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Abstract

We studied the interaction between the chromatic and temporal properties of parvocellular (P) neurons in the lateral
geniculate nucleus (LGN) of macaque monkeys. We measured the amplitudes and phases of responses to
stimulation by spatially uniform fields modulated sinusoidally about a white point in a three-dimensional color

space, at a range of temporal frequencies between 1 and 25 Hz. Below about 4 Hz, temporal frequency had
relatively little effect on chromatic tuning. At higher frequencies chromatic opponency was weakened in almost all
cells. The complex interactions between temporal and chromatic properties are represented by a linear filter model
that describes response amplitude and phase as a function of temporal frequency and direction in color space along
which stimuli are modulated. The model stipulates the cone inputs to center and surround, their temporal properties,
and the linear combination of center and surround signals. It predicts the amplitudes and phases of responses of
P-cells, and the change of chromatic properties with temporal frequency. We used the model to investigate whether
or not the chromatic signature of the surround in a red—green cell could be estimated from the change in the cell's
chromatic properties with temporal frequency. Our findings could be equally well described by mixed cone
surrounds as by pure cone surrounds, and we conclude that, with regard to temporal properties, there is no benefit
to be gained by segregating cone classes in center and surround.
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Introduction therefore be color-opponent even if the surround drew indiscrim-

. - . inately on in from all cl f cones. Anatomical (Wassl
The psychophysical limits on temporal resolution depend on the ately on inputs from all classes of cones atomical (Wassle

color composition of the visual stimulus (Kelly & van Norren, et al, 1989) and physiological (Dacey & Lee, 1995) evidence

1977: Noorlander et al., 1981, 1983: Noorlander & Koenderink,favors this possibility, for horizontal cells, which probably form

1983), being generally lower for chromatically modulated stimuli.the receptive-field surround (Mangel, 1991), do not draw their

. . . inputs from a single class of cone. Moreover, Lennie et al. (1991)
than for achromatically modulated ones. Pattern-induced flicker howed that the chromatic properties of the P-cells studied by

colo_rs, demonst_rated b.y Benhams to_p,_ point to the importance 0E)errington et al. (1984) could be satisfactorily explained by as-
spatiotemporal interactions in color vision. These phenomena are

observed at relatively low temporal frequencies to which the dif_suming that surrounds drew mixed inputs from L- and M-cones.
Y P quer Other work that has explored both spatial (Reid & Shapley, 1992)
ferent classes of cones respond very similarly, so they probabl . .
: . nd temporal (Smith et al., 1992) properties of P-cells has argued
arise at, or beyond, the color-opponent site. The two opponen

mechanisms in a P-cell’s receptive field are contained in its centef’u‘zléIInSt this possibility. The issue might be resolved if, from de-

. . . failed m rements of the chromatic and temporal properties of
and surround. Center and surround have different dynamics (Gleler‘?II ed measurements of the chromatic and temporal properties of a

. . I, wi ul arately estimate the temporal properties of center
et al., 1982; Smith et al., 1992), so we expect the chromatic prop(-:e , we could separately e ethe porai prop s of cente

. and surround, then (knowing that the center receives input from a
erties of P-cells to depend on temporal frequency.

. . . ingle cone type) find the chromatic signature of the surround.
By characterizing the interaction between the temporal an . ; .
) . Previous studies of P-cells disagree about the effect of temporal
chromatic properties of a cell, we hoped to learn a good deal ho : .
. ; equency on the chromatic properties of cells. Gouras and Zrenner
the different classes of cones contribute to the surround. In an : .
. . . 979) reported that P-cells lose their chromatic opponency at
near the fovea each P-cell receives center input from a single co

. . . ) fequencies above about 15 Hz. Lee and coworkers (Lee et al.,
I(z%"ll’i';”sg iggiycggik%r?s?%ticl)ycfstatgi)DcTNt;Ign?écle?:)?i?/éifglgo\t/\t/iI 4198, 1990, 1994; Smith et al., 1992; Yeh et al., 1995) and Gielen
' ’ "’ ' et al. (1981, 1982) found clear but less substantial effects of tem-
poral frequency in this range; Derrington et al. (1984) found small
effects of temporal frequency up to 15 Hz. To try to resolve this
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that describes the temporal and chromatic properties of center andents, we checked the stability of the recording by repeating the
surround. Center and surround act as linear temporal filters whositial measurements that characterized the cell.
signals are combined in an opponent mechanism. Our approach is
like that used by Smith et al. (1992), but is applied to different
. Results
kinds of measurements.
The measurements described in Methods were completed on 17
red—green P-cells, seven of which were red-center and ten green-
center. Similar but less detailed measurements were made on a
We recorded the discharges of P-cells in the lateral geniculatéurther 27 neurons.
nucleus (LGN) of thredlacaca nemestringhat weighed between Fig. 1 shows the set of poststimulus time histograms (PSTHS)
3.0 and 4.5 kg. These animals were also studied in the precedingf responses obtained from a red off-center cell. At low temporal
paper (Lankheet et al., 1998), which describes the preparation arfdequencies and for achromatic modulation (90-deg elevation), the
methods for recording from single units. That paper also providesesponse was in counterphase with the stimulus, identifying the
details of visual stimulation and the methods used to find a neuron’sell as off-center. To isoluminant modulation (0-deg elevation)
chromatic signature. Although we recorded from both red—greemwith phase referred to the “red” direction along the L—M axis, the
cells and blue—yellow cells, this paper discusses only red—greecell also responded in counterphase at low temporal frequencies. It
ones. is therefore classified as a red off-center cell. Characterized with
All stimuli were spatially uniform fields modulated sinusoi- stimuli modulated at 4 Hz, the cell had a preferred elevation of
dally in chromaticity andor luminance about some steady adap- —70.9 deg and a preferred azimuth of 192.5 deg.
tation level (the white point). The stimuli were always very much At all temporal frequencies and elevations, P-cells responded
larger than receptive fields and covered them fully. with approximately sinusoidal modulation of discharge rate at the
After initial measurements that identified the kind of cell (bn- frequency of stimulation. The harmonic distortion was generally
off-center, and the chromatic signature), we measured responsessmall. For the unit in Fig. 1, the amplitudes of second, third, and
modulations of chromaticiluminance along six directions in color fourth harmonic components of response, expressed as multiples
space at five temporal frequencies ranging from 1.2 Hz to 24.9 Hzof the fundamental, were 0.36, 0.21, and 0.13. The harmonic dis-
For red—green cells, stimuli were confined to the plane defined byortion factor, defined as the square root of the sum of squares of
the L—M axis and the achromatic axis (azimuth fixed at 0 deg, se¢hese ratios (up to the 5th harmonic), was 0.43, on average. Similar
Fig. 1, preceding paper). Thus, chromaticities were fully definedvalues were found for other cells. Moreover, the harmonic distor-
by the elevation only. Elevations were equally spaced fre®@® to  tion did not vary consistently with elevation, temporal frequency,
—90 deg (an elevation of 0 deg provided isoluminant modulation,or amplitude of the response. Responses can therefore be well-
an elevation of+ or —90 purely achromatic modulation). Eleva- characterized by the first harmonic (linear) component of the dis-
tion and temporal frequency formed a two-dimensional matrix ofcharge captured in the histograms.
stimuli from which each stimulus, plus a blank, was presented for Fig. 1 shows that both elevation and temporal frequency of
2 s, 20 times, in random order. After completing these measuremodulation affect response amplitude and phase. These influences

Methods
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Fig. 1. Poststimulus time histograms of the responses of a red off-center cell to stimuli modulated at different temporal frequencies
(rows) along different directions in color space (columns). Stimuli were spatially uniform fields modulated sinusoidally along a vector
through the white point. The azimuth was fixed at 0 deg (L—M axis), confining stimuli to a plane orthogonal to the S-axis. Each panel
shows the response folded to two cycles of the sinusoidal stimulus. The ordinate in each panel spans a response amplitude of 80
spikeg's.
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Temporal-chromatic interactions in LGN P-cells 49

are more easily seen in Fig. 2, which shows how amplitude and
phase vary with temporal frequency, for different elevations. This
data set is typical of ones obtained from P-cells, and reveals sub- . R
stantial interaction of chromatic and temporal variables, even at
low temporal frequencies. For isoluminant modulations (elevation
0), the amplitude curves have a bandpass characteristic, with a~
maximum at 6-10 Hz. For modulations along elevations of 90-dedg
and 60-deg amplitude declined little or not at all up to a frequency &
of 25 Hz, whereas for modulation along the L—M axis amplitude 'g_
always declined regularly as frequency was raised above 10 HzZ
The drop in amplitude at low frequencies varied more among cellsg
but also depended on stimulus elevation. For the cell in Fig. 2, theS
greatest fall at low frequencies occurred for elevations80 and &
—60 deg. The elevation for which the low-frequency cut was steep-&
est was related to a cell's preferred elevation, which varied con<C
siderably among cells. Tuning to low elevations implies balanced
input from L- and M-cones and thus corresponds to maximal can-
cellation at low frequencies for achromatic modulations. Phase
lags increased progressively with temporal frequency, with a slope
that depended on stimulus elevation. This is seen most easily in
Fig. 2C, which shows the phase lag relative to that for achromatic
modulation. The extra phase shifts, which were observed in all
cells, become larger at higher frequencies. Phase shifts were most
substantial at elevations ef60, —30, and 0 deg.

These examples show that chromatic properties change consid—~
erably with temporal frequency. The nature of the change is showno
directly in Fig. 3, which displays, for a red off-center cell (A) and z
a green off-center cell (B), amplitudes and phases of responses ag
a function of stimulus elevation at each temporal frequency. Sym-_tc\‘i
bols represent measurements, and the continuous lines show tipg
behavior of the linear center-surround model described in a fol-
lowing section. All amplitudes are defined to be positive, and sign
reversals are therefore expressed in the phase of response. For red
center cells phases increase with elevation; for green center cells
phases decrease with elevation. The steep parts of the phase curves 50 — —
are aligned with the minima of the amplitude curves.

At low temporal frequencies the amplitudes varied approxi-

mately sinusoidally with elevation, and phases changed rapidly, byg; 0+ '/.\.‘.\.
about 180 deg, around the amplitude minima. Center and surrounsg 1

signals are presumably in counterphase, and cancel at the minima= ]

This behavior agrees with that previously reported by Derrington 8 ‘Soj

et al. (1984) and can be well fitted by their model that describes aqc_, 1

cell's response as the linear sum of contributions from different g ]

cone classes. At higher temporal frequencies the amplitudes cIearF% '100‘_ \
do not vary sinusoidally with elevation, indicating more complex o ]

interactions between cone inputs. These reflect differences be®
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tween the temporal characteristics of center and surround mechas '150'_
nisms. Different temporal filters or different time delays will lead &
to frequency-dependent phase shifts between center and surround 200
. . . = T -T T T N a— T T
signals, and will affect both the amplitude and the phase of the 1 10
cell's response. Presumably, center and surround signals are no
longer in exact counterphase. As a result, the responses at different
elevations can be predicted only by vector summation of the Sigrig. 2. change of response amplitude and phase with temporal frequency,
nals from center and surround. Thus, even though both center angr a red off-center cell. A: Variation of amplitude with temporal frequency,
surround signal amplitudes vary sinusoidally with elevation, theirfor stimuli modulated along the elevations identified in the legend. The
different phase characteristics cause the response of the cell to vaagimuth of modulation was fixed at 0 deg. B: Variation in the phase of the
nonsinusoidally with elevation. response to achromatic modulation with temporal frequency. C: Differ-
ences between the phases of responses to stimuli modulated along different
elevations, and the phase of response to achromatic modulation (B). Am-
A model of chromatic-temporal interaction plitudes and phases were obtained by Fourier transform of the first har-
emonic component of the response histograms shown in Fig. 1.

Temporal frequency (Hz)

The simple linear model used by Derrington et al. (1984) and in th
preceding paper predicts that response amplitude will vary sinu-
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Fig. 3. Response amplitude and phase as a function of stimulus elevation, at different temporal frequencies. A: Red off-center cell
(91ab). B: Green off-center cell (91d). Symbols show responses measured at azimuth 0 deg. Continuous lines are fits of the linear model
described in the text. The model was fitted to each complete data set in a single operation. Table 1 shows the best-fitting values of the
parameters.

soidally with elevation, but does not capture the change in chrorameters, the time constante) and the number of filters in series
matic characteristics at high temporal frequencies. To describéNyp). For a single high-pass RC filter, the amplitude attenuation
how chromatic properties change with increasing temporal freand corresponding phase shift are given by

quency, and to help us understand the temporal and chromatic

properties of center and surround mechanisms separately, we have 1
developed a more general model in which the response of the cell Amplitude =

reflects the combination of signals from a center and a surround 1 )2
mechanism, each of which has its own amplitude and phase char- 2mfryp

acteristics. The aim was to derive the amplitude and phase char-
acteristics shown in Figs. 1-3. 1

The model is summarized in Fig. 4. We assume that both center Phase= arctang———

. . . . . 27TfTHp

and surround are univariant, and linear. Their responses to sinu-
soidal stimulation are therefore described fully by their amplitudes
and phases. The temporal characteristics of center and surround der multiple stages the amplitude attenuations are multiplied and
described by a series of first-order high-pass and low-pass R@he phase shifts are added.
filters. The high-pass characteristic represents the action of early The high-frequency loss of responsivity is modeled by a series
(and nonlinear) mechanisms of light adaptation that attenuate lowef low-pass RC filters. The time constants set the corner frequency,
frequency signals, and are probably common to both center anide. the temporal frequency at which responses start to decline. The
surround pathways (Lankheet et al., 1993). Together with the centetime constants of the multiple filter stages in each mechanism can
surround antagonism that is expressed for some directions of stineither be the same, or can be spaced at regular, logarithmic inter-
ulus modulation, this accounts for the low-frequency loss ofvals. The amplitude attenuation and phase shift brought about by a
responsivity. The high-pass filtering is characterized by two pa-single low-pass filter are coupled and are described by
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We assume that the center mechanism receives input from a single
Phase, class of cone, so the preferred azimuth and elevation can be fixed
* Chromaticity for that class. The surround's preferred elevation can be varied
between the preferred elevations of the L- and M-cones, to reflect
High different mixtures of cone inputs. This affects only response am-
CENTER Pass SURROUND plitudes of center and surround, not their response phases.
/ \ Differences between the temporal filters (or transport delays) or
chromatic properties of center and surround affect the amplitudes
Chromatic tuning and phases of their inputs to the opponent site, but introduce no
distortion. The sensitivity of the surround in relation to the center
{ * is described by a gain factag,, constrained to be less than 1. The
amplitude and phase of response are found by vector addition of
Low Low center and surround signals, using the following formula for two
Pass Pass vectors with amplituded. and A and phaséh, and Phy:

Amplitude,

* { Amplitude = S AZ + AZ — 2A.A;cos(Phs — Ph,)

delay delay Acsin(PhC _ Phs)
\+ Gain —As + Accog(Ph, — Ph5)>

- The paramete§ describes a cell's overall sensitivity.

The parameters of the model were estimated by minimizing
concurrently the mean-squared error of the fit to both the ampli-
tudes and phases of responses. The minimizing routine STEPIT
was used to estimate the set of model parameters that best fitted the
amplitude and phase data. Amplitude and phase were given equal

weight in the fit by minimizing the product of mean-squared er-

Amplitude, /V\ rors. It was important to minimize amplitude and phase errors
Phase simultaneously. Amplitude or phase characteristics alone can be
Fig. 4. Schematic representation of a model that describes the combinatiofitted With a wide range of parameter values, but because phases
of signals from center and surround. Center and surround are linear, andepend partly on the amplitude attenuation of the RC filters and
generate sinusoidal signals in response to sinusoidal modulation of stimulpartly on fixed time delays, the parameter values are much more
The amplitudes and phases of center and surround signals can be attenuatgshstrained when amplitudes and phases are fitted concurrently.
by chromatic filtering and by temporal filtering. Signals from each mech-  The model results shown in Fig. 3 (solid lines) were derived by
anism are subj(_ect to tlfansport delgys, and are combined by subtr_action é%signing pure L- or M-cone input to both center and surround.
the opponent site, taking phase differences into account. The gain of th¢yq time constants, number of filters, center and surround delays,
surround is always smaller than that of the center. See text for details. . .

and the gains were free parameters. Table 1 lists the parameters

that were allowed to vary in fitting the sets of 60 data points for

each cell. To prevent discontinuities in the parameter space, we did

Phase= Phs + arcta

Gain

. 1 not constrain the number of filters to be integer values. This has no
Amplitude = ———— -
J@afrp)?2 + 1 consequence for the validity of the model.
With a single set of parameter values, we satisfactorily describe
Phase= —arctan Zrfr p the temporal properties and the chromatic properties of P-cells, and

their interactions. The model describes response phase well: for the
For multiple stages the amplitude attenuations are multiplied andiata sets shown in Fig. 3 the mean phase error was 10.0 (A) and
the phase shifts are added. 7.4 deg. (B); for most cells it was well below 15 deg. The model
We allow the number of filtersl » and the time constant(p) also provides a reasonable account of the variation of response
to differ between center and surround, resulting in different attenamplitude with elevation and temporal frequency. Mean errors
uations and phase lags. In addition to the phase shift caused hyere 1.8 (A) and 3.0 (B) spikgs. Such errors as there are result
temporal filtering, center and surround can have transport delayfom failure to represent irregularities in the measurements rather
that are temporal frequency-independent. The surround delay ikhan from a systematic discrepancy between model and data.
constrained to be larger than the center delay, as characterized in Table 1 shows the values of parameters used to fit the mea-
cat ganglion cells (Derrington & Lennie, 1982; Enroth-Cugell surements in Fig. 3. For one cell (A), the center and surround
et al., 1983; Frishman et al., 1987) and those of macaque (Ledynamics differed in both temporal filtering and transport delays.
et al., 198%; Yeh et al., 1995). For the other cell (B), center and surround had the same low-pass
Since center and surround are linear mechanisms, their chrdiltering, but different transport delays. Similar results were ob-
matic properties are characterized by their preferred azimuthgined from all 17 cells on which we completed these measure-
(Azyer) and elevationsEl,e). The amplitude of the signal gener- ments. For some cells the different temporal properties of center
ated by each mechanism varies sinusoidally with the elevaibn (  and surround were best described by a transport delay of several
and azimuth A&2) of stimulus modulation in any plane (Derrington milliseconds, for others by different filtering properties, or a com-
et al., 1984): bination of the two.
The model describes comprehensively the factors that deter-
Amplitude = SINEI SiNElyer + COSEl COSElyret COSAZ — AZpyret) mine the temporal and chromatic properties of P-cells. Because it
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Table 1. Parameter values for model fits

Cell 91ab (red off-center) Cell 91d (green off-center)
Pure surround Mixed surround Pure surround Mixed surround

High-pass filtering

THpP 8.11 ms 14.8 ms 5.6 ms 5.8 ms

Nhp 0.50 0.43 0.22 0.27
Low-pass filtering

TLP center 12.5 ms 12.0 ms 6.5 ms 7.8 ms

NLp center 6.0 8.0 6.0 7.0

TLp surround 20.5 ms 12.0 ms 6.5 ms 7.8 ms

NLP surround 6.0 8.0 6.0 8.0
Spacing time constants (log units) 0.52 0.20 0.05 0.06
Delay center 47.3 ms 43.5 ms 28.7 ms 26.4 ms
Delay surround 56.7 ms 46.0 ms 34.8 ms 32.5ms
Gain ) 187 spikegs 341 spikegs 111 spikess 178 spikess
Relative gain surroundgf) 0.88 0.94 0.71 0.77
RME phase 10.02 deg 10.70 deg 7.40 deg 7.31 deg
RME amplitude 1.76 spikes 1.68 spikess 3.01 spikess 2.87 spikess

aBest-fitting values of parameters for the fit to the two sets of results shown in Fig. 3. The first and third columns show values obtained
assuming pure cone input to the surround. For the red off-center cell in Fig. 3A (91ab), center and surround have el®&/a8arsd

—80.9, respectively. For the green off-center cell in Fig. 3B (91d), center and surround have elevatié8® Dfand—94.8 deg,
respectively. These values correspond to the preferred directions for single classes of cones. The second and fourth columns show
results for a surround that receives input from a luminance mixture of L- and M-cones, i.e. a preferred elevation9if €6g.

Changing the composition of inputs to the surround changes the best-fitting values of parameters but does not increase the residual
mean error (RME).

has several free parameters, it enables us to describe tempor&@stimating cone inputs to the surround

chromatic interactions fairly completely. We exploited this for two

purposes. First, we characterized succinctly the interaction belf the model fit sufficiently constrains the unknown parameter val-
tween a cell's chromatic properties and its temporal propertiesiies, we can resolve the composition of the cone input to the sur-
expressed through the change of the preferred elevation with tenfound of the red—green receptive field—whether the surround draws
poral frequency. Second, we investigated whether this descriptioiis input from a single class of cone, or from both L- and M-cones.
of spatio-temporal interactions constrains the chromatic properties

of the surrounds well enough to distinguish surrounds that receive

pure cone input from those that receive mixed cone input.

100 4———nt e
Preferred elevation as a function of temporal frequency ’8)\
50 A -

The model delivers a useful summary of the effects of temporal 2
frequency on the chromatic properties of cells. Fig. 5 shows how _5
preferred elevation depends on temporal frequency. The curves are’m
derived from best fits of the model to sets of responses (like those q>, 07 i
shown in Fig. 3) obtained from 17 red—green cells, seven on-center © 1
(upper group) and ten off-center ones (lower group). 8 :

The effect of temporal frequency varied from cell to cell, al- £  _504 L
though in all cases the preferred elevation increased progressively% 1
with increasing temporal frequency. Some cells, especially those -
that at low temporal frequencies preferred high elevations (and by 100 1

implication have a dominant center), showed little change of pre-
ferred elevation with increasing temporal frequencies. A few cells
showed a substantial change in preferred elevation even below
5 Hz. Between these extremes lay the largest group, among which Temporal frequency (Hz)

elevation changed in the frequency rgnge _between 7 and 20 H7l'—’|g. 5. The change of preferred elevation with temporal frequency, for 17
For most cells the change of chromatic tunlng was fairly gl"adual’red—green P-cells (seven on-center and ten off-center). Preferred elevations
but in a few the change was abrupt, spanning a range of 70 degere found by fitting the model to the sets of responses, and finding the
between about 6 and 12 Hz. Cells with low preferred elevationsievation that yielded the largest amplitude response (without regard to
(sensitive to isoluminant modulations) always showed substantigdhase). Lines for on-center cells lie in the upper part of the figure; lines for
changes of preferred elevation with increasing temporal frequencyft-center cells lie on the lower part.

1 10
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The change in a cell’s preferred elevation with increasing frequencyion of either the L- or the M-cone. In our color space these
depends both on the different temporal properties of center and supreferred elevations lie at 99.1 deg and 85.2 deg, respectively.
round and on their chromatic signatures. With sufficiently tight con-  Our results broadly agree with those of earlier studies (Gouras
straint on its temporal parameters, our model can place bounds ot Zrenner, 1979; Derrington et al., 1984; Lee et al., 1889 that
the chromatic signature of the surround and thereby put bounds dmave explored how the chromatic properties of P-cells vary with
the proportions in which L- and M-cones provide input to it. temporal frequency. Like the earlier studies, we found substantial
The fits shown in Fig. 3 were obtained with center and surroundvariation among cells in the effects of increasing temporal fre-
elevations constrained to reflect pure cone input to each. We alsquency, though unlike Gouras and Zrenner (but in agreement with
examined fits obtained with the surround elevation fixed at valued_ee et al.) we found few cells that changed from color-opponent to
that reflected different mixtures of L- and M-cone inputs, ranging nonopponent at frequencies below 15 Hz. Some cells showed little
from pure input arising in a single class of cone to a mixture in thechange with temporal frequency up to 15 Hz, but in most we saw
proportions that define the luminosity function. Since the temporala conspicuous change in chromatic properties with increasing
parameters of center and surround were not knawgriori, the  temporal frequency. The cells we characterized, especially those
time constants, number of filters, and delays were initially allowedwith low preferred elevations, showed larger changes of pre-
to vary freely. Similarly, the relative gain for the surround and theferred elevation than were previously reported by Derrington et al.
overall gain were free parameters. With these few constraints, th€1984). Part of the discrepancy might arise from the different ways
results were simple and clear: our measurements could be fitteth which the preferred elevations were estimated in the two
equally well with surround elevation fixed anywhere in the rangestudies. Derrington et al. assumed similar dynamics for center and
examined. We found no systematic increase or decrease of treurround and algebraic summation of cone signals. We took dif-
fitting error with change in the surround elevation. The second anderent dynamics into account and used vector summation of sig-
fourth columns in Table 1 show the parameter values obtained fonals. The different approaches, however, cannot account fully for
mixed surrounds. The residual mean errors (RME, bottom lines irthe differences observed. Part of the discrepancy might be due to
Table 1) were as small as, or smaller than, those for a pure susampling.
round. This was true for both red center cells and green center
cells. Changes in the surround’s preferred elevation could be con
pensated perfectly by changes in relative gain, delay (Fig. 3A) or
temporal filtering, or a combination of these. Thus, without addi- Two earlier studies have explored the mix of L- and M-cone sig-
tional constraints on the values of parameters, pure- and mixedials in the surround. In simulating the results obtained by Der-
cone surrounds account equally well for the temporal-chromatigington et al. (1984), Lennie et al. (1991) could not distinguish
interactions. We return to this issue in the Discussion. pure and mixed cone inputs. Reid and Shapley (1992) explored the
local spatial distribution of cone inputs to the P-cells’ receptive
fields and found that inputs from the two classes of cones were
segregated in center and surround. The receptive fields studied by
Reid and Shapley were very much larger than those examined
here, and might have represented a different population of cells.
Our measurements reveal a complex relationship between the chro- Our results could be fitted equally well with a model that as-
matic and temporal characteristics of P-cells. The amplitude andumes pure cone input or mixed cone input to the surround. From
phase of a cell's response vary with temporal frequency in ways similar analysis, Smith et al. (1992) found that the temporal
that depend on the chromatic properties of the stimulus. The ameharacteristics of red center cells, but not green center cells, were
plitude characteristic for chromatically modulated stimuli is band-described more accurately by assuming pure cone than mixed cone
pass; for achromatic stimuli, it is generally high-pass within theinput to the surround. (Differences in behavior resulting from pure
range of temporal frequencies we studied, and presumably declinersusmixed surrounds are smaller for green center cells than for
at frequencies above 30 Hz. The phase of response changes pred center cells, due to the larger weight of L-cones in a luminance
gressively with increasing temporal frequency, but more for chro-mixture.) We found that for both red and green center cells the data
matically modulated stimuli than for achromatically modulated could be perfectly fitted by either mixed or pure surrounds. The
ones. For a cell in which center and surround have different speddiscrepancy between studies might reflect different constraints im-
tral sensitivities, our model explains this behavior by heavier low-posed on the models they used: Smith et al. fitted independently
pass filtering of surround signals than center signals, and a longehe results obtained at each temporal frequency. Our measurements
delay in the transport of surround signals to the opponent site. at all temporal frequencies were fitted in a single operation, so our
The chromatic properties of a red—green cell are succinctlyprocedure imposes the constraint that the amplitude and phase of
represented by its preferred elevation. In most neurons the preédoth center and surround signals must vary regularly with change
ferred elevation increases substantially with temporal frequencyof temporal frequency. The filter parameters, the transport delay,
although usually not until the frequency rises above about 7 Hzand the gain parameters were however free to vary.
Our model suggests that the change results from both a differential The change in a cell's chromatic properties with temporal fre-
delay of center and surround signals, which increases the phaspiency provides too little information to estimate the chromatic
difference at higher temporal frequencies, and from stronger temsignature of its surround. This does not reflect unreliable or noisy
poral filtering of surround signals. The latter causes the amplitudeneasurements, but rather a more interesting and fundamental con-
of the surround signal to decline more rapidly with increasingstraint that a range of values among different parameters can bring
temporal frequency and also contributes to the phase shift betweeabout exactly the same behavior. To confirm this, we generated a
center and surround. The upshot is decreased antagonism betwerrise-free data set by fitting the model to the data in Fig. 2. With
center and surround, so the preferred elevation shifts more towarsurround elevation fixed at each of a range of values, we then
that for the center mechanism, converging on the preferred elevaxamined the fit of the model to the synthetic data set. A perfect fit

one inputs to the surround

Discussion

Change of chromatic properties with temporal frequency
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was obtained for a pure cone surround as well as for a surrounBowLING, J.E. & Bovcorr, B.B. (1966). Organization of the primate
with the spectral sensitivity of the luminosity function. retina: Electron microscopyproceedings of the Royal Society([Bon-

; . . don) 166, 80-111.
It might be argued that our failure to capture the chromatlcENROTH_CUGELL’ C.. ROBSON, J.. SCHWEITZER-TONG, D.E. & WATSON,

signature of the surround results from our model permitting too A B. (1983). Spatio-temporal interactions in cat retinal ganglion cells
many degrees of freedom for the temporal properties of center and showing linear spatial summatiodournal of Physiology(London)

surround. There is good reason to believe that the temporal prop- 341 279-308.
erties arise jointly from transport delays and filtering delays, and™®'SHMAN, L.J., FREEMAN, A.W., TROY, J.B., SCHWEITZER-TONG, D.E. &

5 . . ENrOTH-CUGELL, C. (1987). Spatiotemporal frequency responses of
we believe both must be represented in the fit. We can, however, cat retinal ganglion cellslournal of General Physiolog§9, 599-628.

explore tighter constraints on the temporal characteristics of theeLen, C.C.A.M., GINSBERGEN, J.A.M. V. & VENDRIK, A.J.H. (1981).
surround, and ask whether doing that confines the possible values Characterization of spatial and temporal properties of monkey LGN
of the surround’s chromatic signature. If we can measure the tem- Y-cells. Biological Cyberneticsi0, 157-170.

. o . - IELEN, C.C.A.M., GINSBERGEN, J.A.M. v. & VENDRIK, A.J.H. (1982).
poral characteristics of the surround in isolation, these can be fixed Reconstruction of cone-system contributions to responses of colour-

in makll"lg the flnal f|t leen that the center reCelVeS |nput from a Opponent neurons in monkey |atera| genicu|%]ogica| Cybernetics
single cone class, the surround can be isolated by confining stim- 44, 211-221.
ulus modulations to the null-plane for the center cone. The temGoURas, P. & ZRENNER, E. (1979). Enhancement of luminance flicker by

poral properties of the isolated surround can then be determine(P{ELCL(ﬂogof?p;”f:; Tliizggisg“iclig;'%‘lg_oraos_g;?rgb del of heterochro.

and their values fixed in the final fit. We examined this using a  magic fiicker. Journal of the Optical Society of Ameri6d, 1081-1091.
noise-free data set generated by the model. We found, howeverankueer, M.J.M., LENNIE, P., & KrRAUSKOPF, J. (1998). Distinctive char-
that even with the surround’s temporal properties fixed, the model acteristics of subclasses of red—green P-cells in LGN of macaque.

stil confounded the chromatic properties of the surround with Visual Nﬁ‘}“ﬁ‘:iem&v@ 37‘41§~JA b LR &
) . . , LANKHEET, M.J.M., VAN WEZEL, R.J.A., PRICKAERTS, J.H.H.J. & VAN DE
other unknown parameters in the fit. In particular, the surround's GRIND, W.A. (1993). The dynamics of light adaptation in cat horizontal

elevation could be traded against its relative gain in relation to the  cel| responsesvision Researci33, 1153-1171.
center. We conclude that any variation in temporal characteristic&ee, B.B., MARTIN, PR. & VALBERG, A. (198%). Amplitude and phase of
with the mixture of cone inputs to the surround can be duplicated responses of macaque retinal ganglion cells to flickering stindatir-

; ; ; ; nal of Physiology(London)414, 245-264.
Egrzl:r):jtglr(;glca”y plausible changes in the values of other relevanLEE, B.B., MARTIN, PR. & VALBERG, A. (198%). Sensitivity of macaque

retinal ganglion cells to chromatic and luminance flickéournal of
It is undoubtedly more expensive to build receptive-field sur-  physiology(London)414, 223—244.

rounds that draw on pure L- or M-cone input than it is to build Leg, B.B., POKORNY, I., Smith, V.C. & KrEMERS, J. (1994). Responses to

surrounds that draw inputs indiscriminately from all L- and M-cones ~ Pulses and sinusoids in macaque ganglion cdfision Researcts4,

. . . . L . 3081-3096.
within their compass. Our inability to distinguish a cell that re- LEE, B.B., POKORNY, J., SMITH, V.C., MARTIN, PR. & VALBERG, A. (1990).

ceives Surroqnd input from .L-cones only or M-cones only and @ | yminance and chromatic modulation sensitivity of macaque ganglion
cell that receives surround input from both L- and M-cones sug- cells and human observerdournal of the Optical Society of America

gests that, at least for shaping the temporal-chromatic character- A 7, 2223-2236.

et - . . : : LENNIE, P., HAAKE, PW. & WiLLiams, D.R. (1991). The design of chro-
istics of a cell, nothing is to be gained by this expenditure. matically opponent receptive fields. Gomputational Models of Visual

Processing ed. LANDY, M.S. & MovsHoN, J.A., pp. 71-82. Cam-
bridge, Massachusetts: MIT Press.

Acknowledgments MANGEL, S.C. (1991). Analysis of the horizontal cell contribution to the
receptive field surround of ganglion cells in the rabbit retihaurnal

This work was supported by NIH Grants EY 04440, EY 01319, and  of Physiology(London)442, 211-234.

EY06638. NOORLANDER, C., HEUTS, M.J.G. & KOENDERINK, J.J. (1981). Sensitivity
to spatiotemporal combined luminance and chromaticity contiast-
nal of the Optical Society of Americal, 453—459.

References NOORLANDER, C. & KOENDERINK, J.J. (1983). Spatial and temporal dis-
crimination ellipsoids in color spacdournal of the Optical Society of

Boycort, B.B. & DowLING, J.E. (1969). Organization of the primate America73, 1533-1543.

retina: light microscopyPhilosophical Transactions of the Royal So- NOORLANDER, C., KOENDERINK, J.J., OUDEN, R.J.D. & EDENs, B.W. (1983).

ciety B(London)255 109-194. Sensitivity to spatiotemporal colour contrast in the peripheral visual
Boycort, B.B. & Horkins, J.M. (1991). Cone bipolar cells and cone field. Vision Researcl23, 1-11.
synapses in the primate retingisual Neuroscienc&, 49-60. REID, R.C. & SHAPLEY, R.M. (1992). Spatial structure of cone inputs to
CaLKINS, D.J., ScHEIN, S.J., TsukaMoTO, Y. & STERLING, P. (1994). M receptive fields in primate lateral geniculate nuclévature356, 716—
and L cones in macaque fovea connect to midget ganglion cells by  718.
different numbers of excitatory synapsé&ature 371, 70-72. SwmitH, V.C., LEE, B.B., POKORNY, J., MARTIN, P.R. & VALBERG, A. (1992).
Dacey, D.M. & LEg, B.B. (1995). Physiological identification of cone Responses of macaque ganglion cells to the relative phase of hetero-
inputs to HI and HIl horizontal cells in macaque retihavestigative chromatically modulated lightslournal of PhysiologyLondon)458
Ophthalmology and Visual Scien¢8uppl.)36, S3. 191-221.
DERRINGTON, A.M., KRAUSKOPF, J. & LENNIE, P. (1984). Chromatic mech- ~ WASssLE, H., BoycoTT, B.B. & ROHRENBECK, J. (1989). Horizontal cells in
anisms in lateral geniculate nucleus of macadoernal of Physiology the monkey retina: Cone connections and dendritic netwieukopean
(London) 357, 241-265. Journal of Neurosciencé, 421-435.

DERRINGTON, A.M. & LENNIE, P. (1982). The influence of temporal fre- Yen, T., LEE, B.B. & KREMERs, J. (1995). Temporal response of ganglion
guency and adaptation level on receptive field organization of retinal  cells of the macaque retina to cone-specific modulationrnal of the
ganglion cells in catJournal of PhysiologyLondon)333 343-366. Optical Society of America A2, 456—464.



