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Distinctive characteristics of subclasses
of red—green P-cells in LGN of macaque
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Abstract

We characterized the chromatic and temporal properties of a sample of 177 red—green parvocellular neurons in the
LGN of Macaca nemestrinausing large-field stimuli modulated along different directions through a white point in
color space. We examined differences among the properties of the four subclasses of red—green P-cells (on- and
off-center, red and green center). The responses of off-center cells lag the stimulus more than do those of on-center
cells. At low temporal frequencies, this causes the phase difference between responses of the two kinds of cells to
be considerably less than 180 deg. For isoluminant modulations the phases of on- and off-responses were more
nearly 180 deg apart. A cell's temporal characteristics did not depend on the class of cone driving its center. Red
center and green center cells have characteristically different chromatic properties, expressed either as preferred
elevations in color space, or as weights with which cells combine inputs from L- and M-cones. Red center cells are
relatively more responsive to achromatic modulation, and attach relatively more weight to input from the cones
driving the center. Off-center cells also attach relatively more weight than do on-center cells to input from the class
of cone driving the center.
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pedicles, and have axon terminals in the vitread part of the innef . . . .

lexiform laver. In the fovea. every cone contributes to both ath_erently, and that further differences in behavior might depend on
\r/)vays yer. ' Y Pa8Mhe classes of cones that drive them. P-cells in the LGN fall into
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_ _ ~ decline with increasing temporal frequency (Gouras & Zrenner,
N R_erlert rqueStSItOENI'ar“” J.M. Lankheet, _De_partmerr:t of Cngl’arat"éelWQ; Derrington et al., 1984; Smith et al., 1992). Little attention
Physiology and Helmholtz Institute, Universiteit Utrecht, Padualaan 8, . . ~
3584 CH Utrecht, The Netherlands. has been palq to differences between sgbclasses of red—green P-cells,
Present address of John Krauskopf: Center for Neural Science, Nelut where this has been examined (Gielen et al., 1982; Lee et al.,

York University, New York, NY 10003, USA. 1990; Yeh et al., 1995; Smith et al., 1992; Croner & Kaplan, 1995)

37



38 M.J.M. Lankheet, P. Lennie, and J. Krauskopf

no consequential differences have been reported. We have exarfNational Instruments, Austin, TX; NB-DSP2305). Candidate ac-
ined the chromatic characteristics of a large sample of red—greetion potentials, identified provisionally by threshold crossings, were
P-cells, by measuring responses to modulation of color and lumieompared with a template. If the match was within a specified
nance about a white point (Derrington et al., 1984). We find thattolerance, the spike time (measured to the nearestu)Owas

cell properties vary systematically with the type of cone input toplaced directly in a buffer in the Macintosh. For clearly isolated
the center. Furthermore, we find clear differences between tempasingle spikes, the template was formed from the average of 15
ral characteristics of on- and off-center neurons. sample waveforms; this procedure could be repeated iteratively if
necessary. When two or more spikes were present, the DSP could
undertake a cluster analysis to construct a template for each. Al-
though the DSP could deal with up to eight spikes concurrently, we
never worked with more than three, and almost always with one.

Methods

Preparation and recording

The discharges of P-cells were recorded in the lateral geniculat@isual stimuli

nucleus (LGN) of seveMacaca nemestrinthat weighed between

3.0 and 4.5 kg. Anesthesia was induced with an injection of ketaAll stimuli were large-field sinusoidal modulations of chromaticity
mine hydrochloride (Vetalar, 10 nigg, i.m.). Cannulae for infu- and/or luminance about a steady adaptation level (close to equal-
sion were inserted in the saphenous veins and the trachea weasergy white). We represent these, and the chromatic characteris-
cannulated. After the initial surgery, anesthesia was maintainetics of P-cells, in two different ways. One representation employs
with sufentanil citrate (Sufenta) administered intravenously to ef-a three-dimensional color space used by Derrington et al. (1984),
fect. Because Sufenta often caused severe respiratory depressiamd is based upon a chromaticity diagram developed by MacLeod
animals were artificially respired after starting the administrationand Boynton (1979). An isoluminant plane passing through the
of Sufenta. The head was mounted in a stereotaxic frame and aadaptation point (the origin) is defined by two chromatic axes
8-mm craniotomy was made above the right lateral geniculat€Fig. 1). Modulation along the L-M axis brings about no change
body, centered near HC coordinates 9 anterior, 11 lateral. The duiia the excitation of S-cones while the excitations of L- and M-cones
was not removed. After positioning the electrode carrier, the holecovary so as to keep their sum constant. Modulation along the
was covered with agar and sealed with dental cement. orthogonal S-axis excites only the S-cones. Modulation along the

During the experiment, anesthesia was maintained by a contirthird, achromatic, axis changes excitation in all three cone types in
uous infusion of Sufenta (initially 3tg/kg/h). The adequacy of equal proportion. What we now call the L-M axis was in earlier
this dose was first assessed by monitoring the depth of anesthesieork (Derrington et al., 1984) referred to as the “constant B” axis,
for 3 h before administering muscle relaxant; if the animal couldand what we now call the S-axis was referred to as the “constant
be aroused, or showed signs of distress, the dose was increased RrG,” or “tritanopic” axis.
two cases, the dose was increased to 4 qeggkg/h. During
recording, the level of anesthesia was checked continuously by
monitoring the electroencephalogram (EEG) and the electrocar-
diogram (ECG). Before recording, paralysis was induced by a
50 ng/kg loading dose of vecuronium bromide (Norcuron) and
maintained by a continuous infusion (1@@/kg/h) in lactated
Ringer’s solution with dextrose. The end-tidal PC®as moni-
tored continuously, and kept near 4% by adjusting the respiratory
volume when necessary. Body temperature was measured with a
subscapular thermistor and was maintained ne&€ 8y a heating
blanket.

Pupils were dilated with atropine sulfate. The corneas were
protected with gas permeable contact lenses and supplementary
lenses were used to focus stimuli on the retinas. Artificial pupils
3 mm in diameter were placed directly in front of the contact
lenses. The eyes were examined regularly during the experiment
and closed without contact lenses for several hours each night.
Ophthalmic neosporin solution was applied regularly to prevent
eye infections. A reversed ophthalmoscope was used to mark the
positions of the foveas on a tangent screen in front of the animalfig. 1. Three-dimensional color space in which we represent stimuli and
the positions of the foveas were replotted each time the contacthromatic properties of cells. Along the L—M axis the excitation of M- and
lenses were replaced. L-cones covaries so as to keep their sum constant. Along the orthogonal

Action potentials were recorded from single units with platinum- S-axis only the excitation of S-cones varies. Along the achromatic axis the

tipped glass-insulated tungsten microelectrodes. An electrode, coixcitation of all three types of cones varies in equal proportion. Stimuli
l!gonsisted of sinusoidal modulations along a vector through the white point

Achromatic

L-M axis

tained within a hypodermic guide needle, was advanced manual : X X ) s -
to several millimeters above the LGN and subsequently moved o W). A vector is described by its azimuth and elevation. The azimuth
. . . . . escribes the rotation in the isoluminant plane relative to the positive (red)
of th? _gwde. needle with a stepping motor-driven micrometer. Theend of the L—M axis. The elevation is the rotation out of the isoluminant
amplified S'gnals recorded by the electrode were sampled at 1Biane. Cells that combine signals from different cone types linearly can be
kHz by a Macintosh Quadra 950 computer using a multifunctioncharacterized by a vector in this color space along which they are maxi-
IO board (National Instruments, Austin, TX; NB-MIO16). Digi- mally sensitive to modulation, or alternatively by a null-plane in which
tized signals were analyzed by a digital signal processor (DSPodulations cause no response.
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Loci in this space are represented by polar coordinates. Therties were characterized by recording the responses to large-field
azimuth @) is the angle in the isoluminant plane, referred to the modulations along nine directions in color space: azimuth values at
“red” pole of the L—M axis; the elevatiorE( describes the rotation 45-deg intervals in the isoluminant plane and 90-deg intervals at
out of the isoluminant plane. All stimuli were sinusoidal modula- elevations of+45 deg. Achromatic modulation and a blank control
tions along vectors through the white point, with mean luminancecompleted the set. Stimuli last® s and were repeated between 10
and mean chromaticity set at the white point. The length of theand 20 times, in balanced pseudorandom order. Stimuli were mod-
vector defined the contrast. ulated at 4 Hz, a compromise between higher frequencies that yield

The color space in Fig. 1 provides a convenient vehicle forincreased responsivity at the expense of decreased color oppo-
expressing the chromatic characteristics of cells in ways that canency (as a result of an increasing phase difference between center
be compared with the properties of second-stage mechanisms ahd surround contributions to response), and lower frequencies
color vision identified psychophysically (Krauskopf et al., 1982, that yield poorer responsivity. The accompanying paper (Lankheet
1986; Webster & Mollon, 1991), but it is a less useful vehicle for et al., 1998) explores this issue fully.
expressing the strengths of inputs a cell receives from individual At low temporal frequencies, responses vary sinusoidally with
classes of cones. For this reason, we also represent the propertida® angle of the stimulus vector in any plane in color space. The
of cells by the weights they attach to signals from the differentchromatic properties of P-cells can therefore be described by find-
classes of cones. ing the preferred azimuth and elevation (Derrington et al., 1984).

Stimuli were generated by the computer and displayed on @rthogonal to this preferred direction is a null-plane in which
Nanao T560i monitor, controlled by a Rasterops Procolor 32 videanodulations are invisible to the cell.* To estimate the neuron’s
board that provided 9-bit resolution of intensity for the red, green,preferred direction in color space, we first used the linear model
and blue guns. The monitor had NTSC phosphors and was rantroduced by Derrington et al. (1984) to characterize the first
freshed (progressive scan) at 75 Hz. Table 1 shows the CIE chrdiarmonic component of response. The response ampliRides (@
maticity coordinates of the phosphors and the white point. Thefunction of elevation El) and azimuth Az)is given by
mean luminance of the display was 48/otf. Viewed through the
3-mm diameter pupil this provided, in the monkey’s eye, a retinal R = S[sinElsinEl, + cosEl cosEl,cosAz— Az,)] (1)
illuminance equivalent to 570 td in the larger human eye. This was
high enough to escape rod intrusion. whereEl, andAz, are the preferred elevation and azimuth, respec-

Relative cone excitations produced by the monitor were calculively, andS describes the overall sensitivity.
lated from spectral emission measurements on the individual phos- This analysis assumes linearity of responses and uniform tem-
phors, made at 10-nm intervals between 400 and 700 nm, anBoral properties of cone inputs. Since we fit the model to a com-
using Smith and Pokorny’s (1975) estimates of the human con@lete data set, small deviations from linearity for the largest responses
fundamental sensitivities. The isoluminant plane of the color spac&ave little effect on chromatic tuning. In the accompanying paper,
was calculated using Judd’s (1951) correctioWfo In represent- ~ We show that the phase of the response does vary with stimulus
ing stimuli in the color space of Fig. 1, unit contrast along the chromaticity, but at the frequency used here (4 Hz) this has neg-
achromatic axis corresponds to a Michelson contrast of 1. Unitigible effect on the estimate of the cell's preferred direction
contrast along the isoluminant axes is equal to the maximum atlLankheet et al., 1998).
tainable modulation. Along the L—M axis, this corresponds to a
Michelson contrast of 0.0834 to the L-cones and 0.159 to theResults

M-cones. The difference between L- and M-cone modulations re:l_h h hi distinguish tres f
sults from the larger weight assigned to L-cones in the calculatio roughout this paper, we distinguish thesponsef neurons

of luminosity. Unit modulation along the S-axis produces a con- the stream of action potentials it discharges) andstpealsin the
trast of 0.830 for the S-cones. The monitor. viewsd a front- center and surround pathways that ultimately give rise to these

surface mirror, was placed either 57 cm or 171 cm from the monkey’éesrl)gr_lses'_ Wel c%ncelve gf (’;he signals as covert responses that
eye. At the latter distance the screen subtended 9.8<dé& deg. could in principle be recorded.

Cell classification
Procedure

We recorded from P-cells with receptive fields in the fovea andF'g.' 2 shpws responses of.an op-center red-green Ce.” to spatllally
uniform fields modulated sinusoidally at 4 Hz along different di-

parafovea, usually at eccentricities less than 3 deg. Receptive fields, _.. . .
o rections in color space. The contrast of each stimulus was set to the
initially hand-plotted on a tangent screen, were centered on the

. ) . ; : Mmaximum attainable along that direction in color space. The upper
monitor with the help of a laser pointer. A cell’s chromatic prop- left panel shows the spontaneous activity in the presence of an

unmodulated field at the white point. Histograms show mostly
sinusoidal responses with small nonlinear contributions from higher

Table 1. CIE coordinates of the phosphors of the television harmonics. Contrast-response functions for P-cells were always
display, and of the white point used in the experiments reasonably linear up to the highest contrast levels we used. Our
results thus confirm previous reports (Kaplan & Shapley, 1982;
X y Derrington & Lennie, 1984) that LGN P-cells show little response

compression, even at the highest contrast levels. In Fig. 2B, the

Red 0.6219 0.3329 . ) .

Green 02814 0.5944 amplitudes of the first harmonic components of responses are plot-
Blue 0.1449 0.0568

White 0.3087 0.3141

*We use the preferred direction in color space as the signature of a cell,
while Derrington et al. (1984) used the location of its null-plane.
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Fig. 2A. (Figure continues on facing page.

ted as a function of elevation and azimuth. The smooth curved Hz).t The cells fall into four different groups, corresponding to
show the linear model [egn. (1)] fitted to the data. Blue—yellow the four different subclasses. At the frequency we used to charac-
cells and red—green cells were identified by their preferred azimutterize the chromatic properties, P-cell responses typically show a
(Derrington et al., 1984). Azimuths of blue—yellow cells, which phase lag relative to modulation of an achromatic stimulus. This is
were encountered much less often, cluster around 90 and 270 deg
(S-axis). Of a total sample of 222 cells, 45 cells were identified as
blue—yellow. This paper discusses only red—green cells, with char- tIn the convention we use to represent the phase of the response, a
acteristic azimuths falling within=45 deg of the L—M axis. negative phase represents a delay in relation to the stimulus. Were there no
Cells were classified as either on-center or off-center by thedelay between stimulus and response, we would expect an on-center cell

. . . : stimulated by achromatic modulation to have a response phase of 0 deg,
polarity of their response (on or off) to achromatic modulations. d an off-center cell a response phase of 180 deg. A red on cell when

Fig. 3 shows for 177 red—green cells the distribution of temporaktimulated by L-M modulation would be expected have a response phase
phases to both achromatic and isoluminant L—M modulations (abf 0 deg, and green on cell a response phase of 180 deg.
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- Y . — . individual sets of measurements that made up the series normally
folded into the histograms. The average standard error for esti-
mates of elevation was 2.3 deg, and for almost all cells was less
O azimuth 90 deg 1 than 5 deg. The mean standard error of the azimuth was similar
near the isoluminant plane but increased with elevation.

The preferred azimuths of red—green P-cells cluster around the
L-M axis. Red on-center cells and green off-center cells fall around
an azimuth of 0 deg. Red off-center cells and green on-center cells
fall around an azimuth of 180 deg. We found no systematic devi-
ation in azimuth that would indicate consequential input from
S-cones (Wooten & Werner, 1979). The mean azimuths deviated
0.8 and 0.2 deg from the L—M axis for red and green center cells,

- respectively. The deviations of preferred azimuths from the chro-
-40 - $ 1 matic axes are small near the isoluminant plane, but increase with
_3'0 (') 3'0 50 90 elevation, as would be expected for this projection of the data.
Fig. 4B shows distributions of azimuth and elevation separately for
the four subtypes of red—green cell.

o azimuth 0 deg
20

Elevation (deg)

----- IS B N B B B B B S B B B B B S

o elevation 0 deg Distinctive characteristics of red—green subclasses

Fig. 3 shows that responses of on- and off-center cells to achro-
matic modulations are not simply 180 deg out of phase. The mean
phase of the response of on-center cells w&6.6 deg, whereas
that of off-center cells was 118.7 deg, ©61.3 deg in relation to
L the stimulus that excites the center. The mean phase difference

Response amplitude (spikes/s)
8
3

1 1 1 1
90 -60 -30 0 30 60 90 (155.3 deg) and median phase difference (150 deg) were similar,
Azimuth (deg) indicating that the difference be‘tween on- and off-center cells can-
not be attributed to the behavior of outliers. Thus, on- and off-
Fig. 2. A: Poststimulus time histograms of responses of an on-center redgenter cells differ not only in sign of response but also in the
green cell to 4-Hz modulation of a spatially uniform field along different temporal properties of their underlying mechanisms. These differ-

direCtions in the color space shown in. Fig. 1. B: Amp."tUdes of .the first ences were observed only for achromatic modulations. For isolu-
harmonic component of response, derived from the histograms in A. The . . ;
lines are best-fitting solutions to eqn. (5g€ diagram of Fig. 2A on facing _mlnant modulations, the different subclasses responded more nearly
page. in phase (red on-center and green off-center, red off-center and
green on-center) or in counterphase (red on-center and green on-
center, red off-center and green off-center). The type of cone
providing input to the center had little effect on the temporal
clear in the histograms, which show the distributions collapsedcharacteristics of a cell. Among on-center cells, the phases of
separately for achromatic modulation and L—-M modulation. Atresponses of red and green cells to achromatic flicker were
4 Hz, a phase oft-40 deg was found optimally to partition cells —38.0 deg and-35.3 deg on average; to isoluminant flicker the
into two clusters. We classified cells as on-center if the phase of thphases of responses wer&5.0 deg and 102.8 deg (a difference of
response to achromatic modulation fell betweeAO deg and 177.8 deg). Among off-center cells, the average phases of re-
—140 deg and as off-center otherwise. On-center cells have posponses of red and green cells to achromatic flicker were 121.0 deg
itive elevations, off-center cells negative elevations. and 116.1 deg, respectively, and to isoluminant flicker 114.8 deg
To identify the four subtypes of red—green cells, we comparedand —72.3 deg (a difference of 187.1 deg).
the temporal phases of responses to achromatic and isoluminant The broad range of elevations shown in Fig. 4 shows that the
modulations. If responses were approximately in-phase, L-cone inbalance of cone inputs varies among P-cells. This agrees with
put was attributed to the center and the cell was identified as a redarlier findings (De Valois et al., 1966; Padmos & Norren, 1975;
center cell. If the center response and the L-cone response were ol Monasterio & Gouras, 1975; Dreher et al., 1976; Derrington
of phase, the cell was identified as a green center cell. The undeet al., 1984). The distributions of elevations are unimodal, and
lying assumption (which we have checked on many cells) is that tgorovide no indication that there exist separate populations of weakly
large-field achromatic stimuli the responses are dominated by thand strongly opponent cells (Wiesel & Hubel, 1966; Valberg et al.,
center mechanism, i.e. the center has a larger gain than the surrouri®87). The distributions do, however, differ distinctively among
Fig. 4A shows the distribution of preferred elevations and az-subclasses of red—green cells.
imuths among the sample of 177 red—green cells. Notice that the Fig. 4 shows that the distributions of preferred elevations for
spherical distribution is shown in an orthogonal projection. Atred center cells encompass higher elevations than those for green
elevations near the poles this overemphasizes the differences amoognter cells, which are more evenly distributed over the full range.
azimuths: differences in azimuth are of little relevance at extremerhe histograms in Fig. 4B show this particularly clearly. To ex-
elevations, and are undefined at the poles. The model generally fi@mine the significance of differences between subclasses, we used
the responses well; the mean RMS error was 11.9%, at a meahe Mann-WhitneyU test, which is sensitive to differences be-
sensitivity [Sin egn. (1)] of 35 impulse&s. To estimate the relia- tween median values of two distributions, to compare distributions
bility of the fitted values, we calculated the standard error forcollapsed in different ways. The median (unsigned) elevation for
estimates of elevation and azimuth obtained trial-by-trial for thered center cells was 61 deg, and for green center cells 46 deg, a
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significant differenceR < 0.001). The difference is most conspic- red—green cells have negligibly small inputs from S-cones we can
uous between red off-center cells and green on-center ¢els (  calculate the L- and M-cone weights by collapsing the three-
0.001), less so for red and green on-center cBlks (0.02), andred  dimensional color space to a two-dimensional one in which mod-
and green off-center cell®?(< 0.03). There was no significant ulations, and a cell's preferred directions, are fully determined by
difference between the median elevations of on-center and offthe elevation and contrast.
center cells. The mean azimuths, corrected for a 180-deg phase Fig. 5 shows how the relative contributions of the L- and M-cones
shift, did not differ significantly among red—green subclasses. vary with a cell’s preferred elevation. This plot was derived by
On- and off-center cells did not differ significantly in sensitiv- applying the principle that cells are unresponsive to modulations in
ity, nor did red center and green center cells. Red off-center cellshe plane perpendicular to the preferred direction, embodied in
were slightly (and significantly) more sensitive than red on-centeregn. (2):
ones. This corroborates to some extent Valberg et al.’'s (1987)
observation that off-center P-cells were more sensitive than on- Wi(Elp)I(Elp = 90) + win(Elp)m(El, — 90) = 0 @)

center ones. where w(El;) and wy(Elp) are the weights assigned to the L- and
M-cones, respectively, by a cell whose preferred elevatideljs
and |El, — 90) and mEl, — 90) are the modulation& L/L and
AM/M) of the L- and M-cones, generated by stimulus variation

By representing chromatic signatures in terms of azimuth and elzjong the directiorEl,—90. This can be rewritten as
evation, we have a convenient way to characterize preferred stim-

uli, and to recognize classes of cells. However, this representation wi(El,)/Wm(Elp) = —m(El, — 90)/1(El, — 90) 3)
makes it hard to see the c_)rganizz_ition qf inputs from the dif'ferenrand the normalized weights El,) and Wh(El;) assigned to the
classe§ of cones. The weights with which acell comblqes |nput§_ and M-cones, respectively, are given by

from different classes of cones can be obtained from azimuth an

elevation by linear transformation (Derrington et al., 1984). This W,(El,) = —m(El, — 90)/[|I(El, — 90)| + [m(El, — 90)]
transformation assumes that phase differences between cone inputs

have negligible effect on the prefe.rred direction at the temporalwm(Elp) — I(El, — 90)/[[I(El, — 90)| + |m(El, — 90)] (4)
frequency (4 Hz) used in the experiments. The accompanying pa-

per explores the effects of temporal frequency on chromatic tunfo derive IEl, — 90) and mEl, — 90), we note that the excita-
ing, and validates this assumption (Lankheet et al., 1998). Becaug®ns of the L- and M-cones are in the ratio of 2:1 for an equal-

Relative weights of cone inputs
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energy white in the MacLeod-Boynton (1979) chromaticity diagram
which in turn uses the fundamental cone sensitivities derived by
Smith and Pokorny (1975). Therefore, while the maximum mod-
ulation of both the L- and M-cones along the achromatic axis are
equal to 1.0, they are not equal to one another along the L-M
isoluminant axis. Furthermore, the maximum change in the exci-
tation of the L- and M-cones along the isoluminant axis is limited
because of the overlap of the cone spectral-sensitivity curves. The
modulations for the L- and M-cones along the L—M axis for our
display are 0.0834 and 0.159. Therefore,

I(El, — 90) = sin(2 (E, — 90)/360)

+ 0.0834 cof27 (E, — 90)/360)

m(El, — 90) = sin(2 (E, — 90)/360) ©)

— 0.159 cof27 (E, — 90)/360)

Fig. 5 shows how the relative contributions of L- (upper curve)
and M-cones (lower curve) vary with a cell’s preferred elevation.
The curves in Fig. 5 represent the behavior of red on-center cells
and green off-center cells. The curves for red off-center and green
on-center cells are the same, but with the signs reversed. A lumi-
nance mechanism (preferred elevation of 90 deg) combines L- and
M-cone signals in a ratio of about 2:1.F Tuning to the isoluminant
axis implies equal, opponent input from L- and M-cones. Relative
cone weights change steeply with elevation around the achromatic
axis and around the cone optimal directions, which in our color
space are at 85.2 deg for the L-cone and at 99.80(9) deg for
the M-cone. Preferred elevations between 85.2 deg and 90 deg, and
between—80.9 deg and-90 deg, reflect synergistic input from L-
and M-cones; other elevations reflect opponent input.

Fig. 6 shows distributions of weights that different subclasses
of red—green cell attach to modulations of L- and M-cone signals
(to simplify comparisons all weights are shown as positive values).
The median value for the center cone weight varies from 0.56 for
green on-center cells to 0.63 for red off-center cells. This small
difference belies interesting differences among the distributions.
Green center cells have more equally balanced L- and M-cone
weights than do red center cells, which attach more weight to
inputs from the L-cones (compare rows in Fig. 6). The median
value for the center cone weight is significantly higher for red
center cellf P < 0.025. As was seen earlier in the comparison of
elevations, the difference between red off-center and green on-
center cells is especially pronouncg® < 0.005. The difference
between on- and off-center cells was also signifi¢ggh& 0.025:

$The conversion from preferred elevation to cone weight is relatively
insensitive to the exact ratio in which L- and M-cone signals contribute to
luminance: the central part of Fig. 5 would look essentially the same for
different cone contributions to a luminance mechanism.

Fig. 4. Distributions of azimuth and elevation for 177 red—green P-cells. A:
The spherical distribution plotted in an orthogonal coordinate system. Dif-
ferent symbols identify different subtypes of cell. White diamonds show
the mean azimuths and elevations of the different subclasses. B: Distribu-
tions of azimuth and elevation shown separately for the four subtypes of
red—green cells. Elevations in B are plotted without regard to sign.
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The overall distribution of cone weights across all subclasses of
red—green cells closely resembles that reported by Derrington et al.
(1984), but apparently disagrees with that described by Smith et al.
(1992), who found that to account for the phases of responses of
P-cells to red—green flickering lights, the cells would have to com-
bine L- and M-cone signals with weights ranged around the ratio
0.35:0.65, and differing little among subclasses of cells. The dif-
ference between studies is in fact to be expected, since the reported
weights mean different things. We have estimated the weight as-
signed to the modulation of quantum catches, discounting the mean.
Smith et al. estimated the weight assigned by a cell to the quantum
catches in each class of cone; their average weights when con-
verted to our measure would yield weights much like ours.

We found differences in temporal properties between on- and
off-center cells, but no differences related to the type of cone

L L L L driving the center. This observation suggests that different kinds of
-90 60 -30 0 30 60 90 cones, and the pathways connecting them to P-cells, have compa-
Preferred elevation (deg) rable temporal properties. This agrees with measurements on cones
(Boynton & Baron, 1975; Schnapf et al., 1990), P-cells (Gielen
Fig. 5. Relative weights assigned to signals from L- and M-cones as &gt g|., 1982; Smith et al., 1992), and psychophyscial observations
function of the preferred elevation of a cell. The curves are calgulate_d fron'that have examined flicker sensitivity in L- and M-cone systems
eqns. (2-5) (see text). The upper curve shows the L-cone weight, it IoealYSEstévez & Spekreijse, 1974; Lennie, 1984). Differences among the
at the L-cone preferred direction§5.2 deg). The lower curve shows the chromatic properties of subclasses therefore probably result from dif-

M-cone weight and peaks at the M-cone preferred directio®0(9 deg). ] . . .
Elevations between 0 and 85.2 deg yield the weights for a red on-centd€"€Nt Weights assigned to signals from different classes of cones.

cell; elevations between 0 and80.9 deg yield the weights for a green  OUr results raise_ two interesting issues about retinal organiza-
off-center cell. Curves for red off-center and green on-center cells have thon. First, how do different classes of cones come to have different

same shape, but the signs are reversed. The curves illustrate the nonlinasieights in driving ganglion cells? Second, how do on- and off-
mapping of preferred elevations to cone weights. center cells come to have different temporal characteristics?
Differential weights of cone inputs driving a P-cell might arise
from different numbers of cones driving the cell, god from
off-center cells attach more weight to the cone class that drives théifferent strengths of signals arriving from each cone. In the latter
center (compare columns in Fig. 6). case, differences could reflect both fixed factors (for example,
more efficient or more numerous synaptic connections) and vari-
able ones (for example, gain adjustments that result from light
adaptation). Because we do not know precisely how chromatic
Among the red—green P-cells that receive inputs from only L- andadaptation changes the relative gains in the different cone systems,
M-cones, we found a broad range of preferred elevations. Theve cannot be certain that the greater weight assigned to L-cone
strength of chromatic opponency varied among subclasses of cellgputs in red center cells reflects some stable property of the retina.
red center cells were tuned more narrowly to higher elevationgHowever, our cells were adapted to near equal-energy white light,
than were green center cells (Fig. 3). Similar differences, thougtand there is little reason to suppose that this biases sensitivity in
less pronounced, were also found for color tuning expressed ifavor of one or other cone system. Stable characteristics probably
terms of the weights with which neurons combine inputs from L-account for the greater weight assigned to L-cones, and probably
and M-cones. Red center cells assign relatively more weight to theeflect not greater numbers of L-cones but more effective connec-
center input from L-cones, and assign this weight with greatettions. It is very likely that a single cone drives the center of the
variability (Fig. 6). Cone weights vary neither linearly nor mono- P-cell’s receptive field. That being the case, having more L-cones
tonically with preferred elevation, so one does not expect to se¢han M-cones in the retina would not result in L-cone inputs hav-
precisely the same picture in the two representations. Small difing greater weight at the P-cell.
ferences in cone weights may cause large differences in preferred Calkins et al. (1994) recently described, within both on- and
elevation (Fig. 5). off-pathways, two circuits that can connect different cones to their
In associating a particular type of cone with the center of themidget ganglion cells. In one, a cone makes=823 ribbon syn-
receptive field, we have assumed (1) that the polarity of a cell'sapses with a midget bipolar cell, which in turn makes 284
initial response to full-field illumination with achromatic light is synapses with a midget ganglion cell. In the other, a cone makes
determined by the center; (2) that a single cone type drives thd9 + 3 synapses with a bipolar cell, which in turn makes#43
center. The first assumption is true for all cells in which we havesynapses with a midget ganglion cell. Calkins et al. suggested that
examined it; the second is justified by anatomical evidence that inhese systems originated separately in the L- and M-cones, al-
and near the fovea a single cone drives the center of a P-celliough they could not establish which circuit was associated with
receptive field (Calkins et al., 1994). The relative cone weights arevhich class of cone. Compared to the large differences in number
calculated from responses to full-field stimuli, and represent theof synapses, our observations show only small differences in the
weights of center and surround only if the surround draws its inputsveights attached to L- and M-cone inputs, and therefore suggest
from a single class of cone. To the extent that the surround drawthat synapses in the two cone systems must differ substantially in
inputs from both classes of cones (Lennie et al., 1991; Dacey & Leetheir effectiveness. An alternative possibility is that one cone sys-
1995), our method underestimates the weight of the center. tem is much more effective than the other, but that our measure-

Relative cone weights

-1 1

Discussion
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Fig. 6. Distributions of weights that different subclasses of red—green cells attach to inputs from L- and M-cones, derived from
responses to 4 Hz modulation of spatially uniform fields along different directions in color space. The derivation of weights assumes
that cells receive no inputs from S-cones. In each graph the abscissa shows the center cone weight, without regard to sign (which would
be negative for off-center cells).

ments underestimate its effectiveness because they are insensitivethe center and surround mechanisms are broadly out of phase for

to common input to center and surround. That is, if the receptiveachromatic stimuli and in phase for isoluminant stimuli; the depth

field surround receives signals from both L- and M-cones (Lennieof modulation of cone excitations (and the amplitudes of the re-

etal., 1991), the class that also provides the center signal could haweilting center and surround signals) are usually larger for the ach-

substantial synaptic weight that is ultimately largely discounted byromatic stimuli than for isoluminant stimuli. The former seems an

center-surround interaction. Were this the case, our observations poinhlikely source of the difference between on- and off-center cells.

to the L-cone having the greater density of connections. An amplitude-dependent difference in dynamics would seem more
On- and off-center P-cells have different temporal characterisprobable, but experimental measurements of the phases of re-

tics, expressed in the phases of their responses to achromatic stisponses at different stimulus contrasts have so far revealed no sign

uli but not in their responses to isoluminant stimuli. In relation to of it (Benardete et al., 1992).

its excitatory stimulus, the off-center cell responds to achromatic

modulation with a greater phase lag that, if represented as a trans-

port delay, implies an extra delay of 17 ms. This is unlikely to be AcCknowledgments
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