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Transmission of colour and acuity signals by parvocellular
cells in marmoset monkeys
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Non-technical summary Colour gets a free ride, according to our study of visual nerve cell
responses in marmoset monkeys. All male marmosets are red—green colour-blind (dichromatic),
but most female marmosets have normal trichromatic colour vision. It is known that signals for
high-acuity daytime vision are carried in the parvocellular (P) pathway, and the P pathway also
carries signals for red—green colour vision in trichromats. Here we compared P cell responses with
patterned stimuli in dichromatic and trichromatic marmosets, and found no detectable difference
in resolving power for fine patterns. These results indicate that red—green colour vision does not
come at a cost for spatial vision. The ‘piggyback ride’ for colour signals in the P pathway may
have encouraged the evolution of full colour vision in primates, including great apes, monkeys
and humans.

Abstract The red—green axis of colour vision evolved recently in primate evolutionary history.
Signals serving red—green colour vision travel together with signals serving spatial vision, in the
parvocellular (PC) division of the subcortical visual pathway. However, the question of whether
receptive fields of PC pathway cells are specialized to transmit red—green colour signals remains
unresolved. We addressed this question in single-cell recordings from the lateral geniculate nucleus
of anaesthetized marmosets. Marmosets show a high proportion of dichromatic (red—green
colour-blind) individuals, allowing spatial and colour tuning properties of PC cells to be directly
compared in dichromatic and trichromatic visual systems. We measured spatial frequency tuning
for sine gratings that provided selective stimulation of individual photoreceptor types. We found
that in trichromatic marmosets, the foveal visual field representation is dominated by red—green
colour-selective PC cells. Colour selectivity of PC cells is reduced at greater eccentricities, but
cone inputs to centre and surround are biased to create more selectivity than predicted by a
purely ‘random wiring’ model. Thus, one-to-one connections in the fovea are sufficient, but not
necessary, to create colour-selective responses. The distribution of spatial tuning properties for
achromatic stimuli shows almost complete overlap between PC cells recorded in dichromatic and
trichromatic marmosets. These data indicate that transmission of red—green colour signals has
been enabled by centre—surround receptive fields of PC cells, and has not altered the capacity of
PC cells to serve high-acuity vision at high stimulus contrast.
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Introduction

Most humans, and many species of apes and monkeys,
show trichromatic colour vision based on three cone
photoreceptor classes sensitive to long (L), medium (M) or
short (S) wavelengths oflight. The L and M photoreceptors
diverged recently in evolutionary history, thereby adding
a red—green colour axis to the simple dichromatic or
‘blue—green’ colour vision exhibited by most diurnal
mammals (reviewed by Nathans, 1999 and Jacobs, 2008).
According to the ‘random wiring’ hypothesis, red—green
colour vision is enabled by high-acuity nerve pathways
in the central (foveal) region of the retina, where
cones show one-to-one connectivity with cells in the
midget-parvocellular (PC) pathway (Mollon et al. 1984;
Shapley & Perry, 1986; Lennie et al. 1991). Dominant
input to the receptive field centre of a foveal PC cell
arises in a single L or M cone. Input to the receptive
field surround arises via retinal interneurones (horizontal
and amacrine cells), which receive mixed spectral input
from M and L cones. Thus, there is imbalance in spectral
inputs to centre and surround, allowing opponent colour
signals to be transmitted to the brain without evolution
of new colour-selective pathways. Consistent with this
hypothesis, there is broad agreement that the majority of
PC pathway cells show centre—surround organization, and
that red—green opponency can arise from centre—surround
interaction (Dreher et al. 1976; Derrington et al. 1984;
Kaplan & Shapley, 1986; Smith et al. 1992; Lankheet
et al. 1998; Kilavik er al. 2003; Blessing et al. 2004;
Diller et al. 2004; Solomon et al. 2005; Buzas et al. 2006;
Crook et al. 2011). By contrast, according to the original
‘two channel’ model for chromatic signal transmission,
chromatic signals are carried by specific populations of
cells showing (‘type IT’) opposing spectral inputs to large
and overlapping receptive field regions (Wiesel & Hubel,
1966; Dreher et al. 1976; Rodieck, 1991; Calkins & Sterling,
1999; Conway et al. 2010). Red—green typell receptive
fields would therefore form a distinct population in the
visual system of trichromatic primates according to the
two channel model. What has been lacking to date is a
critical control experiment, that is, to determine whether
the originally distinguished typell receptive fields are
unique to primates expressing trichromatic vision or are
simply at one end of a distribution of PC cells with a range
of spatial sampling properties.

Understanding whether the PC pathway transmits
signals for colour and acuity through separate sub-
populations is important goal for two main reasons.
Firstly, although there is no anatomical evidence for
colour-selective wiring of PC pathway cells (Boycott &
Wissle, 1991; Wiissle et al. 1994; Jusuf et al. 2006b; but
see also Calkins et al. 1994), several physiological studies
suggest that the PC cell receptive fields have functionally
adapted to favour transmission of colour over spatial
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signals (Lee ef al. 1998; Reid & Shapley, 2002; Solomon
et al. 2005; Buzis et al. 2006; but see also Diller et al. 2004
and Crook et al. 2011).

Diurnal Old World monkeys, such as macaques, show
almost exclusively trichromatic colour vision (Onishi
et al. 1999). In contrast, many New World monkeys
show highly variable colour vision, because cone pigments
in the medium-to-long wavelength-sensitive (ML) range
are encoded as allelic variants at a single locus on the
X chromosome (Hunt et al. 1993). Male marmosets,
and females which carry the same allele on each
X chromosome, show dichromatic colour vision. Female
marmosets carrying distinct alleles show one of three
trichromatic phenotypes (Travis et al. 1988; Tovée
et al. 1992). This natural experiment allows study of the
consequences of alterations in ML pigments upon neural
responses underlying spatial and colour vision.

With the exception of colour vision polymorphism, the
afferent visual pathway in marmosets is quantitatively
similar to that of humans and macaques (Yeh et al.
1995; Yamada et al. 1996; Blessing et al. 2004). Spatial
and chromatic properties of PC cells in marmosets
have been addressed independently in some of the
studies cited above. The goal of the present study
was to make direct comparison of spatial tuning and
red—green colour-selective properties across dichromatic
and trichromatic marmosets using identical stimulus and
cell sampling protocols. The results do not support the
presence of a distinct group of colour-selective type IT PC
cells in trichromatic marmosets. We previously studied PC
cell responses in trichromatic marmosets using discrete
spatial stimuli (apertures and annuli) to isolate centre and

Table 1. Summary of marmoset phenotypes

Colony No. of

ID Phenotype ID Sex Diagnostic  PC cells
89 543/563 847 Female  PCR + Phys 9
90 556/563 693 Female  PCR + Phys 17
95 543 871 Male Phys 6
96 563 748 Male Phys 9
97 556 822 Male Phys 10
101 556 825 Female  PCR + Phys 16
102 543/556 872 Female  PCR + Phys 7
103 543 864 Male Phys 7
104 543/556 890 Female  PCR + Phys 7
107 543/563 835 Female  PCR + Phys 37
109 543/556 881 Female  PCR + Phys 29
112 556/563 831 Female  PCR + Phys 1
115 543/563 850 Female  Phys 18
116 543/563 851 Female  Phys 8

Abbreviations: ID, identification number; PC, parvocellular;
PCR, polymerase chain reaction diagnosis; Phys, physiological
diagnosis.
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surround contributions to PC cell responses (Buzas et al.
2006). The results were broadly consistent with random
wiring, with functional bias increasing the proportion of
cone opponent cells in peripheral retina, above the pre-
dictions of a pure random model. Our results extend the
conclusions of Buzas et al. (2006) by showing that in
trichromatic marmosets, responses of PC cells to coloured
gratings are also consistent with a ‘random wiring with
functional bias’ model, meaning that transmission of
red—green colour signals has been accompanied by subtle
changes in synaptic weight to centre—surround receptive
fields, not by evolution of specialized colour-coding cells.

Methods
Ethical approval

Marmosets (Callithrix jacchus, n=14) were obtained
from the Australian National Health and Medical
Research Council (NHMRC) combined breeding facility
(Churchill, VIC, Australia). Procedures were approved
by institutional (University of Melbourne) Animal
Experimentation and Ethics Committee, and conform to
the Society for Neuroscience and NHMRC policies on the
use of animals in neuroscience research.

Genotyping

In 8 of the 10 female animals, the genes encoding ML
opsins were identified by PCR-restriction fragment length
polymorphism prior to recordings, as described in detail
elsewhere (Blessing et al. 2004). In the remaining females
and all males, the ML cone complement was diagnosed
from PC cell responses without prior genetic analysis.
Details for each animal studied are shown in Table 1.

Experimental preparation

Animals were anaesthetized with inhaled isoflurane
(Forthane; Abbott, Sydney, NSW, Australia; 1.5-2%)
carried in Carbogen (5% CO0, in O,) and intramuscular
ketamine (Ketalar; Parke-Davis, Sydney, NSW, Australia;
30mgkg™!) for surgery. A femoral vein and the trachea
were cannulated. Animals were artificially ventilated with
a70%-30% mixture of NO,—carbogen. A venous infusion
of 40 ugkg™' alcuronium chloride (Alloferin; Roche,
Sydney, NSW, Australia) in dextrose Ringer solution
(Baxter, Sydney, NSW, Australia) was infused at a rate of
1 ml h™! to maintain muscular relaxation. Anaesthesia was
maintained during recording with an intravenous infusion
of sufentanil citrate (Sufenta-Forte, Janssen-Cilag, Beerse,
Belgium; 4-8 ugkg ' h™').

Electroencephalogram (EEG) and electrocardiogram
signals were monitored to ensure adequate depth of
anaesthesia. The EEG signal was subjected to Fourier
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analysis. Dominance of low frequencies (1-5Hz) in the
EEG recording and absence of EEG changes under noxious
stimulus (tail pinch) were taken as the chief signs of an
adequate level of anaesthesia. We found that low dose rates
in the range cited above were always very effective during
the first 24 h of recordings. Thereafter, drifts towards
higher frequencies (5-10Hz) in the EEG record were
counteracted by increasing the rate of venous infusion or
the concentration of anaesthetic. The typical duration of
arecording session was 48—72 h. At the termination of the
recording session, the animal was killed with an overdose
of pentobarbitone sodium (80-150 mg kg™, L.v.).

Visual stimulus and single-cell recording

The animal was mounted in a stereotaxic frame that was
tilted to bring the optic axis close to the horizontal plane.
The positions of the fovea and optic disc were mapped onto
a tangent screen using a fundus camera equipped with a
rear projection device. The table supporting the stereotaxic
frame was rotated as required to bring the receptive fields
of recorded cells near the centre of the tangent screen.
These movements were monitored by means of a laser
attached to the table.

The corneas were protected with oxygen-permeable
contact lenses with curvature set to focus the eyes
near 114cm. A gimballed front-silvered mirror was
used to reflect the stimulus image onto the receptive
field of recorded units. For each eye, the first cell
encountered that responded to grating spatial frequencies
higher than 1cycledeg™' (cpd) was used to optimally
refract that eye with a supplementary glass lens. The
optimal lens power was determined by choosing the
lens that permitted response to the highest possible
spatial frequency of a black—white drifting sinusoidal
grating. Receptive field diameters were consistent with
reported values for marmoset lateral geniculate nucleus
(Kremers & Weiss, 1997; White et al. 2001; Kilavik et al.
2003). The reader should note that the relatively small
size of the marmoset eye (foveal magnification factor,
128 umdeg™'; Troilo et al. 1993) increases the angle
subtended by receptive fields in comparison with the
situation in the macaque eye (foveal magnification factor,
200 um deg™!; Perry & Cowey, 1985). Pupil diameter
varied between ~2 and 4 mm, yielding retinal illuminance
in a range equivalent to ~300-1500 human Troland
(Troilo et al. 1993; Victor et al. 2007). Topical atropine
or neosynephrine was applied if required to keep pupil
diameter in the range given above. Accurate centring of
the stimulus on the receptive field was confirmed during
data collection, by monitoring the position of maximal
response to a small (0.05 deg radius) flashed spot. On rare
occasions, drifts in eye position and/or accommodative
state became evident during data collection, because such
drifts caused characteristic changes in recorded response
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amplitude and trial-to-trial variability. These data were
discarded.

In early experiments, visual stimuli were generated
using a Series Three video signal generator (VSG Series
Three; Cambridge Research Systems, Cambridge, UK)
and presented on a Reference Calibrator Plus monitor
(Barco Systems, Kortrijk, Belgium) at a frame refresh
rate of 80 Hz. Mean luminance was 55 (Expo) or
32 cd m™2 (VSG). The VSG system incorporates a photo-
metric feedback system for colorimetric specification
and ycorrection to allow direct specification of
stimuli in Commission Internationale de I’Eclairage (CIE)
colorimetric coordinates (x, y, Y). In later experiments,
visual stimuli were generated using Open GL commands
controlled via freely available software (Expo) written by
Peter Lennie (University of Rochester, Rochester, New
York, USA) and presented on a linearized, colorimetrically
calibrated Sony G520 monitor refreshed at 120 Hz. The
accuracy of both systems was verified with a PR-650 photo-
meter (Photo Research, Palo Alto, CA, USA).

For each cell, the optimal spatial frequency, temporal
frequency, orientation and contrast were determined,
using achromatic drifting gratings presented within a
4 deg diameter aperture. An aperture-tuning curve was
measured using the optimal stimulus parameters. An
aperture diameter which was slightly above the optimal
diameter, and which also was an integer multiple
of the optimal spatial period, was used thereafter.
Such apertures encompass both centre and surround
components of the classical receptive field (Solomon
et al. 2002). Receptive field dimensions were estimated by
difference-of-Gaussians (DOG) fit to the spatial frequency
tuning curve using standard methods (Croner & Kaplan,
1995; White et al. 2001). At the low temporal frequencies
used for these measurements (4-5 Hz), the phase error
introduced by using the DOG fit rather than a vector
model (Frishman et al. 1987; Kilavik et al. 2003) is small
(<15 deg).

A set of spectral absorbance templates (nomograms)
with peak wavelengths corresponding to those pre-
sent in a given animal was generated using polynomial
templates (Lamb, 1995). Lens absorbance was corrected
using published measurements for the marmoset (Tovée
et al. 1992). The effect of receptor self-screening was
estimated assuming axial absorbance of 1.5% and outer
segment length 20 um. For measurements taken using the
VSG system, the cone contrast for a given stimulus was
calculated for each nomogram by convolution with the
[x, ¥, Y] co-ordinates of the grating components via the
Judd-Voss modified CIE 1931 colour-matching functions
(Brainard, 1996). For measurements taken using the Expo
system, the contrast in a given class of cone generated by
a given stimulus was obtained by calculating the inner
product between the relevant cone nomogram and the
spectral power distribution of the R, G and B guns
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specified by the stimulus. Action potential time series from
individual PC cells were digitized at 10 kHz. The frequency
of action potentials (impulses) per second was subjected
to Fourier analysis. The first harmonic amplitude and
phase were used as response measures. Not all tests were
performed on all cells.

The accuracy of our cone contrast calculations was
confirmed by measuring, for a subset of PC cells,
responses to low spatial frequency modulation where
the relative intensity of the red and green monitor
phosphors was varied systematically. As shown in Fig. 14,
for a PC cell recorded in a male marmoset predicted
to express the 556 nm pigment, the theoretical silent
exchange point for the 556 nm pigment (s556; Fig. 1A)
corresponds to the position of response amplitude
minimum and response phase reversal for this cell. Thus,
the functional input to this PC cell is dominated by a
single cone mechanism at the light levels used for these
experiments. Parallel results were obtained for marmosets
predicted to express the 543 and 563 nm pigments;
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Figure 1. Accuracy of cone contrast calculations

A and B, response amplitude and phase of a PC cell in a dichromatic
marmoset as a function of the relative intensity (RG balance) of
out-of -phase modulated red and green monitor guns. Arrows above
the graphs show the predicted silent substitution (s) ratio for cone
mechanisms at the indicated peak wavelength. Note sharp response
minimum and phase reversal corresponding to the predicted value
for the 556 nm cone. Horizontal lines beneath the amplitude graph
in A show the mean (symbols) and range of response minima in
samples of PC cells from three dichromatic marmosets. Note that
minima are located close to predictions for a single cone mechanism:
minima for animals MY97 and MY 101 are close to the prediction for
556 nm and minima for animal MY 103 are close to the prediction
for 543 nm. C and D, response amplitude and phase in a PC cell
from a 543 nm/563 nm (A 13 nm) phenotype marmoset. Note the
lack of clear response minimum across the range of relative
intensities tested.
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that is, responses were consistent with dominant input
from the single predicted cone mechanism. Figure 1A
shows the mean and range of response minima in cells
recorded from two animals predicted to express the
556 nm pigment (MY101, MY97) and one animal pre-
dicted to express the 543 nm pigment (MY103). The
physiological data are in good accord with prediction.
Parvocellular cells recorded in female marmosets pre-
dicted to express two ML cone types did not show
stereotyped behaviour to this same stimulus. An example
is shown in Fig.1B; for this PC cell, there is no
response amplitude minimum, and over the range of
relative intensities tested the response phase changes
slowly. Hereinafter, we refer to trichromatic phenotypes
according the spectral separation (in nanometres) of ML
cone peak sensitivity, as follows: 556 nm/563 nm (A7 nm)
phenotype; 543 nm/556 nm (A13nm) phenotype; and
543 nm/563 nm (A20 nm) phenotype. We refer to the
distinct ML range cone types expressed in trichromatic
marmosets according to their relative spectral position.
Thus the 556 nm cone is referred to as the M cone
for the (556nm/563nm) A7nm phenotype, but is
referred to as the L cone for the (543 nm/556 nm)
Al13nm phenotype. Spatial frequency tuning curves
were recorded using in-phase modulation of the R and
G monitor guns (hereinafter referred to as R+ G or
‘luminance’ modulation) or out-of-phase modulation
of the R and G monitor guns. For R+ G modulation,
the R and G guns were normally set to their maximal
values (nominal 100%); if lower values were used,
the response was normalized to 100% contrast. For
out-of-phase modulation, the relative intensity of the
R and G guns was set either to the silent sub-
stitution point(s) for the expressed ML pigment(s) or
to produce approximately equal amplitude and opposite
phase modulation in the M and L cones expressed by
trichromatic marmosets. We refer to the latter stimulus
condition as R— G or ‘chromatic’ modulation. Cone
contrasts produced by these stimuli are summarized in
Table 2. For dichromatic marmosets, the silent sub-
stitution grating for the expressed cone type was used
as surrogate for the R — G grating. As shown in Fig. 1, in
dichromatic animals the silent substitution grating acts as

Table 2. Cone contrasts
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a control against errors in estimating the corneal cone
sensitivities. In trichromatic animals, this confound is
difficult to distinguish from true L-M opponent inter-
action.

Cells were also tested for signs of functional input
from short-wavelength-sensitive (S) cones as described
elsewhere (Forte et al. 2006; Tailby et al. 2010). None of
the PC cells described here responded to S-cone-selective
gratings at amplitudes above 5impulsess™'. Where
appropriate in the following analysis, we categorized cells
as non-opponent if the gain ratio (R — G)/(R+ G) was
less than unity or if the maximal response to the R — G
stimulus was below 10 impulses s~'. However, the reader
should note that as in our previous studies (Blessing ef al.
2004; Buzas et al. 2006) the results showed a continuum of
response properties in PC cells on all stimulus dimensions
we measured, and this criterion does not imply the
existence of discrete subclasses of PC cells.

Where appropriate, the proportion of opponent PC
cells was compared with predictions of a ‘hit and miss’
binomial model of L and M cone inputs to PC receptive
fields (Mullen & Kingdom, 1996) as previously described
in detail (Buzas et al. 2006). Briefly, the number of
cones converging on the receptive field centre at a
given eccentricity was estimated from published data
(Goodchild et al. 1996). The opponent purity for random
wiring was predicted assuming 1:1 L to M cone ratio
and 1:6 centre to surround cone convergence ratio.
These values yield the relationship O = c;e™ 1" + c,e™*",
where O is opponent purity, ¢; =1.0813, ¢, =0.2723,
A1 = 1.5079, A2 =0.0647 and 7 is the number of cones
in the receptive field centre (Mullen & Kingdom, 1996;
Buziés et al. 2006).

Results

We report results from a total of 191 PC cells (Table 1).
Forty-eight cells (25%) were recorded from five animals
showing dichromatic phenotype, that is, PC cell responses
were consistent with input from a single cone mechanism
in the medium-long (ML)-wavelength-sensitive range
(Fig. 1). Twenty-eight cells (15%) were recorded from

A7 nm M (556) A7 nm L (563)

A13 nm M (543)

A13 nm L (556) A20 nm M (543) A20 nm L (563)

R-G 0.035 —0.072 0.125
Ms n.d. n.d. 0.245
Ls n.d. n.d. <0.001

—0.126 0.176 —0.181
<0.001 0.346 <0.001
—0.246 <0.001 —0.346

Michelson cone contrasts given by chromatic (M-L) and cone-selective gratings (Ms, Ls). Numbers in parentheses show the Anax of the
M or L cone pigment in each phenotype. Positive values for R — G indicate that modulation from red (phase 0 deg) to green (phase
180 deg) increases cone excitation; negative values indicate the converse. Abbreviations: A7 nm, 556 nm/563 nm phenotype; A13 nm,
543 nm/556 nm phenotype; A20, 543 nm/563 nm phenotype; and n.d., not determined.

© 2011 The Authors. Journal compilation © 2011 The Physiological Society
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two animals showing trichromatic 556/563 phenotype
(A7nm), 43 cells (23%) were recorded from three
animals showing 543/556 (A13nm) phenotype, and
72 cells (38%) were recorded from four animals showing
653/563 (A20 nm) phenotype. For 96 cells, the physio-
logical characterization was compared with histological
reconstruction as described in our previous studies (White
et al. 2001; Szmajda et al. 2006). Of these cells, 57 (59%)
were located in the external PC lamina, 38 (40%) were
located in the internal PC lamina, and one (1%) was
located in koniocellular layer K3. No systematic differences
in response properties were seen on comparing these
anatomically distinct cell populations, so data were pooled
for analysis. Responses of some cells to a subset of the
stimuli used here were described previously (Buzas et al.
2006; Forte et al. 2006; Victor et al. 2007). These data
were reanalysed for the present study. Some of the pre-
sent findings were reported in abstract form (Martin et al.
2009).
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Emergence of red-green opponent responses

Figure 2 shows example spatial frequency tuning curves for
R + G gratings (Fig. 2B) and R — G gratings (Fig. 2C) for
one dichromatic and three trichromatic marmosets. The
cone complement expressed by each animal is indicated
by the small sketches above each column (Fig.2A). The
stimulus waveform is shown schematically at the right
of the figure. For all phenotypes, responses to R+ G
modulation (Fig. 2B) show the bandpass tuning expected
from centre—surround antagonism (Enroth-Cugell &
Robson, 1966; Derrington & Lennie, 1984; Kremers &
Weiss, 1997; White et al. 2001). Consistent with responses
to achromatic (black—white) gratings previously reported
(Kremers & Weiss, 1997; Kremers et al. 2001; Solomon
et al. 2002; Blessing et al. 2004; Webb et al. 2005), the peak
spatial frequency for cells outside the fovea is typically
between 1 and 5 cpd, and response falls close to noise
levels above 10 cpd.
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Figure 2. Colour and luminance signals in marmoset PC cells

Each column shows responses of an example cell for each marmoset colour vision phenotype. A, sketches of
the cone complement. The spectral separation between long (L) and medium (M) wavelength-sensitive cones
is indicated above each sketch. Note that none of the PC cells recorded showed significant functional input
from short-wavelength-sensitive cones. B, spatial frequency modulation transfer functions for in-phase (R + G,
‘luminance’) modulated gratings. C, spatial frequency modulation transfer functions for out-of-phase (R — G,
‘chromatic’) modulation. In all phenotypes, the luminance transfer function shows bandpass characteristics, with
peak spatial frequency at 1-5 cycles deg=" (cpd). In the A13 and A20 nm phenotypes, responses to chromatic
modulation are present at low spatial frequencies. The spatial/temporal profile of cone modulation is sketched to
the right of the graphs. Continuous line, L cone; dashed line, M cone. Error bars show standard deviations. Inset
values in B show receptive field distance from the fovea. D, bar graphs showing mean and standard deviation for
each measured cohort for R + G (upper row) and R — G stimuli (lower row).
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The R — G tuning functions (Fig.2C) show marked
differences among the different phenotypes. In
the dichromatic (AOnm) and trichromatic A7 nm
phenotypes the response is close to the noise level
(continuous grey lines, Fig.2B and C) at low spatial
frequencies and exhibits a small, sharply bandpass ‘blip’
response with a peak between ~1 and 5cpd (arrows
in Fig.2C). We previously showed that in dichromatic
marmosets, this response is attributable to longitudinal
and/or transverse chromatic aberrations in the eye
(Forte et al. 2006). As the blip response in the A7 nm
phenotype shows characteristics consistent with those
we reported for dichromatic marmosets, we presume
it has the same origin. However, we did not study
these responses in more detail because complete spatial
tuning functions were only obtained for a small number
of cells (n=7) in the A7nm phenotype. In the A13
and A20nm phenotypes, the R — G response is well
above the noise level for all frequencies tested below
lcpd, and the response shows the low-pass tuning
characteristic expected from synergistic combination of
centre and surround mechanisms. Population responses
for low (<0.02cpd) spatial frequency modulation are
summarized in Fig. 2D, which shows means and standard
deviations for R — Gand R 4+ G modulation. As previously
reported (Victor et al. 2007), on average the chromatic
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sensitivity increases with increasing spectral separation of
L and M pigments, with wide intercell variation.

The increase in gain for R — G modulation appears
proportional to the increasing (M-L) contrast in the
stimulus, which increases from ~10% for the A7 nm
phenotype to over 30% in the A20nm phenotype
(Table 2). We tested proportionality by calculating R — G
gain after dividing by the sum of M and (-L) cone
contrast (Table 2). According to this normalization, the
mean gain for the A13 nm phenotype (1.87; SD, 1.56;
n=37) is very close to the mean gain for the A20 nm
phenotype (1.57; SD, 1.015; n=70; P =0.78, Wilcoxon
rank-sum test). The ‘un-normalized’ R — G gain in the
A7 nm phenotype (mean, 0.045; SD, 0.032; n=28) is
not distinguishable from the value for dichromats (0.038;
SD, 0.035; n=48; P =0.23, Wilcoxon rank-sum test) so
responses in the A7 nm phenotype were not included in
this proportionality test. In sum, these data are consistent
with R — G response amplitude as proportional to M-L
cone contrast (see also Victor et al. 2007).

Complete spatial tuning functions for R+ GandR — G
gratings were obtained for 116 PC cells. As noted above,
analysis of responses to R — G gratings is complicated
by the fact that the high-frequency limb of the R— G
response can be corrupted by chromatic aberrations. We
handled this problem by considering R — G amplitude at
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A13 nm phenotype, lie above the unity line, indicating
low-pass spatial tuning.
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two spatial frequencies: low frequency (where centre and
surround are active) and the peak spatial frequency for
the R + G response (where centre only is active). Analysis
of centre radius for R 4+ G gratings is presented in a later
section.

Figure 3 shows population spatial tuning data. Data
for cells with receptive field eccentricity below 20 deg
are shown. Each row shows two scatter plots for one
phenotype, with response amplitudes recovered from
DOG fits to the data. The left column shows responses
to R+ G modulation. Each plot compares the amplitude
at the optimal spatial frequency (x-axis) with the response
at low (<0.02 cpd) spatial frequency (y-axis). For R+ G
modulation, it can be seen that there is substantial
overlap in the distribution of points on comparing the
different phenotypes. Furthermore, the great majority
of points (>80%) for each phenotype lies below the
unity line (dotted lines in Fig. 3). This indicates band-
pass spatial tuning consistent with centre—surround
antagonism. The right column shows responses to R — G
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modulation; here the x-axis shows responses at the optimal
frequency for (R + G) modulation, and the y-axis shows
responses for low-frequency modulation (<0.02 cpd).
For nearly all cells in the A20nm phenotype, and a
smaller proportion of cells in the A13 nm phenotype,
responses lie above the unity line, indicating more
low-pass spatial tuning for chromatic than for luminance
modulation. In summary, the example tuning curves (Fig.
2) exemplify the main result. With increasing separation
of M and L photopigments, there is little change in
spatial tuning for luminance contrast, yet responses to
red—green colour contrast emerge in the low spatial
frequency band. Quantitative comparison of receptive
field dimensions between phenotypes (as described in a
later section, Comparison of spatial tuning in dichromats
and trichromats) confirmed this main finding.

Response timing in subpopulations of PC cells

In macaque monkeys, the red—green opponent ganglion
cells in the retina and in the PC layers of the lateral
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geniculate nucleus can be separated into distinct clusters
on the basis of response timing relative to chromatic and
luminance modulation (Derrington et al. 1984; Smith
et al. 1992; Lankheet et al. 1998). We reasoned that if
similar retinal processing generates PC fields in macaques
and marmosets, then responses of PC cells in trichromatic
marmosets should comprise timing clusters similar to
those described for macaques. Figure 4 gives evidence that
this is the case.

In Fig. 4A-D, the scatter plots show response phase for
R+ G and R — G modulation. Responses to low spatial
frequency (<0.02 cpd) modulation at 4 Hz are shown.
For R 4+ G modulation, the off-centre cells respond as a
coherent group, with response maximum following the
stimulus minimal luminance. In trichromatic marmosets
(Fig. 4B-D), cells receiving dominant centre input from
M cones (‘M-off’) respond in phase with cells receiving
dominant centre input from L cones (‘L-off’), and the
response phase is consistent with the phase of off-centre
cells in dichromatic marmosets (Fig. 4A). In response to
R — G modulation, for trichromatic phenotypes, the
L-off and M-off cells show approximately 180 deg
phase difference (Fig. 4B-D). Conversely, cells showing
opposite (on or off) response sign, but receiving
distinct (L or M) spectral inputs, respond in phase for
chromatic modulation. For example, in the A20nm
phenotype, the average response phase of L-on cells
(—65.3 +23.7 deg, mean = angular SD; n=19) is close
to that of M-off cells (—64.7 £ 37.0 deg; n=15; Fisher
F-statistic = 0.0, P =0.953, Watson-Williams test for
equal mean angle), and the average response phase of
M-on cells (119.7 £ 16.2 deg; n=15) is close to that of
L-off cells (120.5 +26.8 deg; n=21; F=0.0, P=0.917,
Watson-Williams test for equal mean angle).

We analysed these population responses by measuring
the Rayleigh phase coherence (R statistic) for different
response cohorts. The Rayleigh statistic is given by the
following equation:

[(Bome) + (£sn0)

n

R =

for a cohort of n cell responses exhibiting response phase
¢1...@,. Confidence intervals (£95%) on the R statistic
were estimated from bootstrap replicas (Statistics toolbox;
Mathworks, Natick, NJ, USA). As expected, for R+ G
modulation the coherence for M-on and L-on cells is high
(mean R=10.93, P <0.01 for each phenotype; Fig. 4E);
a similar value was obtained for the combined cohort
of M-off and L-off cells (mean R=0.93, P < 0.01 for
each phenotype). Accordingly, for R — G modulation the
coherence for like-response sign is low (mean R=0.31
for L-on and M-on, mean R=0.36 for L-off and M-off,
Fig. 4E). With increasing spectral separation of L and M
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cones, an increasingly coherent response to chromatic
modulation emerges among cells receiving opposite-sign
excitation from distinct cone mechanisms (Fig. 4E). For
example, in trichromatic A13 and A20 phenotypes the
mean R = 0.90 for the combined cohort of L-on and M-off
cells, and mean R = 0.88 for the combined cohort of L-off
and M-on cells.

We conclude that with expression of distinct M and L
pigments in marmosets, distinct subclasses of PC cells can
be identified on the basis of response timing to chromatic
stimuli. What we show in the following sections is that
these chromatic responses are superimposed upon, but do
not change, the spatial tuning and timing of responses to
luminance modulation.

Responses to cone-selective gratings

Are the cone inputs to PC cells specifically organized to
amplify chromatic signals or do they arise by ‘random’
connections with the cone mosaic? The presence of
polymorphic colour vision in marmosets allows us to
address this question. This is because according to the
random wiring hypothesis, the mechanisms producing
centre—surround antagonism are sufficient to produce
red—green responses in retinas expressing both M and L
cones (Paulus & Kroger-Paulus, 1983; Bowmaker et al.
1987; Lennie et al. 1991). We previously showed in a
study of A20 nm phenotype marmosets that chromatic
selectivity of PC cells is predicted by overall segregation
of M and L cone inputs to centre and surround of
the receptive field (Buzas et al. 2006). In the following,
we analyse responses to cone-selective gratings in the
A13 and A20 nm marmoset phenotypes, and compare
spatial tuning across retinal eccentricity for all marmoset
phenotypes.

Hereinafter, we refer to L-cone-selective gratings as Lg
gratings and to M-cone-selective gratings as Mg gratings.
Figure 5 shows example tuning curves for Ls and Mg
gratings in two PC cells recorded in one marmoset (Case
MY107, A20 nm phenotype), together with a schematic
representation how L and M cone inputs could explain
the spatial tuning curves. The upper row shows responses
consistent with exclusive M cone inputs to the receptive
field centre and exclusive L cone inputs to the receptive
field surround (Fig.5A-D, upper row). This spatial
arrangement predicts low-pass frequency tuning for both
Ls and Mg gratings, with the frequency tuning curve for
the centre shifted upwards and rightwards. The lower
row shows predictions for a cell receiving exclusively M
cone input to the centre and mixed (M + L) inputs to the
surround; the cell shows low-pass tuning for Mg gratings
(Fig. 5D, lower row) and bandpass tuning for Lg gratings.
The response phase for Ls and Mg gratings differs by close
to 180 deg at low and intermediate spatial frequencies,
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indicating dominance of M cones to centre and L cones
to surround (Fig.5E). In the following sections, we
characterize receptive fields of PC cells by, firstly, response
amplitude at low spatial frequency for cone-selective and
chromatic gratings and, secondly, the shape of the lower
frequency limb of the spatial tuning functions. The first
metric allows red—green colour sensitivity to be related to
the overall balance of L and M cone inputs; the second
allows the contribution of each cone type to the receptive
field surround mechanism to be assessed.

Cone weight and red-green colour sensitivity

The purpose of the next experiments was to establish
whether PC cells in trichromatic marmosets comprise
discrete populations coding luminance or chromatic
variation, or whether they form a single population
with continuous variation in chromatic sensitivity.
Figure 6 shows analysis of responses to low-frequency
(<0.02cpd) Ls and M; gratings. Pooled data from
A13 and A20nm phenotypes are shown. Cells are
classified according to the dominant cone (M or L).
The mean response amplitude of cells dominated by
L cone input (18.92 4 10.54 impulsess™', mean 4 SD;
n=44) was close to that of cells dominated by M
cone input (19.94 4 13.31 impulses s~ !5 n=55; P = 0.98,
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Wilcoxon rank-sum test). As the Ls and M gratings deliver
approximately equal contrast to L and M cones (Table 2),
this result suggests there is no systematic bias in functional
weight of L or M cone inputs to PC cells in our sample. As
shown in Fig. 64, for the great majority of cells in which
response phase could be reliably measured at low spatial
frequency (80/93, 86%), response phase for Lg gratings
showed greater than 90 deg phase difference to response
phase for Mg gratings, indicating opponent (L-M) inter-
action (Smith et al. 1992; Lankheet et al. 1998; Solomon
et al. 2005). Accordingly, cells showing RG gain greater
than one all cluster near 180 deg phase difference between
responses to Lg and M gratings (Fig. 6A).

At low spatial frequency, the response amplitudes for
Ls and My gratings are positively correlated (correlation
coefficient 0.75; r>=0.57, P < 0.01). This means that
sensitivity to chromatic (R —G) gratings should be
greatest for PC cells which receive balanced inputs from L
and M cones. To test this prediction, we measured the ratio
of response amplitude for (R — G) and (R + G) gratings.
We refer to this ratio [(R— G)/(R+ G)] as RG gain.
In Fig. 6A, the x-axis shows relative response amplitude
for cone-selective gratings [Ls/(Ls + Ms)], and the y-axis
shows RG gain. As predicted, RG gain is greater for cells
with approximately equal and opposite sign inputs from L
and M cones. The average RG gain for M-cone-dominated
cells (4.09 £ 6.35, mean =+ SD; n = 48) was higher than the
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Figure 5. Segregation of M and L cone inputs to PC cells

A, hypothetical arrangement of cone inputs to a PC receptive field. Both examples show exclusive excitatory
(centre) input from M cones. Upper example shows exclusive inhibitory (surround) input from L cones. Lower
example shows mixed input of M and L cones to the surround. B, DOG model functions to approximate the input
weighting functions for these distributions, where each cone contributes to a separate DOG. C, frequency spectra
of these DOG functions. Note that the upper example predicts low-pass frequency tuning for M cones, whereas
the lower example predicts bandpass tuning for M cones. D, spatial frequency tuning curves from two PC cells
consistent with the predicted pattern. For ease of comparison with the DOG model, normalized responses to
cone-selective gratings are shown. Continuous line, DOG fit to M-cone-selective (Ms) gratings. Dashed line, DOG
fit to L-cone-selective (Ls) gratings. Cone weight [Ls/(Ls + Ms)] and RG gain values are as follows: upper row, 0.42

and 3.73; lower row, 0.39 and 3.24, respectively.
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average RG gain for L-cone-dominated cells (2.10 & 1.14;
n=41), but this difference is not significant (P =0.58,
Wilcoxon rank-sum test). Complete spatial frequency
tuning functions were obtained for R+ G gratings for
nearly all the cells shown in Fig.6A (87/99, 88%).
We therefore compared receptive field dimensions of
cells showing balanced {0.4 < [Ls/(Ls + Ms)] < 0.6} or
unbalanced cone weights. As expected, the RG gain
for balanced cells (5.10 &= 6.57, mean & SD; n=40) is
significantly greater than the RG gain for unbalanced cells
(1.52 +1.23; n=47; P < 0.01, Wilcoxon rank-sum test).
The centre radius returned by DOG fits to the R+ G
spatial frequency tuning curves shows, however, close
correspondence between balanced (0.106 £ 0.064 deg,
mean = SD; n = 40) and unbalanced cells (0.085 == 0.049,
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Figure 6. Range of chromatic selectivity in PC cells

A, response phase difference between L-cone-selective (Ls) gratings
and M-cone-selective (Ms) gratings compared with red—green
chromatic sensitivity (RG gain). Phase is referenced to the dominant
(M or L) centre cone. B, relative response amplitude for Ls and Ms
gratings compared with RG gain. Note the wide range of cone
weights, and that cells with approximately equally weighted L and M
cone inputs show higher RG gain. C, histograms showing how
distribution of cone weights for Ls and Ms gratings becomes
broader with increasing spatial frequency, consistent with increased
contribution of the excitatory cone mechanism to response
amplitude.
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mean & SD; n=47; P=0.21, Wilcoxon rank-sum test).
Likewise, the ratio of centre to surround radius shows no
difference between balanced (0.196 = 0.269, mean = SD;
n=40) and unbalanced cells (0.166 & 0.177, mean =& SD;
n=47; P=0.43, Wilcoxon rank-sum test). Thus, there
is heavy overlap of spatial tuning in cells with balanced
or unbalanced cone inputs. The histograms in Fig.6C
compare the distribution of cone weights for low
and optimal spatial frequency luminance gratings. As
expected, the distribution becomes broader at optimal
spatial frequency because the relative weight of the
centre-dominating cone increases. Neither distribution,
however, showed a significant departure from unimodality
(P> 0.1, Hartigan unimodality statistic; Mechler &
Ringach, 2002).

In summary, responses to cone-isolating gratings reveal
a broad correlation between cone weights and RG gain
rather than existence of a discrete population of large,
colour-selective receptive fields.

Visual field eccentricity and red-green colour
sensitivity

We previously showed that in trichromatic marmosets the
proportion of red—green opponent PC cells is reduced
outside the foveal visual field, but is nevertheless higher
than expected under a purely random model of cone
connections to PC cell receptive fields (Buzés et al. 2006).
The cell sample in that study was limited because the
method used (analysis of responses to stimuli presented in
small apertures and annuli) is sensitive to small changes
in eye position and is difficult to apply to receptive fields
which depart from circular symmetry. Spatial frequency
analysis is relatively immune to these problems (Forte
et al. 2002), allowing more receptive fields to be analysed
and a systematic study of eccentricity-dependent changes
to be made. In this section, we show how red—green
sensitivity is related to eccentricity in trichromatic
marmosets and compare responses to spatial contrast in
dichromatic and trichromatic marmosets. We show that
centre—surround antagonism changes across the visual
field, in a pattern which is common to dichromatic and
trichromatic marmosets.

Figure 7A shows RG gain for the A20 and Al3nm
phenotypes as a function of receptive field eccentricity.
These data include the cohort (n = 32) from three A20 nm
phenotype animals previously described using aperture
and annulus stimuli (Buzas et al. 2006). We categorized
cells as non-opponent if RG gain was less than unity,
or if the maximal response to the R — G stimulus was
below 10impulsess™'. These criteria are intentionally
‘conservative’ in the sense that they will only class cells
as opponent if they give vigorous R — G responses.
We divided the sample of PC cells into three cohorts
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of large enough size to detect a 50% decline in RG
gain at power 0.8 (Lenth, 2006). Receptive fields in
the central-most cohort (<2.2 deg eccentricity; n= 36)
are predicted to have single-cone centres (Wilder et al.
1996; Jusuf et al. 2006a; Telkes et al. 2008). Receptive
fields in the intermediate cohort (2.2-8 deg eccentricity;
n=237) are predicted to have centres encompassing
between one and 10 cones (Telkes et al. 2008), and
those in the peripheral cohort (>8 deg; n=35) are pre-
dicted to derive excitatory input from 10-70 cones (Jusuf
et al. 2006b). In broad agreement with the random
wiring hypothesis, the median RG gain (continuous
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Figure 7. Eccentricity dependence of RG gain in PC
cells

A, RG gain of cells recorded in A13 and A20 nm
phenotypes. Cells were classified into opponent (M-on,
M-off, L-on and L-off) or non-opponent (Nopp-on and
Nopp-off) groups according to the criteria described in
the text. Note the presence of opponent cells
throughout the eccentricity range studied, and the low
proportion of non-opponent cells in the central-most
two degrees. Continuous line shows median RG gain
over three ranges: 0-2.2, 2.2-8 and 8-30 deg. B,
frequency distribution of RG gain is unimodal,
consistent with opponent (Opp) and non-opponent
(N-opp) categories forming a single functional
population. C, mean RG gain of opponent and
non-opponent categories. Error bars show standard
deviations. D, proportion of cells in opponent and
non-opponent populations.
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blue line in Fig.7A,) falls almost threefold from 3.96
in foveal retina to 1.50 in intermediate retina (P < 0.01,
Wilcoxon’s unpaired test); however, the large increase in
cone convergence between intermediate and peripheral
samples (median increase, 1.30) is accompanied by only
a small reduction in the population RG gain (from
1.50 to 1.30; P =0.93, Wilcoxon’s unpaired test). Three
key aspects of these data are summarized in Fig. 7B-D.
Firstly, the distribution of RG gain (Fig. 7B) is unimodal
(P =0.22, Hartigan unimodality test), suggesting there is
no discrete population of PC cells showing high colour
sensitivity. Secondly, the mean RG gain of opponent
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PC cells (Fig. 7C) shows only mild decrease, from 4.94
in foveal visual field to 3.61 in peripheral visual field
(P =0.05, Wilcoxon’s unpaired test). Finally, the fovea
contains almost exclusively opponent cells (31/36, 86%;
Fig. 7D). The proportion of opponent PC cells is smaller
in peripheral visual field (15/35, 43%), but is nevertheless
higher than the proportion (12%) predicted by the ‘hit
or miss’ binomial model for random wiring described in
the Methods section (Mullen & Kingdom, 1996; Solomon
etal. 2005; Buzés et al. 2006). In order to confirm that these
calculations are not skewed by pooling data from A 20
and A13 nm phenotypes, we repeated the above analysis
using only data from the A20 nm phenotype. Omitting
the A13 nm phenotype increased the population RG gain
values (foveal, 4.22, n = 25; intermediate, 2.33, n = 26; and
peripheral, 1.38, n=24) but did not alter the statistical
significance of any of the comparisons outlined above. In
summary, the data are consistent with a ‘random wiring
with functional bias’ model (Buzas et al. 2006), as follows.
One-to-one connections in the fovea are sufficient, but
not necessary, to create opponent responses. In peripheral
retina, cone inputs to centre and surround are biased,
creating more opponent cells than predicted by a purely
random model.

We next asked whether decreased chromatic
sensitivity in peripheral visual field is associated with
increased cone mixing in the receptive field surround
mechanism. Figure 8A-D shows example tuning curves
for cone-selective gratings, R+ G gratings and R—G
gratings, in four PC cells recorded at eccentricities between
0.3 and 18.1 deg in A20 nm phenotype animals. In each
case, the data points are shown together with the optimal
DOG fit. The reader should note that where response
amplitudes are low, the shape of the high-frequency limb
of the tuning curve can be quite complex and poorly
captured by the DOG fit. This we presume to be a result
of corruption by chromatic aberrations, as noted above
in the section ‘Emergence of red—green opponent responses.
For this reason, the DOG fits were not used to obtain
estimates of subunit size; rather, we characterized spatial
antagonism as described in the next paragraph. Receptive
fields recorded in central retina (Fig.8A and B) show
low-pass or mild bandpass spatial tuning for both M- and
L-cone-selective gratings. This indicates segregation of M
and L inputs to spatially distinct (centre and surround)
mechanisms. Consistently, response phase for low
spatial frequency cone-selective gratings showed close to
180 deg separation between dominant and non-dominant
cone inputs (—158.1 £22.7 deg, mean =+ SD; n=35),
indicating segregation of cone inputs to centre and
surround of the receptive field. The receptive fields
recorded outside the fovea showed bandpass spatial tuning
for cone selective gratings (Fig.8C and D), indicating
mixed cone inputs to the receptive field centre and
surround, as previously described using aperture and
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annular stimuli (Buzéds et al. 2006; Crook et al. 2011).
Responses to R+ G and R — G gratings are consistent
with the results shown in Fig. 2; that is, the response
to R+ G gratings is bandpass and response to R—G
gratings is low-pass. We characterized spatial antagonism
for cone-selective gratings across the PC population as
follows.

Spatial antagonism is evident as low-frequency roll-off
in the spatial tuning curve, and can be characterized by a
single number termed ‘low cut ratio’ (Forte et al. 2005).
The low cut ratio is the response to the lowest spatial
frequency divided by the response to the optimal spatial
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Figure 9. Spatial tuning in PC populations

Parameters were estimated from DOG fits to response amplitude for
luminance (L + M) gratings. Pooled data from dichromatic and
trichromatic phenotypes are shown. A, receptive field centre radius.
Cells with radius below 0.05 deg are restricted to the central 10 deg
eccentricity. B, low cut ratio. Note variation of low cut ratio among
cells with small receptive fields, and eccentricity-dependent increase
in low cut ratio. C, comparison of low cut ratio in dichromatic and
trichromatic phenotypes.
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frequency. Its value varies between zero (indicating that
responses are completely attenuated at low frequencies)
and one (indicating that the tuning function is low pass).
Figure 8E shows that while PC cells in the fovea show
low-pass spatial tuning for the dominant cone input
(low cut ratio, 0.90 & 0.19, mean + SD; n = 35), there is
more substantial spatial antagonism in mid-peripheral
and peripheral cohorts (mid-peripheral low cut ratio,
0.60 & 0.26, n = 34; peripheral low cut ratio 0.60 & 0.25,
n=27; P < 0.01, Kruskal-Wallis non-parametric analysis
of variance for three groups). The same trend is
present for the non-dominant cone (fovea low cut
ratio, 0.85=+0.27, mean & SD, n=35; mid-peripheral
low cut ratio, 0.58£0.39, n=34; peripheral low
cut ratio, 0.57 £0.35, n=27, P < 0.01, Kruskal-Wallis
non-parametric analysis of variance for three groups).

Figure 8 F shows that low-pass spatial characteristic for
the dominant cone is associated with high RG gain.
Furthermore, for those cells showing bandpass spatial
tuning (low cut ratio below unity) the log RG gain is
positively correlated with the low cut ratio (correlation
coefficient 0.52, P < 0.01). There is substantial scatter
in the data, and only a small part of the variance is
accounted for (> =0.27). The data nevertheless allow
the conclusion that in peripheral visual field both cone
types contribute to centre and surround; in other words,
the centre excitation of a given (M or L) cone type is
likely to be antagonized by contribution of the same
cone type to the surround (see also Solomon et al. 2005;
Buzés et al. 2006). These data show that the fundamental
centre—surround structure of PC receptive fields is pre-
served on transition from a dichromatic to a trichromatic
cone array. In foveal PC cells, the surround is relatively
weak, meaning that responses are dominated by the cone
type that dominates the centre mechanism. In peripheral
PC cells, the surround is relatively strong, meaning that
in trichromatic marmosets the contribution of the same
(M or L) cone type to both centre and surround is manifest
as low frequency roll-off in the spatial frequency tuning
curves for cone-selective stimuli.

Comparison of spatial tuning in dichromats and
trichromats

The results outlined above show that responses of foveal
PC cells are only weakly attenuated by low-frequency
cone-selective gratings. It could be argued that this result
implies cone-selective wiring to PC cell surrounds in the
fovea, but the result would also be expected under the
random wiring with functional bias model, if the surround
per se is weaker in the fovea. We therefore compared spatial
tuning properties for R + G modulation in dichromatic
and trichromatic marmosets. This experiment also tests
the possibility that strong surrounds are present in the
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fovea but are masked by optical blur. The results are
shown in Fig. 9. Pooled results for dichromatic and
trichromatic phenotypes are shown in Fig. 9A and B.
Cells with centre radius below 0.05 deg are distinguished
in these plots. It can be seen from Fig. 9B that cells
with small centre radii show a wide variance in low
cut ratio. Thus, low-pass spatial tuning in the fovea is
not simply attributable to optical blur. Furthermore, the
pooled population shows eccentricity-dependent increase
in low-frequency attenuation (correlation coefficient —
0.46, P<0.01, r*=0.21). Specific comparison of
results from dichromatic and trichromatic phenotypes
(Fig. 9C) revealed no consistent difference below 8 deg
eccentricity (dichromats, 0.68 £ 0.19, mean & SD, n = 25;
trichromats, 0.68 £0.22, n=64; P=0.95, Wilcoxon’s
unpaired test) or above 8 deg eccentricity (dichromats,
0.51 +£0.16, n=15; trichromats, 0.42+0.16, n=17;
P =0.14, Wilcoxon’s unpaired test).

Finally, we compared receptive field radius in
dichromatic and trichromatic phenotypes. We
constructed closely matched samples by drawing
from the trichromatic data set the receptive field with
the closest eccentricity to each receptive field in the
dichromatic data set, in the range 4-20 deg eccentricity.
Over this range, the mean receptive field centre radius
in the trichromatic data set (0.083 4= 0.030, mean =+ SD;
n=31) was ~20% smaller than the mean radius
for the dichromatic data set (0.103+0.027, n=31;
P < 0.01, Wilcoxon’s unpaired test). This result could be
interpreted to mean that there is a systematic increase
in spatial acuity of PC receptive fields in trichromatic
marmosets. Post hoc comparison, however, revealed that
the difference is more likely to be due to individual
variation. Case MY107 (A7nm trichromatic female)
showed smaller centre radius than the dichromatic
male case MY97, whereas there were no significant
differences between other animals (post hoc comparison,
Kruskal-Wallis non-parametric analysis of variance).
Finally, for trichromatic phenotypes no difference was
seen on comparing receptive field centre radius for
cells dominated by M or L cones (P =0.2, Wilcoxon’s
unpaired test). Measured radii were overall consistent
with previous studies at the relevant eccentricity range
(Kremers & Weiss, 1997; Solomon et al. 2002; Blessing
et al. 2004; but see also Kilavik et al. 2003). We conclude
that low-pass spatial tuning in foveal PC cells is not a
consequence of specific wiring for chromatic selectivity,
and that acuity of PC receptive fields is not reduced by
expression of distinct L and M cone pigments.

Discussion

Our data support the hypothesis that in trichromatic
monkeys, colour signals appear as an additional response

© 2011 The Authors. Journal compilation © 2011 The Physiological Society
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dimension without influencing high spatial acuity signals
in the PC pathway. Firstly (consistent with previous
studies), we find that expression of distinct M and L
cone pigments in marmoset retina produces red—green
opponent colour signals in PC cells. Secondly, we show that
the amplitude of these responses is roughly proportional
to the spectral separation of M and L cones. Thirdly,
we show that the origin of red—green responses is
in centre—surround antagonism, not in evolution of a
specific subset of colour-coding cells. Finally, we find
almost complete overlap of PC cell populations on spatial
tuning parameters when dichromatic and trichromatic
phenotypes are compared.

In the present study of PC cells, we did not see
evidence for a distinct population of type II cells (Wiesel &
Hubel, 1966; Dreher et al. 1976; Zrenner & Gouras, 1983;
Calkins & Sterling, 1999). Rather, we found continuous
variation in receptive field dimensions and cone weights
in trichromatic marmosets, and responses of PC cells to
luminance modulation were indistinguishable between
dichromatic and trichromatic marmosets. As outlined
below, our results rather suggest that distinct colour and
spatial signals could be reconstructed from population
activity of a single functional channel rather than by
specialized subpopulations of PC cells.

Comparison of dichromatic and trichromatic
individuals is not feasible in macaque monkeys, because
the prevalence of dichromatic macaques is very low
(Onishi et al. 1999; Jacobs, 2008). Available evidence,
however, shows that (apart from colour-vision poly-
morphism) the similarities between macaque and
marmoset PC cells outweigh the differences. The majority
of red—green opponent cells in macaques show spatial
and spectral opponency (Wiesel & Hubel, 1966; Dreher
et al. 1976; Derrington et al. 1984; but see also Reid &
Shapley, 2002). Where measured, the red—green opponent
cells have smaller receptive fields than blue-on/yellow-off
cells, and the proportion of opponent cells falls with
increasing visual field eccentricity (Zrenner & Gouras,
1983; Solomon et al. 2005; Tailby et al. 2008). What we
show here that is new is that these changes in red—green
sensitivity can be largely explained by changes in spatial
tuning that are common to dichromatic and trichromatic
visual systems.

In a recent study, Crook et al. (2011) recorded from
midget-PC pathway ganglion cells in macaque retina in
vitro, during pharmacological blockade of inhibition from
outer or inner retina. They showed that the inhibitory
surround is preserved during blockade of synaptic trans-
mission (as expected if horizontal cell activity in outer
retina creates the surround). This result refutes our pre-
vious speculation (Buzés et al. 2006) that cone-biased PC
cell surrounds are formed by the inner retina. Consistent
with the present study, Crook et al. (2011) showed a broad
range of M:L cone weights to centre and surround, as
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expected under random wiring. Their data also showed
a negative correlation between centre and surround cone
weights (r* &~ —0.2; data from Fig. 1Fin Crook etal. 2011),
indicating functional bias of cone weight. Our previous
analysis in PC cells in marmoset lateral geniculate nucleus
showed a substantially stronger negative correlation
between centre and surround cone weights (r* = —0.79;
data from Fig. 8A of Buzas et al. 2006). Thus, there is
stronger functional bias in marmoset lateral geniculate
nucleus than in macaque retina. Whether this difference
in functional bias reflects a species difference, arises from
differences in methodology or analysis, or is a result of
biased wiring at the level of the lateral geniculate nucleus
is not clear.

The proposal that PC cells carry both acuity and
colour signals has a long and controversial history (Dreher
et al. 1976; Ingling & Martinez-Uriegas, 1985; Rodieck,
1991; Wissle & Boycott, 1991; Lee et al. 2010). Much
attention has focused on comparing PC cells with cells in
the magnocellular (MC) division of the retinogeniculate
pathway (Derrington & Lennie, 1984; Blakemore &
Vital-Durand, 1986; Kaplan & Shapley, 1986; Crook
et al. 1987; Lee et al. 1988; Reid & Shapley, 2002). Cells
in the MC pathway do share many properties (including
high spatial acuity at low image contrasts) with the human
photometric V; luminosity channel (Lee et al. 2007;
but see also Lennie et al. 1993 for alternative views).
Behavioural evidence that the PC pathway contributes to
high-acuity vision at high image contrasts is, however,
strong (Schiller et al. 1990; Lynch et al. 1992), suggesting
that the V;, luminosity channel may not be the only
psychophysical channel supporting high-acuity vision.
Indeed, the radically alternative view that the PC pathway
exists solely to support red—green colour vision is a priori
inadmissible for ‘red—green colour-blind’ (dichromatic)
and ‘completely colour-blind’ (monochromatic) monkeys
and humans.

We find that individual PC cells respond to both
luminance and chromatic variation, yet these distinct
stimuli produce distinct patterns of response across the PC
cell population. Previous proposals hypothesize distinct
anatomical connections with input signal streams as
the basis for generating spatial and chromatic channels
in visual cortex (Lennie & D’Zmura, 1988; Shapley &
Hawken, 2002). Our data suggest that response timing
across the input populations could be a basis for generating
anatomically selective connections. For example, specific
patterns of connections could develop by neural plastic
processes, which are well documented in cerebral cortex
(Singer, 1995). A compatible model for phase-of-firing
encoding, and demonstration of theoretical utility of
timing information, was recently proposed for cortical
networks (Montemurro et al. 2008). Our analysis of
phase coherence (Fig. 3) gives support to these ideas
by showing how expression of distinct M and L cone
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pigments yields a reliably coherent response across the
PC population for chromatic stimuli. The question of
whether naturalistic stimuli likewise produce such distinct
firing patterns has not been tested in the present study, but
measurements of cone contrasts in natural scenes include
the range where we see coherent activity in opponent PC
populations (Ruderman et al. 1998; van Hateren ef al.
2002).

Johnson et al. (2004), in recordings from primary
visual cortex, showed spatially tuned simple cells that
also respond to red—green modulation. This may be
the natural inheritance from PC cells with red—green
luminance multiplexing (Shapley & Hawken, 2002). On
the other hand, there are consistent reports of a small
population comprising chromatically sensitive cells which
show low-pass spatial tuning (Ts’o & Gilbert, 1988; Lennie
et al. 1990; DeValois et al. 2000; Conway, 2001; Johnson
et al. 2004; Solomon & Lennie, 2005). Combination of
spatially adjacent pairings of units is one hypothetical
means to generate selective fields of this nature.

From an evolutionary point of view, our results
are consistent with primordial specialization of the
PC pathway for high-acuity spatial vision at high
image contrast. Transmission of red—green colour signals
is enhanced by subtle changes in synaptic weights
to centre—surround receptive fields, rather than overt
anatomical rewiring in early stages of visual pathways.
Inherent flexibility of cortical circuits may then be
invoked as the substrate for extracting information about
spectral reflectance from diverse input streams. Recent
demonstrations that adding a new receptor type yields new
colour vision capacity in mice and monkeys are consistent
with this idea (Jacobs et al. 2007; Mancuso et al. 2009).
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