
subtraction of the baseline firing rate (DeY oe and Van Esssen 1985). We did
not take into account cells in which the standard error bars of the best and
worst responses overlapped (see Burkhalter and Van Essen 1986). Top: cells
with a selectivity index greater or equal to 0.5; bottom: diagram cells with a
selectivity index greater or equal to 0.7.

report here. The presence of a suppressive surround for the
same (middle) wavelength which preferably excites the center
isrevealed in Fig. 3C: the cell does not respond well to small
stimuli, givesamaximal response when the size of the stimulus
is equal to the size of the excitatory region of the receptive
field, but decreases its response when the stimulus size is
further increased. When studying such cells, care was taken
that in the Mondrian tests, the cell’s excitatory receptive field
was not surrounded by areas with a high reflectance for the
preferred wavelength, to obtain a maximal response from the
cell. Figure 4A shows the responses of the same cell to Mon-
drian areas of different color made to reflect theidentical triplet
of wavelengths of which the middle one was the dominant. The
cell responds well to al areas regardless of their actua color;
adlightly weaker response to the red areais due to the difficulty
of making this area reflect large amounts of middle-wave light.
Such cells, which respond to any area of the Mondrian as long
as it reflects a certain wavelength combination, can aso be
made not to respond to their preferred Mondrian area if it does
not reflect a sufficient amount of their preferred wavelength.
Thisisillustrated in Fig. 4B, showing the responses of another
middle-wavelength-selective cell when a green area of the
Mondrian was placed inside its receptive field and illuminated
with two different energy triplets: it responded strongly when
the area was made to reflect more middle than short- and
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Fic. 3. Average responses of aV2 cell to 3-s on-screen stimuli (between —1.5 and +1.5 ) repeated 3 times. @, the time during
which the stimulus was in the cell’s receptive field. Cell responses are calculated during this epoch. Trials were randomly
intermixed, with a 3-s intertrial period during which the screen was blank (top). A: responses to isoluminant vertical bars of dif-
ferent colors across the spectrum, moving against a black background. Commission Internationale de I’ Eclairage (CIE) coordinates
(%, y) of the 9 colors (from left to right): (0.1525, 0.0682) (0.2220, 0.2992) (0.2498, 0.3896) (0.2814, 0.4937) (0.3112, 0.5935)
(0.4627, 0.4660) (0.5096, 0.4269) (0.5742, 0.3711) (0.6043, 0.3460). B: responses to green moving bars of various orientations
against a black background. C: responses to stationary green squares of varying size (given as a percentage of the area of the

excitatory receptive field center) against a black background.

long-wave light (triplet A), but much less when it was made to
reflect more short- and long-wave light than middle (triplet B),
although it looked green to a normal observer in both condi-
tions. Normally we tested each cell using three to four different
illumination triplets and another three to four different areas of
the Mondrian.

The preceding characteristics are typical of al 27 V2 cells
encountered in this study: their responses did not correlate with
color but were dependent on wavelength composition aone.
Figure 5 shows the results of a quantitative comparison of the
effect of changing the wavelength composition of the illumi-
nation to that of changing the color of the areainside the cells
receptive field. The ratio between the best and worst responses
is calculated for each cell, both for different illuminations, and
for different colors. Straight lines at 1.5 divide the diagram into
four regions; al 27 cells fall within the lower-right quadrant,
indicating that the modulatory effect of the illumination com-
position on cell responses is strong and that of color is weak.
A typical color-coded cell ignoring changesin illumination and
only signaling changesin natural color (Zeki 1983a) should fall
in the upper-left quadrant, but none of our cells in V2 do.

In addition to wavelength composition, the sequence with
which the three projectors were switched on was also a deter-
mining factor for al cells. Figure 6 shows the responses of one
long- and one middle-wave-selective cell to different se-
guences of illumination of the red and the green area of the
Mondrian respectively. When the projector of the preferred
wavelength was switched on first, they gave a strong response,
which was abolished when the other two projectors were
added. When the two other projectors were switched on first,
the cells did not respond; but when the projector of the pre-
ferred wavelength was added to the other two, the cells gave a
strong response. These cells thus respond only if the light of
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the preferred wavelength is added to the other two lights:
although the final energy triplet illuminating the Mondrian was
the same in both cases, the cells only responded in the second
case. Therefore the responses of such cells, as well as depend-
ing on wavelength composition, also signal a change in the
amount of the cell’s preferred wavelength with respect to the
other wavelengths, the cell being excited when there is an
increase and inhibited when there is a decrease. Figure 7 also
illustrates both the dependence of the response of another cell
to the wavelength composition as well as the sequence of
illumination. This cell responded to a blue and ared area of the
Mondrian reflecting the same triplet of wavelengths, the pre-
dominant of which was the short one. If, however, instead of
all three projectors being switched on together at the same
time, the long- and middle-wave projectors were switched on
as a pair, separately from the short-wave projector, the cell
would or would not respond to the same energy triplet depend-
ing on whether there was an increase or decrease in the amount
of its preferred wavelength with relative to the other two.
Could this response dependency on the temporal ordering of
stimulation be simply accounted for by classical chromatic
adaptation? For example, in Fig. 6A, one might argue that
when the middle-short-wave light (MS) stimulus is presented
first for 1 s, the MS system adapts and cannot exhibit its
inhibitory effect on the long-wave-light (L) signal, which thus
evokes a response from the cell—unlike what happens when
the MS stimulus follows the L one. Thisis an unlikely possi-
bility since when all three projectors are switched on together
the cell responds (because the red area illuminated by white
light reflects more L than M Slight) and therefore no inhibitory
effect due to the MS stimulusis evident under these conditions.
Another possibility could be that the L systems adapts and thus
the “inhibitory” effect when the MS stimulus comes on. There
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FIG. 4. Mondrian test for distinguishing between wavelength composition
and color; shaded area shows time of stimulation. A: the cell of Fig. 2 gave the
same response to different color patches illuminated in such away as to reflect
40, 80, and 20 mW*Sr—t*m~2 of long-, middle-, and short-wave light,
respectively (asuspected slightly higher response to yellow did not survive the
ANOVA test). This cell thus responded to any area of the Mondrian made to
reflect a predominant amount of middle wavelength. B: responses of another
middle-wave selective cell under 2 different types of illumination of a green
patch. Although the patch appeared green in both cases, the cell responded
much stronger when there was an abundance of middle-wave light reflected
from it (triplet A: 30, 60, and 15 mW*Sr—*m™~2; triplet B: 40, 30, and 30
mW+Sr—m—2),

are no such signs of adaptation, however; and the cell in both
cases responds vigorously to red light during the whole 1 s of
L stimulation. Similarly, it is unlikely that we have MS adap-
tation within 1 s, otherwise the inhibitory effect in Fig. 6A (top)
should not last for so long [unless the L system, which showed
no sign of adaptation during the 1st second, also begins to
adapt at exactly the correct time and rate so that the total
long-middle-short-wave light (LMS) output remains 0—an
almost impossible situation]. In fact, there are no signs of
adaptation in Fig. 7 either, where stimulation lasts 2 rather than
1 s, or even in Fig. 6B (with the exception of the LMS
stimulus), where stimuli are 3 slong. It is therefore the detec-
tion of illumination changes rather than classical color-adap-
tation that is responsible for the behavior of these cells.

DISCUSSION

In our search for any sort of chromatic tuning, we have
recorded from and histologically identified (with respect to
cytochrome-oxidase stripes) a total humber of 217 V2 cells.
Our global results verify previous reports of a functional seg-
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regation within this area, related to its characteristic cyto-
chrome-oxidase pattern (see INTRobucTION). It is perhaps worth
mentioning that although in most cases we recorded from
single units, in some cases, we might have recorded from more
than one neuron. In the latter case, tuning curves to different
visual attributes would represent the average from a number of
neurons with possible different selectivities, giving perhaps a
broader tuning curve. We believe, however, that this did not
bias our global results in any way mainly because of the rarity
of such occasions. Furthermore, the properties of neurons
change gradually as one advances the el ectrode through cortex
(preferred orientation, for example), and nearby cells normally
share the same (or very similar) type of selectivity. Therefore
even when we were not able to isolate single units, averaging
between neighboring units would not have significantly dis-
torted the tuning characteristics of the neuron(s). Also, an
artifact of broader tuning curves (i.e., less selectivity) would
tend to bias the results toward a picture of less segregation
within V2. The fact that, despite any hypothetical artifact
working against us, we were still able to report significant
segregation, emphasizes that cells with different selectivities
are segregated within the cortex of area V2.

Because V2 receives its input mainly from V1, including
subdivisions of V1 specialized for color processing (Living-
stone and Hubel 1984), the presence of color-selective cellsin
this area should be expected. Indeed, in early studies, 16% of
the cells in the posterior bank of the lunate sulcus of both the
anesthetized and the awake behaving monkey were found to
respond with excitation to some colors and inhibition to others
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Fic. 5. Group quantitative results of the effect of changing the wavelength
composition and the area of the Mondrian on cell responses. Two indices are
calculated for each neuron: a color index equal to the ratio between the best
and worst response of the cell to Mondrian areas of different colors made to
reflect the cell’ s preferred illumination triplet, and awavelength index equal to
the ratio between the best and worst response of the cell to different triplets of
illumination reflected by the area of its preferred color. A ratio more than 1.5
is arbitrarily taken to indicate a significant influence of the changing factor
(wavelength/color) on the response of the cell. The diagram shows that
responses are much more strongly modulated by changes in the wavelength
composition of the illuminating light than by changes in the color. As well as
using the indices to measure the size of the effect, ANOVA tests show that the
differences between best and worst mean firing rates is statistically significant
when changing the wavelength composition of the illumination but not when
changing the color of the target Mondrian area.
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FIG. 6. Theresponses of aV2 cell to different sequences of illumination of
ablue (A) and ared (B) area of the Mondrian, reflecting the same final triplet
of energies (30, 20, and 50 mW*Sr—*m™2). Left: the cell’s preferred wave-
length (short) was added to the other 2, whereas the opposite is true for the
right column. There was no time lag between the long-middlie-wave light (LM)
or short-wave light (S) and long-middle-short-wave light (LMS) conditions—
the vertical separation of the initial and fina stimuli in the figure is for
illustrative purposes only (i.e., time O sfor the LM S stimulation is equal to time
2 sof the LM or S stimulation).

(Baizer et a. 1977; Zeki 1978b); all gave spatially coextensive
color opponent responses in a round or oval center, and some
had in addition suppressive surrounds that limited the size of a
stimulus effective in eliciting one or both of the center re-
sponses (Baizer et a. 1977). These results were confirmed by
later studies (Burkhalter and Van Essen 1986; Gegenfurtner et
al. 1996; Hubel and Livingstone 1985, 1987; Kiper et al. 1997;
Levitt et al. 1994), although the exact percentage of color cells
in V2 as well as the spatia receptive field organization varied
across publications from different laboratories. In the present
study, we report on cells that are preferentialy excited by
stimuli of a particular wavelength, some of which also have a
suppressive surround for the same wavelength that excites the
center (Baizer et a. 1977). Our stimuli were not designed to
map the exact spatial extent and configuration of these sur-
rounds nor to accurately describe any excitatory surround
effects (Livingstone and Hubel 1987). In some cases, center
opponency was detected as a much weaker response to white
stimuli compared with stimulation with the preferred color.
The purpose of our initial, stereotype, tests was not a full
description of receptive field organization but to screen cells
for any differential responses across the spectrum (and also for
any inhibitory surround) before moving on to the Mondrian
tests, which were the main aim of this experiment.

All V2 cells we have recorded from respond to the wave-
length composition rather than the color of the stimulus, sug-
gesting that color constancy is not achieved before reaching
area V4 in the color pathway. Thisisin agreement with lesion
studies, which show that color constancy is lost after removal

K. MOUTOUSSIS AND S. ZEKI

of V4, whereas wavelength discrimination is not, probably due
to the integrity of areas V1 and V2, in both man (Kennard et al.
1995; Vaina 1994) and monkey (Heywood et al. 1992; Walsh
et a. 1992, 1993; Wild et al. 1985). The method we have used
inthis study is similar to that used by Zeki (1983a) in areas V1
and V4. Its capability to distinguish between color-coded and
wavelength-selective cells has been recently confirmed by our
studies in area V4 of the awake behaving monkey using a
different paradigm (Kusunoki et a. 2001). Concerning the
present study, although we have had the additional advantage
of quantifying our computerized data, it is still possible that
this method is not sufficiently sensitive to detect and describe
in detail more subtle modulations of cell responses as a func-
tion of perceptual changes. Previous studies have described
some subcortical color-“constant-like” behavior (Creutzfeldt et
al. 1991a,b), where neurons could modulate their firing rate by
stimulation of the surround. These experiments, however, in-
stead of using multicolored Mondrian-type surrounds illumi-
nated together with the central stimulus, involved uniform
monochromatic surrounds presented for long periods of time.
They are therefore more appropriate for specifically studying
the effects of color contrast and color adaptation rather than the
phenomenon of color constancy (the relation of which to
contrast and adaptation is still a matter of dispute) as awhole.
A cell behavior similar to the one reported in these subcortical
studies has also been reported in striate cortex (Wachtler et a.
1999), using similar methods, but no firm conclusions can be
drawn because the relevant study is only available in abstract
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FIG. 7. Theresponses of 2 V2 cells, 1 selective for long-wave light (A) and
the other for middlie-wave light (B) to different sequences of illumination of
Mondrian areas having their preferred color (red and green, respectively) with
white light (LMS condition, where L, long-wave light; M, middie-wave light;
and S, short-wave light). Both cells gave a different response to the same
energy triplet depending on the temporal route of stimulation.
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form. Concerning achromatic (brightness) interactions, modu-
lation of the firing rate of neurons due to uniform changes in
illumination outside the classical receptive field have been
reported in both LGN and striate cortex, but not in the retina
(Rossi and Paradiso 1999). To our knowledge, this is the first
study of color constancy in area V2. Although initially it might
seem contradictory, the lack of any “color-coded” cellsin this
areais consistent with recent psychophysical evidence showing
that although spatial chromatic interactions take place very
early in the visual system, the generation of color per seis a
property of higher visual areas of the brain (Moutoussis and
Zeki 2000).

We also describe here for the first time V2 cells performing
atemporal comparison as well, signaling a relative increase or
decrease in the amount of their preferred wavelength reflected
from an areainside their receptive field. The brief presentation
times that we used, together with the temporal characteristics
of the responses of our cells (see rResuLTs) excludes the possi-
bility of classical color adaptation being an explanation of this
behavior. It is well known that chromatic adaptation can influ-
ence color appearance in humans (Brindley 1953; Stiles 1959)
and the responses of cells early in the monkey visual pathway
(Creutzfeldt et a. 1991ab; DeMonasterio and Gouras 1977,
DeMonasterio et a. 1975) and that postreceptoral (contrast)
adaptation can influence both color appearance and color con-
stancy (Webster and Mollon 1991, 1995). For such effects to
manifest themselves, however, presentation of the adapting
stimuli needs to be longer than the presentation times we used
in our “tempora signalling” experiments. Furthermore, we
have not observed any adaptation-like behavior in the re-
sponses of our cells: both excitatory and inhibitory effects
remained unchanged during the whole period of our (brief)
stimulation. Similar temporal response properties to the ones
we report here in V2 have been also reported in V1 (Zeki
1983h), but their role in an invariant, Mondrian-type situation
isnot clear at first sight. However, the fact that the wavelength
composition coming from objects in the real world is contin-
uously changing suggests that the brain could use the informa-
tion that these cells provide to compensate for temporal illu-
mination changes taking place in natural viewing conditions.
Such cells, together with cells that have an inhibitory surround
for the same wavelength that selectively excites their center,
could contribute to brain color constancy mechanisms by per-
forming a continuous wavelength comparison across space and
time.

The cells we have recorded from were not uniformly sam-
pled from area V2. We have chosen to concentrate on cells
from the thin cytochrome-oxidase stripes, which showed no
selectivity for the orientation of the stimulus, because we
believe them to belong to the V2 part of the color-specialized
system of the visual brain (Baizer et al. 1977; DeY oe and Van
Essen 1985; Felleman et a. 1997; Hubel and Livingstone 1985,
1987; Malach et al. 1994; Roe and TS 0 1995; Shipp and Zeki
1985; Tootell and Hamilton 1989; TS 0 et a. 1990; Xiao et al.
1999; Zeki and Shipp 1989). Spectrally tuned cells can also be
found outside thin stripes, but there is no obligatory 1:1 rela-
tionship between properties at the cellular level and perceptual
attributes: color signals in thin stripes may subserve color
vision per se (i.e., determining surface reflectance properties),
whereas color signals outside thin stripes may be relevant to
the determination of surface contours, depths and directions of
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motion, etc. Furthermore, these were the cells that showed a
clear-cut preference for a particular wavelength and also gave
good repetitive responses to long periods of testing with sta-
tionary Mondrian-type stimuli. By showing that such cells are
heavily concentrated within the thin stripes of V2, we both
confirmed past physiological studies but aso fortified our
belief in the general strategy of functional specialization in the
visua brain.

In summary, the results of this study show that the “color”
cells of V2 are in fact wavelength specific, responsive to the
wavelength composition of light, and indifferent to the color of
apatch in their receptive fields. We were not able to find in V2
any cellswith the color-constant properties found in V4 of both
the anesthetized (Zeki 1983a) and the awake behaving monkey
(Kusunoki et a. 2001). We cannot exclude the possibility that
such cells may nevertheless exist in V2. If so, their demon-
stration will require the development of more sensitive meth-
ods than the ones we have used here.

We thank J. Romaya for the computer programming.
This work was supported by the Wellcome Trust.
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