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The primate retina contains three classes of cones, the L, M and S
cones, which respond preferentially to long-, middle- and short-
wavelength visible light, respectively. Colour appearance results
from neural processing of these cone signals within the retina and
the brain. Perceptual experiments have identified three types of
neural pathways that represent colour: a red–green pathway that
signals differences between L- and M-cone responses; a blue–
yellow pathway that signals differences between S-cone responses
and a sum of L- and M-cone responses; and a luminance pathway
that signals a sum of L- and M-cone responses1–3. It might be
expected that there are neurons in the primary visual cortex with
response properties that resemble these three perceptual path-
ways, but attempts to find them have led to inconsistent results4–7.
We have therefore used functional magnetic resonance imaging
(fMRI) to examine responses in the human brain to a large
number of colours. In visual cortical areas V1 and V2, the
strongest response is to red–green stimuli, and much of this
activity is from neurons receiving opposing inputs from L and M
cones. A strong response is also seen with blue–yellow stimuli,
and this response declines rapidly as the temporal frequency of
the stimulus is increased. These responses resemble psychophy-
sical measurements, suggesting that colour signals relevant for
perception are encoded in a large population of neurons in areas
V1 and V2.

Midget retinal ganglion cells and parvocellular neurons in the
lateral geniculate nucleus (LGN) combine cone signals of opposite
sign, as expected in chromatic pathways8–10. Several of the quanti-
tative colour properties of neurons in the retina and LGN, however,
do not match perceptual measurements. For example, perceptual
spatial resolution is highest for luminance patterns, but the retinal
mosaic with the highest spatial resolution, the midget ganglion cells,
receive opposing input from the long-wavelength-sensitive (L)
cones and the middle-wavelength-sensitive (M) cones, as expected
in a chromatic pathway11,12.

Such discrepancies have focused attention on the cortex in an
attempt to find neurons with properties that more closely resemble
the three perceptual pathways7,10. However, single-unit colour-
tuning measurements in cortical area V1 have yielded conflicting
results. Some measurements identify three populations of neurons,
associated with particular cytochrome-oxidase blobs, that may
correspond to the chromatic pathways5,13, but other results show
broad distributions of colour properties, and yet others report that
most V1 neurons respond best to luminance rather than chromatic
patterns4,6,7.

To clarify the relationship between cortical activity and the
perceptual colour pathways, we measured cortical colour tuning
in areas V1 and V2 by using functional magnetic resonance imaging
(fMRI). We used stimuli that reveal red–green and blue–yellow
chromatic pathways in psychophysical experiments3,14,15, and mea-
sured colour tuning by using contrast-reversing ‘checkerboard’
patterns of many colours and contrasts. In each experiment,

observers viewed stimuli in six different colour directions at three
levels of colour contrast (see Fig. 1). Each stimulus was presented for
15 s and was followed by a mean-field presentation for 27 s; we call
this composite presentation a stimulus period. The amplitude of the
harmonic component of the fMRI signal with the stimulus period
(42 s) served to measure the response of the neural population to
each stimulus. This response increased monotonically with stimu-
lus contrast. Each experiment was conducted with contrast-reversal
temporal frequencies of 1, 4 and 10 Hz.

The first experiments measured colour tuning in a red–green
stimulus plane in which checkerboards contained various levels of
L- and M-cone contrast and zero S-cone contrast. Results for two
observers are shown in Fig. 2. The solid iso-response contours show
the L- and M-cone contrasts of stimuli that produce a criterion
response amplitude. The dashed contours represent an 80% con-
fidence interval surrounding the iso-response contour.

These data show that a large proportion of the response to
chromatic stimuli arises from neurons that receive opposing L-
and M-cone signals. There are several ways to see the large
contribution from such cells. First, the long straight edges of the
iso-response contours fall along lines described by the equation

L 2 M ¼ a constantjj , where L and M are the L- and M-cone
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Figure 1 Experimental protocol. a, Cortical areas V1 (yellow) and V2 (red) (for

observer B.W.). b, Stimulus time course (see Methods); only the central portion of

the stimulus is shown (the actual stimulus contained many more checks). c,

Typical time series of the fMRI signal (area V1, observer B.W., 4Hz, red–green

plane). Six stimuli were presented during each fMRI scan. The lines beneath the

time series are shaded to indicate stimuli with a common colour direction; solid

and dotted lines denote increasing and decreasing contrast series, respectively.

Inset shows response amplitudes (A) to each stimulus, calculated by fitting

harmonic functions to the time series.
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contrasts, respectively. Second, at all three temporal frequencies,
more contrast is needed to obtain a given response level to L and M
signals of common sign than of opposite sign; at 4 Hz, for example, a
cone contrast of roughly (0.05, 2 0.05,0) yields the same response as
a cone contrast of (0.2,0.2,0). Hence, for this spatio-temporal
pattern, cone contrast combined in opposite sign (a red–green
chromatic stimulus) is four times more effective than cone signals
combined in common sign (a luminance stimulus). Third, adding
M-cone stimulation to a pure L-cone signal with the same sign
reduces the fMRI response, creating a stimulus that falls inside the
iso-response contour. Colour tuning measured in area V2 was
virtually the same as colour tuning in area V1; the iso-response
contours from V2 fell almost entirely within the confidence inter-
vals obtained from area V1.

A second series of experiments measured colour tuning in a blue–
yellow plane, with stimulus axes specified in terms of S-cone
contrast and combined equal amounts of L- and M-cone contrast.
Iso-response contours in this plane from area V2 are shown in Fig. 3,
and responses in V1 were very similar. At low temporal frequencies,
we again obtained a robust fMRI signal in response to chromatic
stimulation; responses in the blue–yellow (1,1, 2 1) colour direc-
tion were equal to or greater than responses in the luminance

direction (1,1,0). The size of the blue–yellow signal is surprisingly
large given that only 7% of the cones are of the S type, and that
neurons in the LGN that principally respond to S-cone stimulation
are relatively rare16,17. As the temporal frequency of the stimulus
increases, the relative size of the responses to stimuli in the blue–
yellow opponent direction and near the S-cone axis decreases
compared to the responses to stimuli in the luminance directions.

We next compared the fMRI iso-response contours with psycho-
physical detection contours measured using the same checkerboard
stimuli. The detection contours and individual threshold points for
three temporal frequencies, two colour planes and one observer are
shown in Fig. 4. Data from the other observer were in good
agreement with these data, and both sets resemble previously
published results3,14,15,18,19. The solid contours represent threshold
stimulus contrasts, and the dashed contours represent an 80%
confidence interval.

The perceptual data are similar to the cortical data in several
respects. At 1 and 4 Hz, in the red–green plane, sensitivity is highest
to stimuli that cause opposing L- and M-cone signals. In the blue–
yellow plane, relatively high sensitivity to S-cone stimuli falls rapidly
as temporal frequency increases.

The main difference between the cortical and behavioural
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1 Hz 4 Hz 10 Hz Figure 2 Colour tuning in a red–green plane measured in human

cortical area V1. The solid contour shows the amount of cone contrast

required to generate an fMRI response criterion level. The dotted

contours represent 10% and90% confidence intervals.The dots on the

left in a show the L- and M-cone contrasts of the 18 different stimuli

used in this experiment. The background colour shows the general

appearance of the stimuli. The colour stimuli were presented at three

temporal frequencies. Iso-response contours are shown for observer

B.W. (a) and S.E. (b) measured using temporal frequencies of 1, 4 and

10Hz. For both observers, the response levels represented by the iso-

response contours are about twice as high at 4Hz as at 1Hz or 10Hz.
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Figure 3 Colour tuning in a blue–yellow plane measured in human

cortical area V2. The horizontal axis represents equal amounts of L-

andM-cone contrast. Thevertical axis represents S-conecontrast. Iso-

response contours (solid curves) for observer B.W. (a) and S.E. (b) at 1,

4 and 10Hz temporal frequencies. For both observers, the response

levels represented by the iso-response contours are about twice as

high at 4Hz as at 1Hz or 10Hz. Other features are as Fig. 2.
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measurements is found for stimuli at 10 Hz in the red–green plane.
The strongest fMRI response is to stimuli that produce opposing L-
and M-cone signals, but the behavioural sensitivity is best to stimuli
in which the L- and M-cone signals covary. The fMRI data agree
with preliminary electrophysiological data showing that some V1
neurons respond strongly to red–green stimuli at high temporal
frequencies20,21. Perceptual sensitivity to these stimuli may be
limited by processing beyond areas V1 and V2.

These fMRI measurements are consistent with measurements of
visual evoked potential (VEP) that found larger responses to
chromatic stimuli than to luminance stimuli of comparable
contrast22,23. The cortical sources of the VEP signal are unknown,
however. The present results are also in agreement with fMRI
measurements showing a larger V1 response to a red–green
chromatic stimulus than to a luminance stimulus24. Our data
extend these results by measuring complete colour-tuning curves,
and comparing these results to behavioural data.

Our results indicate that cortical areas V1 and V2 are quite
responsive to chromatic stimuli, and that the cortical responses
resemble perceptual responses in important ways. These findings
argue against the idea that perceptually relevant chromatic information
is sparsely represented within V1 (refs 25, 26). The magnitude of the
responses suggests that a relatively large population of neurons
responds to the chromatic stimulation. The similarity between the
cortical colour tuning and the behavioural colour sensitivity suggests
that the cortical signals measured are relevant for colour perception.
These kinds of colour-tuning measurements should allow us to
learn how the spatiotemporal context, which influences colour
perception in important ways, affects responses in the cortex. M
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Methods

Identification of a visual areas. Our methods for identifying visual areas are
reported elsewhere in detail27–30; visual areas in the cortex were identified using
measurements of retinotopic organization in the occipital lobe, viewed on
flattened representations of cortex.
Scan planes. In all experiments, four or eight measurement planes of fMRI
data were acquired using a blood oxygenation level-dependent pulse sequence
(spiral k-space acquisition with echo time ðTEÞ ¼ 75, repetition time
ðTRÞ ¼ 300, flip angle ðFAÞ ¼ 35, pixel size ¼ 1:5 3 1:5 3 5 mm. One image
per plane was acquired every 2.5 s or every 3 s. Scan planes were oriented
perpendicular to the calcarine sulcus and included the representation of the
central 15 deg of the visual field. T1-weighted anatomical images were taken in
register with each functional scan plane. Subjects’ heads were immobilized
using a bite-bar; no motion artefacts were detected in our data.

Stimuli. Stimuli were circular, 20 deg, contrast-reversing, checkerboard
patterns surrounded by a neutral mean field. The stimuli were imaged using
an LCD video projector. We defined our stimuli in terms of cone contrast.
Formally, let the values L0, M0 and S0 represent the long-, medium- and short-
wavelength cone absorptions from the mean field, and let DL, DM and DS,
represent a perturbation of the stimulus checks from the mean value. The
stimulus is represented by the three-dimensional cone contrast vector,
s ¼ ðDL=L0;DM=M0;DS=S0Þ. Alternate checks were equal positive and negative
perturbations. We define the colour contrast of the stimulus to be the vector
length, jj s jj . The colour direction of the stimulus is unit length vector s/ jj s jj .
Presentation of stimuli. Stimuli were presented in triplets with a common
colour direction; the colour contrast between consecutive members of a triplet
increased by a factor of two. Stimuli in each colour direction were presented
twice, once in increasing order by contrast, and once in decreasing order. Six
stimuli were presented during each fMRI scan.
fMRI contours. Iso-response contours were estimated using the average fMRI
responses from all pixels in a cortical area. A criterion response was chosen that
was approximately half of the maximum response measured in the experiment.
Contours represent the interpolated set of stimuli that produce the criterion
level of response. Confidence intervals were generated using a resampling
procedure. We reanalysed our data 500 times, using random draws with
replacement from our original data. Stimuli inside the outer contour produced
responses greater than the criterion in 90% of the resamplings; stimuli inside
the inner contour produced such responses in 10% of the resamplings.
Detection contours. Perceptual thresholds were measured using a display
controlled by a 30-bit frame buffer. The probability of detecting each of many
stimuli, which differed in colour direction and contrast, was measured using a
two-interval, forced-choice, multiple staircase design. Thresholds for indi-
vidual colour directions and the full elliptical detection contours were
estimated using a maximum-likelihood procedure. The detection contours
and confidence intervals represent estimates based on more than 1,000 trials.
The inner and outer confidence contours represent 10% and 90% levels, based
on the same resampling procedure used to analyse the fMRI data.
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Figure 4 Psychophysical detection contours of the stimuli used

in the fMRI experiments for observer B.W. The solid curve shows

the detection threshold contour, and the open circles represent

threshold contrast levels measured in various colour directions.

The dotted curves represent a confidence interval, computed

using a resampling procedure. a, Data in a red–green plane; b,

data in a blue–yellow plane. Temporal frequencies at 1Hz (left),

4Hz (middle) and 10Hz (right) are shown. Data for observer S.E.

were similar.
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Benzodiazepines, which are widely used clinically for relief of
anxiety and for sedation1, are thought to enhance synaptic
inhibition in the central nervous system by increasing the open
probability of chloride channels activated by the inhibitory
neurotransmitter g-aminobutyric acid (GABA)2,3. Here we show
that the benzodiazepine diazepam can also increase the conduc-
tance of GABAA channels activated by low concentrations of
GABA (0.5 or 5 mM) in rat cultured hippocampal neurons.
Before exposure to diazepam, chloride channels activated by
GABA had conductances of 8 to 53 pS. Diazepam caused a
concentration-dependent and reversible increase in the conduc-
tance of these channels towards a maximum conductance of 70–
80 pS and the effect was as great as 7-fold in channels of lowest
initial conductance. Increasing the conductance of GABAA

channels tonically activated by low ambient concentrations of
GABA in the extracellular environment4 may be an important way
in which these drugs depress excitation in the central nervous
system. That any drug has such a large effect on single channel
conductance has not been reported previously and has implica-
tions for models of channel structure and conductance.

Cultures of hippocampal neurons from neonatal rats were pre-
pared as described previously5 and single-channel currents activated
by 0.5 or 5 mM GABA were recorded in cell-attached, inside-out or
outside-out patches. Currents recorded had properties typical of
GABA-activated chloride channels in these cells6–8: they reversed at a
pipette potential close to 0 mVeven when Na+ was replaced by K+ in
the pipette solution, showed outward rectification, had conduc-
tances that varied over a wide range and were blocked by injection of
100 mM bicuculline into the pipette tip. In 27 patches in which
single-channel currents were recorded before and after exposure to
diazepam, single-channel conductance (current amplitude divided
by the difference between the pipette potential (−40 to −80 mV) and
the reversal potential) before exposure of a patch to diazepam
ranged from 8 to 53 pS (Table 1). This is a wide variation but within
the range of conductances of GABAA channels9,10.

The binding site for benzodiazepines is thought to involve
residues in the extracellular domain of a and perhaps g-subunits11.
When diazepam was applied to the extracellular surface of cell-
attached patches by injecting the drug into the pipette tip6, an
increase in the amplitude of single-channel currents activated by
GABA was seen. In Fig. 1, single channel currents activated by 5 mM
GABA (Fig. 1a) had an average amplitude of 0.9 pA (pipette
potential of −80 mV), as can be seen in the all-points histogram
in Fig. 1c. Following injection of a bolus of control solution
containing 5 mM GABA plus 10 mM diazepam into the pipette tip,
the single-channel currents (Fig. 1b) showed more than a fourfold
increase in amplitude, giving a single open peak in the all-points

Figure 1 The increase in single-channel current amplitude caused by 10 mM

diazepam in a cell-attached patch (pipette potential of −80mV). a, Single-channel

currents activated by 5 mM GABA. b, Single-channel currents recorded from the

same patch after injection of a solution containing 5 mM GABA and 10 mM

diazepam into the pipette tip. c, All-points histogram of a 16-s current recording,

including the segment in a. d, All-points histogram of a 16-s current recording

including the segment inb.e, Current–voltage relation for single-channel currents

activated by 0.5 mM GABA in a cell-attached patch before (circles) and after

(squares) injection of 1 mM diazepam. f, Current–voltage relation for single-

channel currents activated by 0.5 mM GABA in an inside-out patch before (circles)

and after (squares) exposure to 1 mM diazepam.


