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joint chosen randomly from those not sampled in the previous sequence. All
signal and noise dots were 7 arcmin in diameter, and were half-white and half-
black against a grey background of 20 cd m™ (thus causing no change in mean
luminance). The walker was generated by Cutting’s algorithm’ (with no net
translation) from a randomly chosen starting position, usually at 0.75 gait-
cycles per second, with the individual dots moving at an average speed of
1.8 degs™. For translation, dots were placed in random positions over the area
of the walker, and all moved at 1.8 degs™ (to obtain results shown in Fig. 2).
The walker was symmetrical about the vertical midline (particularly the upper
body), so spatial cues alone could not aid discrimination.

Observers fixated the centre of a Barco Calibrator monitor (frame rate 180 Hz)
from a distance of 80 cm. After a warning signal, the target was presented to either
the left or the right of fixation, with an appropriate density control on the other
side (both stimuli subtended 3.4 X 5.7°, centred 2.4° from fixation). For the
walker, the density control was derived from the walking algorithm by randomiz-
ing the order of the frames presented. For translation, the control dots were
displayed in new random positions within the region on each frame. Thus both
target and control were dynamic, but only in the target was the motion
coherent and smooth. Detection of either class of stimuli could be based on
a judgement of smoothness of motion of individual dots. Discrimination was a
two-stage process, in which observers first selected which side contained the
target, and then identified the direction of the moving dots (for translation),
the direction of ambulation (for discrimination of biological motion), or
whether the upper and lower body of the walker moved coherently. As the
discrimination thresholds for translation were similar to those for detection, it
is unlikely that the two-stage task was an impediment to performance.

Dynamic random noise, comprising dots of similar size and colour, was
scattered over the entire screen. The density of the noise increased or decreased
in each trial, depending on the correctness of the observer’s response (following
the adaptive procedure QUEST", without feedback). There were 200—400 trials
for each condition, with sensitivity defined as the noise level at which 75%
correct responses are made; sensitivity was calculated by fitting a raised
cumulative gaussian curve (with asymptotes at 0.5 and 1) to the psychometric
functions. For spatial summation (Fig. 2), stimuli were presented for 1,200 ms
(almost one complete gait-cycle, comprising 40 frames) centred within a noise
window of 1,400 ms. For temporal summation (Fig. 3), the stimulus interval
varied within a noise window of 7s.
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The ability to distinguish colour from intensity variations is a
difficult computational problem for the visual system because
each of the three cone photoreceptor types absorb all wavelengths
of light, although their peak sensitivities are at relatively short (S
cones), medium (M cones), or long (L cones) wavelengths. The
first stage in colour processing is the comparison of the outputs of
different cone types by spectrally opponent neurons in the retina
and upstream in the lateral geniculate nucleus'. Some neurons
receive opponent inputs from L and M cones, whereas others
receive input from S cones opposed by combined signals from L
and M cones. Here we report how the outputs of the L/M- and S-
opponent geniculate cell types are combined in time at the next
stage of colour processing, in the macaque primary visual cortex
(V1). Some V1 neurons respond to a single chromatic region, with
either a short (68—95 ms) or alonger (96—135 ms) latency, whereas
others respond to two chromatic regions with a difference in
latency of 20—-30 ms. Across all types, short latency responses are
mostly evoked by L/M-opponent inputs whereas longer latency
responses are evoked mostly by S-opponent inputs. Furthermore,
neurons with late S-cone inputs exhibit dynamic changes in the
sharpness of their chromatic tuning over time. We propose that
the sparse, S-opponent signal in the lateral geniculate nucleus is
amplified in area V1, possibly through recurrent excitatory net-
works. This results in a delayed, sluggish cortical S-cone signal
which is then integrated with L/M-opponent signals to rotate the
lateral geniculate nucleus chromatic axes*™.

The term ‘receptive field’ is used traditionally to characterize how
a neuron responds to stimuli in different spatial locations, thus
referring to a spatial receptive field®. Here we are concerned with
determining how a cortical neuron responds to stimuli consisting of
chromatic shifts from a white point to different locations in colour
space, and how this responsitivity develops over time. We are
therefore studying a chromatic—temporal receptive field. To exam-
ine the cortical transformation of lateral geniculate nucleus (LGN)
chromatic signals directly, we specified stimulus chromaticity in
the MacLeod—Boynton—Derrington—Krauskopf—Lennie (MBDKL)
isoluminant plane”®. This plane is defined by two axes whose
chromaticities isolate responses from the two types of LGN oppo-
nent neuron®: the 0° to 180° axis isolates responses from L/M-
opponent LGN neurons (0% L —M, ‘pinkish-red’; 180 M — L,
‘cyan’); and the 90° to 270° axis isolates responses from S-opponent
LGN neurons (90% S — (L + M), ‘violet’; 270% — S+ (L + M),
‘greenish-yellow). A cortical cell that integrates signals from both
types of colour-coding geniculate cell, as most cortical cells do,
would have a preferred chromaticity at an intermediate angle,
depending on the relative weights and timings of the cell’s inputs.

To study the structure of the chromatic—temporal receptive field,
we probed neurons with spatially uniform chromatic stimuli pre-
sented in a fast (30-ms flashes), pseudorandom sequence and
analysed the neuronal response using the reverse-correlation
procedure”. Stimulus dimensions were one to two times the
classical receptive-field dimensions, as measured with m-sequence
receptive-field mapping''. For each action potential (spike) fired, we
determined which chromatic stimulus had been presented at various
preceding times. Spikes were accumulated in a two-dimensional
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Table 1 Laminar distribution of cells

Chromatic-temporal 243 4A/4B 4C g 5 6 Unknown Total
receptive field

Early, single-peaked 5 5 12 1 il 6 40
Late, single-peaked 1 3 4 3 0 25
Double-peaked 6 6 4 3 0 25
Continuously shifting 0 1 0 4 0 5
Cells per layer 22 15 22 9 21 6 95

Number of cells of various chromatic-temporal dynamics found in each cortical layer. More than half of the cells with early-peaking receptive fields were found in layers 4C and 6 and more
than half of the cells with late-peaking receptive fields were found in the supragranular layers (2 + 3 and 4A/4B). Cells with double-peaked receptive fields were found in all layers. Almost all

cells with continuously shifting receptive fields were found in layer 6.

histogram corresponding to stimulus chromaticity and time delay
before spiking. After some thousands of spikes were processed this
way, we found that, immediately before spiking, all stimuli were
equally likely to have been presented as it takes around 30—50 ms for
visual information to reach cortical area V1. However, for longer
time delays, chromatic stimuli that excite the neuron would be more
likely to have been presented, and those that inhibit the neuron
would be less likely to have been presented.

The data set consists of 95 cells from 12 monkeys, all of which
responded reliably and consistently to our rapidly changing stimu-
lus (see Methods). About two-thirds of the cells showed a single
chromatic preference over time, indicating that their different
chromatic inputs all had similar temporal dynamics, whereas the
remaining one-third of the cells exhibited major shifts in their
colour tuning over time, reflecting multiple chromatic inputs with
different latencies. Cells with a single chromatic peak appeared to
fall into two classes on the basis of their latencies between stimulus
presentation and spiking, namely those with early latencies
(<96 ms) and those with longer latencies (=96 ms). The validity of
this division was reinforced by finding that these two classes differed
also in their chromatic preferences and their chromatic-integration
dynamics.

Neurons with early, single-peaked chromatic-temporal receptive
fields (40 of 95) were found mainly in cortical layers 4C and 6
(Table 1). Their responses peaked between 68 and 96 ms after
stimulus presentation (Fig. 1A), and they maintained a nearly
constant sharpness of chromatic tuning during their response
course (see below and Fig. 2), indicating static and instantaneous
integration of their chromatic inputs. A smaller number of these
neurons (3 of 40) had very short times-to-peak (55—70ms),
biphasic temporal impulse responses, strong inverted S-cone
inputs (Fig. 1A, right-most receptive field) and were found in
layer 6.

Neurons with late, single-peaked chromatic-temporal receptive
fields (25 of 95) were found mainly in the supragranular layers (14
0f25). Their responses peaked between 96 and 135 ms after stimulus
presentation and they had slower dynamics than the early-peaking
neurons (Fig. 1B). In addition, the sharpness of chromatic tuning in
most of these cells changed over time (Fig. 2c, inset), suggesting
dynamic integration of their chromatic inputs. Almost all of these
neurons had strong S-cone inputs with peak chromatic axes within
30° of the =S geniculate axis.

Neurons with major shifts in their chromatic tuning over time
were of two types, namely those with double-peaked receptive fields,
exhibiting shifts of around 90° (25 of 95), and those exhibiting
continuous 360° chromatic shifts (5 of 95). Most double-peaked
neurons (22 of 25) responded first to stimuli around the L-M
chromatic axis, followed 10-30ms later by responses to stimuli
around the S axis (Fig. 1Ca). The reverse configuration, early
responses to S-stimuli and late responses to L/M-stimuli, was
observed in 3 of 25 neurons (Fig. 1Cb). Double-peaked neurons
were found in all layers. Neurons with continuously shifting
receptive fields (Fig. 1D) started responding very early (40—50 ms
after stimulus presentation), and had biphasic temporal impulse
responses and significant S-cone inputs. Their chromatic-tuning
sharpness at any point in time was nearly constant. Like the very
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fast, biphasic neurons with strong inverted S-cone inputs (Fig. 1A,
right-most receptive field; see above), these neurons were found
mainly in layer 6 and may correspond to a postulated fast S-cone
input to luminance'? and motion-sensitive'> mechanisms.

To quantify our results we extracted the time-to-peak of a cell’s
different chromatic responses by curve-fitting separate receptive-
field time slices. Figure 3a shows the distribution of the time-to-
peak parameter compiled across all chromaticities (grey histogram)
and across chromaticities within *+30° from the L/M- and the S-
opponent axes (red and purple histograms, respectively). The
trough around 96 ms in the aggregate distribution indicates that
there might be two major cortical chromatic-response types, those
peaking before and those peaking after 96 ms (early and late
responses, respectively). Furthermore, striate responses evoked by
L/M-opponent inputs are fast (median 81 ms, 0 = 7.1 ms), com-
prising most of the early peak of the aggregate latency distribution,
whereas responses evoked by signals from S-opponent inputs are
slower (median 100 ms, 0 = 16.9 ms), contributing about one-third
of the early portion and most of the late portion of the aggregate
time-to-peak distribution. These data concur with visual-evoked-
potential (VEP) measurements that show longer latencies in
response to S-cone-isolating stimuli', although the neural origin
of the VEP signal is unknown.

Figure 3b illustrates the relationship between receptive-field peak
chromaticity and receptive-field time-to-peak for neurons with
single-peaked receptive fields. These parameters were extracted
from fits of the entire receptive field (Methods). The preferred
chromaticities of early-peaking neurons are distributed throughout
most of the 360° chromatic range, with subtle gaps between the
geniculate axes, whereas late-peaking neurons are mostly tuned near
the *£S-cone axis. On the other hand, nearly all double-peaked
neurons (Fig. 3¢) have their early chromatic peaks in response to
L/M inputs, and their delayed peaks in response to S inputs. This is
further evidence for longer processing delays of S- versus L/M-
opponent signals, and indicates that the integrated output of
double-peaked neurons would have preferred chromaticities dis-
tributed between the L/M and S axes; these chromaticities are
under-represented by neurons with single-peaked receptive fields.

The difference in processing delays of L/M- and S-opponent
signals may originate precortically, as signals from the two cone-
opponent systems are processed independently in the retina' and in
the LGN™'S. However, electrophysiological results show that L/M-
and S-opponent LGN neurons have nearly identical temporal
dynamics"”. Examination of the shape of chromatic tuning as a
function of time gives further support for a cortical origin of the
delayed, sluggish S-cone signal we have identified. Our stimuli
produce sinusoidal variation in L-, M-, and S-cone contrasts as a
function of chromatic angle, and parvocellular LGN neurons, which
sum cone signals linearly, have sinusoidal chromatic tuning in this
colour space®. However, cortical static nonlinearities, such as
response threshold'® and expansive relationships'®'® between mem-
brane potential and spike generation®, are expected to yield
narrower chromatic tuning in cortical neurons. In addition, cortical
recurrent, excitatory networks® could dynamically change the
sharpness of chromatic tuning.

We studied the sharpness and the dynamics of sharpening of
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Figure 1 V1 chromatic-temporal receptive-field maps. X-axis: stimulus chroma-
ticity (0° to 360°). Y-axis: response delay. Response magnitude is colour-coded
(see Methods). Colour bar approximates the colour of stimuli. A, Neurons with
early, single-peaked receptive field. Times-to-peak (left to right): 82ms, 77 ms,
82ms, and 62 ms. B, Neurons with late, single-peaked receptive field. Times-to-

cortical chromatic tuning by fitting receptive-field slices parallel to
the chromatic axis at successive time intervals with exponentiated
sinusoidal functions with a threshold (Methods). Response expo-
nents close to 1 indicate linear summation of cone signals (LGN-
like), with progressively larger exponents indicating progressively
sharper tuning. The chromatic temporal receptive fields of 74 out of
95 neurons could be fitted adequately with such functions. It was
found that neurons with stable, early-peaking receptive fields had
narrower colour tuning than LGN cells (mean exponent at peak,
1.57). Most of these neurons (30 of 39) had stable exponents over
time (Fig. 2a), with the remainder exhibiting only small dynamic
changes, indicating static nonlinearities as the mechanism of
response sharpening. Neurons with continuously shifting chro-
matic tuning also showed stable exponents over time (Fig. 2b)
with extremely linear summation properties (mean exponent at
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peak (left to right): 97 ms, 111 ms, 98 ms, and 132ms. C, Neurons with double-
peaked receptive field. a, Early L/M-opponent input with late S-opponentinput. b,
Rare neurons with early S-opponent input and late L/M-opponent input,
respectively. D, Neurons with continuously shifting chromatic tuning.

peak, 0.97). In contrast, late-peaking neurons were very sharply
tuned (mean exponent at peak, 4.67), and 15 out of 19 showed large
variations in their response exponents over time (Fig. 2¢), indicat-
ing dynamic nonlinearities as the mechanism of response sharpen-
ing. All but one of these 15 neurons had primarily —S inputs.
Changes in response exponent were also seen in the late, S-
dominated peak in 9 out of 12 neurons with double-peaked
receptive fields (Fig. 2d).

On the basis of these data, we propose that the relatively weak
precortical S-cone signal (the signal is weak because of the sparse
mosaic pattern of S cones® and S-opponent ganglion” and LGN***
cells) is amplified in the cortex by a specialized mechanism, possibly
arecurrent excitatory circuit in which the output of a striate neuron
re-enters the cell to be summed synergistically with new signals.
Lateral excitatory connections among proximal, S-dominated

NATURE|VOL 395 |29 OCTOBER 1998 | www.nature.com




b Neuron with continuously
shifting chromatic peak
101 r r

@ Neurons with single, early-peaked RFs

5F L L

Exponent
(1]

Neurons with single, late-peaked RFs

* Time (ms)

10 d Neuron with double-peaked RF
@
E 10 / \
g ik )
LM d d -S domin
§0-5 com~83¥ﬂ?}3any componen (Tlate)
- 95 ms =
i 65 ms g
s S s — J&Qfgb
oo g inbi
s i £
ORI, g
; 1)
0 180 360 o ;
Chromaticity L N N n ) L N n H 1
50 95 140 50 95 140
Time (ms)

Figure 2 Dynamics of sharpening of V1 chromatic responses. Response
exponent is plotted as a function of time. a, b, Neurons with non-changing
exponents. ¢, Neurons with late-peaked receptive fields (RFs). Inset: chromatic
tuning profile at 65 ms (dark grey) and at 95 ms (light grey). d, Neuron with double-
peaked RF. This neuron’s RF was fitted with the sum of two components whose
chromaticities fluctuated around 330° (L/M-dominated) and 265° (-S-dominated),
which peaked at 80ms and 98 ms, respectively. Of 33 neurons with dynamic
changes in sharpness of chromatic tuning, the response exponent and response
magnitude were correlated in 17. Response exponent increased or decreased
continuously for 12 and 4 neurons respectively, of the remaining 16.

neurons may also contribute, as time-varying exponents, longer
times-to-peak, and large S-cone responses are usually seen at very
low spatial frequencies (N.P.C. and R.L.D.V., manuscript in pre-
paration). The resulting S-cone signal is quite different from that
seen in the LGN, having longer latency and slower dynamics,
dynamically modified sharpness over time, and equal representa-
tion of both polarities (=S cells are extremely rare in the retina and
the LGN**®). This amplified, but sluggish, cortical S-cone signal
becomes integrated with the abundant LGN L/M-opponent signal,
rotating the LGN chromatic axes to form the perceptual ‘red—green’
and ‘blue—yellow’ colour axes’. This arrangement places a con-
straint in the minimal integration window needed by next-order
neurons for the reliable sampling of signals from double-peaked
neurons. Such integration windows would be of the order of 40—
90 ms for signals from double-peaked neurons, contrasting with the
20-30-ms windows for signals from single-peaked neurons. This
cortical amplification and nonlinear processing of the S-cone
information concurs with recent psychophysical results®. O
Methods

Rhesus monkeys (Macaca mulatta) were tranquilized with ketamine HCI (10—
15mgkg™, intramuscular). Anaesthesia was maintained with a continuous
intravenous (i.v.) infusion of sufentanil citrate (5-12pg kg’1 h7l, iwv).
Electrocardiogram, electroencephalogram, body temperature and expired
CO, were continuously monitored. All the procedures were in accord with
NIH guidelines and approved by the University of California Animal Care and
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Figure 3 Times-to-peak of V1 chromatic responses. a, Distributions of times-to-peak
extracted by curve fitting of separate receptive-field slices parallel to the time axis
(see Methods). Grey, aggregate distribution compiled across all chromaticities (315
responses from 95 neurons); red and purple, distributions for slices taken at
chromaticities within £30° of the L-M and the S axes, respectively. Inset shows
typical curve fits. b, Neurons with single-peaked receptive fields (RFs). RF peak
chromaticity is plotted against its time-to-peak (see Methods). e, Neurons with
double-peaked RFs. Each cell's characteristic 90° chromatic transition is sampled at
two points (RF regions of peak response) and the points are connected to identify
individual cells. Grey-purple grating in b, ¢ depicts S-cone contrast variation.

Use Committee. Visual stimuli were generated by a SUN/TAAC-1 image
processor, and displayed on an NEC monitor with a 66-Hz refresh rate and a
mean luminance of 70 cd m ™. Receptive fields were located within the central
5°. Action potentials were recorded with 1-ms resolution. Small lesions
(5-10 pA X 55) were made every 500 pm along the length of each penetration.
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Reconstruction of penetrations and assignment of cells to cortical layers was
done using published criteria®.
Colour space. Chromatic tuning was measured in the isoluminant plane of the
three-dimensional MBDKL colour space”®, at chromaticity angles, ¢, of 0°, 28°,
53°,73° 90° 112°, 135° 157°, 180°, 208°, 233°, 253°, 270°, 292°, 315° and 337°,
with an achromatic adaptation point (Illuminant C). On this circle, the L-, M-
and S-cone contrasts were sinusoidal functions of chromaticity with maximum
attainable values of 8%, 16% and 83%, respectively.
Cell selection. Only cells with consistent receptive fields in successive
stimulation blocks were included in the data set. All included cells had receptive
fields with a signal-to-noise (S/N) ratio of at least +22 dB. The S/N ratio was
calculated as the ratio of the power (sum of squares) of the receptive field at the
optimal delay (signal) to the power of the receptive field at zero delay (noise).
Nearly all cells in the data set gave chromatic responses that were equally strong
or stronger than their responses to a spatially uniform, 20% contrast,
achromatic stimulus.
Chromatic-temporal receptive-field visualization. Chromatic-temporal
receptive-field maps were computed on a 16 X 40 grid and subsequently
interpolated and smoothed. Magnitude of firing probability is colour-coded:
grey corresponds to random, uncorrelated firing; warm colours (red to yellow
to white) correspond to progressively higher-than-random firing probability;
cool colours (light blue to dark blue to black) correspond to progressively
lower-than-random firing probability. Iso-response contours are drawn at
intervals of 6.25% correlation level.
Curve fitting. To extract times-to-peak (in separate receptive field slices),
receptive-field slices parallel to the time axis (7) were fit with a function that
describes a damped oscillation, F(7): F(1) = A X Env(7, T3 Tp3 Ta) X Sin(2w X
(f X 7— £/360)), with
-05 (’;—"’) ’
e ' T=T,

’ P

2
—0.5(’;?)
e b , T> Tp

where A is the response gain, 7,, is the envelope’s peak latency, 7, and 74 are time
constants for the rising and decaying phases of the damping envelope,
respectively, and fand £ are the temporal frequency and temporal phase of the
oscillation, respectively. The slice’s time-to-peak was extracted by searching for
the 7 value for which F(7) reached its maximum. Separate receptive-field slice
fitting was done to extract time-to-peak values for all chromatic temporal
receptive fields, including those whose unusual structure (90° chromatic shifts)
precluded fitting of the entire receptive field, and to extract a more complete set
of time-to-peak values for all the different chromaticities tested. For single-
peaked chromatic-temporal receptive fields (Fig. 1A, B) three slices were fit,
corresponding to the three chromaticities of maximum response. For double-
peaked receptive fields (Fig. 1C), six slices were fit, three around each chromatic
peak. For cells with continuously changing responses latencies (Fig. 1D), three
slices were fit around their first strong peak.

To extract receptive-field peak chromaticity, receptive-field time-to-peak,
and response exponent (entire receptive-field fit), receptive-field slices parallel
to the chromaticity axis (¢) were taken at successive time intervals (7;)
throughout the cell’s entire response duration and fit with a function, G(¢, 7;),
that describes an exponentiated sinusoid with a threshold: G(¢, 7;) = A(7;) X
Max{Sgn(f(¢, 7)) X | f(p, 7)|"™, T}, 7, = 0,4, ...220 ms, with

+1, x=0

Env(7, 7,5 7,3 7) =

f(@,7) = SinQ2m X (¢ — $(7:))/360), Sgn(x) =

-1, x<0

where A(7;), n(7;) and ¢(7;) are the response gain, the response exponent, and
the chromatic axis of the receptive field, respectively, at a stimulus—response
delay of 7,ms, and T is the response threshold (T = 0 for half-wave rectified
responses). For neurons with relatively constant chromatic preference, recep-
tive-field peak chromaticity was obtained by averaging ¢(7;) over a time
window in which A(7;) was within 80% of its maximum value. Receptive-
field time-to-peak was obtained by finding the 7; value for which A(7;) reached
its maximum.
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Calcium entry through voltage-gated calcium channels can acti-
vate either large- (BK) or small- (SK) conductance calcium-
activated potassium channels. In hippocampal neurons, activa-
tion of BK channels underlies the falling phase of an action
potential and generation of the fast afterhyperpolarization
(AHP)' In contrast, SK channel activation underlies generation
of the slow AHP after a burst of action potentials’. The source of
calcium for BK channel activation is unknown, but the slow AHP
is blocked by dihydropyridine antagonists*’, indicating that L-
type calcium channels provide the calcium for activation of SK
channels. It is not understood how this specialized coupling
between calcium and potassium channels is achieved. Here we
study channel activity in cell-attached patches from hippocampal
neurons and report a unique specificity of coupling. L-type
channels activate SK channels only, without activating BK chan-
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