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Abstract

Coloured light surrounding a white surface of about equal luminance makes the white surface appear
illuminated with an unsaturated light of the complementary colour. In an attempt to discover the
neurophysiological basis of such colour induction, we recorded from spectrally opponent cells of the
parvocellular layers of the lateral geniculate nucleus (P-LGN) of anaesthetized macaques. Only cells with
wide-band (W) spectral sensitivity in the short (S) or long wavelength (L) part of the spectrum (WS, WL) are
excited by white spots of light centred on their receptive field. Cells with narrow-band (N) spectral sensitivity
(NS, NL) and light-inhibited (LI) cells are inhibited by white light. Therefore, it is likely that the code for white
is contained in a balanced excitation of the W cells. The effects of continuous illumination of remote
surrounds with different wavelengths on the responses to achromatic light stimuli were investigated.
Responses [on minus maintained discharge rate (MDR) or on-minus-off] were determined for white spots

(1 - 3° diameter) flashed on the receptive field centre, presented either alone or in the presence of an
annular surround of equal luminance (inner diameter 5°; outer diameter 20°). During red surround
illumination the responses of WL cells to white spots tended to be reduced as were those of WS cells during
blue surround illumination. Surround illumination with the opponent colour had more variable effects, neither
WS nor WL cells showing a significant alteration of their mean response to white during surround illumination
with opponent light. Response alterations were to a large extent due to changes in MDR, which increased in
WS cells during blue surround illumination and in WL cells during red surround illumination. It is argued that
the surround effects on centre responses are due to intraocular stray light rather than lateral connections in
the retina. The surround effects also depended to some extent on the size of the test spot. LI cells and the
very rare parvocellular panchromatic on-cells showed no chromatic response changes during coloured
surround illumination. Inasmuch as the excitation of WS cells, either alone or in combination with NS cell
activation, is involved in coding for green and blue, and that of WL cells, in combination with NL cell
activation, is involved in coding for red and yellow in perception, the shift of excitation towards one or the
other W cell group indicates relatively more red or green signals in the white response, consistent with and
in the same direction as colour induction. In addition, the summed population response of WS and WL cells
is decreased during surround illumination with any colour including white. This is related to brightness .
decrease during surround illumination in perception.

Introduction

An achromatic white or grey field or object appears reddish when are unsaturated, and their brightness is reduced as compared to the
surrounded by green and greenish when surrounded by red. Its brightness of the white test field without surround.

perceived colour is thus shifted in a direction complementary to that Although simultaneous colour and brightness contrast phenomena
of the surrounding colour. This effect is termed colour induction, a have been investigated psychophysically for more than 150 years, little
famous example of which is coloured shadows. Such induced colours is known about their neuronal correlates and the level at which they
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arise within the visual pathway. Psychophysical evidence suggests that
colour contrast phenomena originate in the retina and involve lateral
interactions (Mach, 1868; Hering, 1874; Poppel, 1986), but there is,
at present, no anatomical evidence that horizontal cells connect over
such long distances or show colour-selective connectivity (Wissle et al.,
1989). On the other hand, it has been proposed that double-opponent
cells may play an important role in coding for simultaneous colour
contrast. Cells with either complete or partial double-opponency have
been described in area 17 of the macaque (Michael, 1978; Livingstone
and Hubel, 1984), but their frequency is probably much lower than
first thought (Creutzfeldt et al., 1987; T’so and Gilbert, 1988). Other
candidates for coding of colour contrast are the ‘colour-coded’ cells
(Zeki, 1983) or colour contrast-sensitive cells (Schein and Desimone,
1990) in area V4 of monkeys.

In an investigation of the neuronal correlates of colour contrast
phenomena, we recently studied the effects of coloured remote surround
lights on the spectral responses of wavelength-selective cells in the
parvocellular layers of the lateral geniculate nucleus (P-LGN) of
macaques (Creutzfeldt et al., 1991a). It was shown that the spectral
responsiveness of colour-opponent cells was shifted in the direction
of the surround colour. This has also been found in psychophysical
experiments, so that these neurophysiological results could be related
to simultaneous colour contrast in perception.

In this report we describe neuronal correlates underlying chromatic
induction on white surfaces. This must be treated as a special problem,
because it is unclear which neuron population of the various classes
of P-LGN cells codes for white. Therefore, we investigated the effects
of coloured surround illumination on the responses to achromatic stimuli
of P-LGN cells. The experiments to be presented below show that these
responses were decreased in M cone-excited wide-band (W) cells during
blue and in L cone-excited W cells during red surround illumination,
qualitatively in the same direction as colour induction in white fields;
the responses of other cell types to white remained unaffected. These
findings may explain colour induction on white surfaces as changes
of responsiveness of retinogeniculate W cells, and also lend further
support to the view that a balanced coactivation of W cells is involved
in signalling for white. A preliminary account of some of these findings
has been published (Kastner et al., 1989).

Materials and methods

Preparation and recordings

Data were part of a larger study in which 12 juvenile cynomolgus
monkeys (Macaca fascicularis) were used. For a more detailed
description of methods see Creutzfeldt er al. (1991a,b). The animals
were initially anaesthetized with an intramuscular injection of ketamine
hydrochloride (15—-20 mg/kg). All standard surgical procedures
(venesection, tracheotomy, fixation in a stereotaxic head-holder,
exposure and opening of the skull) were done under ketamine.
Anaesthesia was maintained by artificial respiration with a 70%/30%
N,0/0, mixture, with the addition of either 0.4 —0.6% isoflurane to
the gas mixture or of 2—3 mg/kg/h pentobarbital to a continuous i.v.
infusion of glucose in Ringer’s solution (3 mi/h). For muscle relaxation
gallamine triethiodide (5 mg/kg/h i.v.) was used. End-tidal CO,,
electrocardiogram and body temperature were continuously monitored
during the experiment, which usually lasted 70—80 h. CO, was kept
~4% and temperature was held around 37°C.

Pupils were dilated by topical application of atropine, and the eyes

were covered with contact lenses, which also corrected refraction.
Artificial pupils of 4 mm diameter were fixed close to the contact lenses.
The clarity of the eye media was checked with an ophthalmoscope every
few hours. Every 8 —12 h the contact lenses were removed and the
eyelids closed to allow the cornea to recover.

Single-unit activity from the lateral geniculate nucleus was recorded
with tungsten-in-glass electrodes or 3 M-NaCl-filled pipettes
(5 —10 MQ) stereotactically introduced vertically through the brain.
Activity was monitored with an oscilloscope and loudspeaker, action
potentials were transformed into unitary TTL signals, which were fed
into a Vaxstation (DEC) for on-line display and further data analysis.
Sustained, wavelength-dependent responses characterize P-LGN cells,
so that entry of the electrode into the nucleus is unmistakable.
From the sequence of changes in ocularity, and later the change in
unit responses when reaching the magnocellular layers, it is possible
to be confident about the recording site. After a single unit had been
isolated its receptive field and spectral sensitivity were determined
with hand-held stimuli. Receptive fields were usually parafoveal (within
3—10° eccentricity).

Visual stimulation

Stimuli were presented on a dimly illuminated (0.5—1 cd/m?) tangent
Plexiglas screen covered with white paper, at a distance of 57 cm from
the animal’s eyes. From the front, chromatic and/or achromatic circular
centre spots (usually 1—3°) were flashed into the cell’s receptive field
centre. From the back, a ring of 5° inner and 20° outer diameter of
different wavelength was projected (surround illumination) (Fig. 1).
A dimly illuminated gap was left between the centre spot and surround
illumination to prevent access of stray light into the centre.

Centre stimuli were presented usually for 3 s, followed by a dark
period of the same duration, and repeated at least three times while
surround illumination was continuously on. Chromatic centre and
surround illuminations were produced by Schott NAL interference
filters (bandwidth at half-maximum 50 nm). Transmission maxima as
indicated below were checked with a Photoresearch Spectrascan
photometer. By means of neutral density filters, centre and surround
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Fic. 1. Stimulus configuration. The achromatic white stimulus (1 —3°; colour
temperature 3700 K) was centred on the receptive field centre. The surround
ring had an inner diameter of 5° and an outer diameter of 20°. The whole
stimulus field including the gap between centre spot and surround was illuminated
with a dim white background light (0.5—1 ¢d/m?). The surround illumination
was a 452 nm blue or a 665 nm red light of equal luminance with the white
centre light (for intensities see Materials and methods).
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stimuli were adjusted for approximately equal luminance (~20
cd/m2), with the exception of the blue surround which was ~25%
less intense, due to the relatively low short wavelength content of the
projector lamp. The achromatic test spot had a colour temperature of
3700 K. In some experiments the colour temperature was elevated to
5100 K by a Kodak Wratten daylight-filter (80 C), but this had no
significant effect on cell responses to the achromatic stimulus. After
the stimulus array (centre and surround illumination) had been centred
on the receptive field centre, the responses of each cell to a sequence
of eight chromatic stimuli (transmission maxima: 452, 488, 502, 542,
564, 596, 616, 665 nm) and an achromatic centre stimulus were
determined to characterize the cell’s spectral properties (spectral
response function) and for control purposes. The same test was then
repeated during blue or red surround illumination (transmission
maxima: 452 and 665 nm, respectively) (Fig. 1).

Discharge activity was summed in 60 ms bins and responses were
defined as activity during the 3 s of the stimulus period, from which
cither the maintained discharge rate (MDR) or the activity during the
dark period following a stimulus was subtracted (on-minus MDR and
on-minus-off responses, respectively). As MDR, the activity during
the 3 s preceding each stimulus sequence was taken. On-minus-off
responses did not differ markedly from on-minus-MDR responses.
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Resuits

Classification of neurons

We have analysed 260 cells in the P-LGN, which were classified
according to their spectral responsiveness (Creutzfeldt et al., 1979)
and their receptive field organization. An extensive description of this
classification scheme and a comparison with various other schemes
widely used in the literature are given elsewhere (Creutzfeldt et al.,
1991a). Therefore, only a brief summary of the main criteria for
classification are presented here.

Five classes of colour-opponent neurons were distinguished according
to the maximum of their spectral sensitivity (two groups of short
wavelength, 440—500 nm; two groups of long wavelength,
620—660 nm; middle wavelength, 550—570 nm), their spectral band-
width (narrow band, 50 —60 nm; wide band, 100—180 nm) and their
responsiveness to achromatic stimuli (excitatory or inhibitory,
respectively): WS, NS, WL, NL and WM cells. WS cells receive an
excitatory (+) M cone input and an inhibitory (—) L cone input. The
other cell types receive cone inputs as follows: NS, S+/L—M—; NL,
L+/M—; WL, L+/M—; WM, M+/S—. The spatial organization of
receptive fields of the WL and WS cells largely corresponds to Wiesel
and Hubel’s (1966) type I cells, and that of N and WM cells to type
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FiG. 2. Relative response amplitudes of W and N cells to white stimuli. Responses to white were measured as activity during presentation of the 3 s centre
stimulus minus the activity during the 3 s interval following each spectral stimulus (on-minus-off). Response amplitudes are expressed relative to the amplitude
of the response to the optimal spectral stimulus of the cell (abscissa). Numbers of neurons are indicated (ordinate). Open columns, W cells; hatched columns,
N cells. White and chromatic stimuli were of equal luminance. Stimulus diameter varied between 1° and 3° (mostly 1°).
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FiG. 3. Effects of red and blue surround illumination on responses to an achromatic centre stimulus of two WL cells (A, B} and two WS cells (C, D). Left
histogram of each pair shows response to the white stimulus (1.5°; horizontal line below records) without surround illumination (control). Right histogram of
each pair shows response of the same cell to the same white centre spot during continuous red (dominant wavelength, 665 nm; A, C) and blue (dominant wavelength,
452 nm; B, D) surround illumination. Histograms are compiled from three stimulus runs in each situation. Bin width, 60 ms. Ordinate, discharges/bin.

II cells (Lee ez al., 1987; Kastner, 1991). Additionally, two classes
of non-opponent cells were differentiated: light-inhibited cells and on-
cells, which responded independently of wavelength with an inhibitory
or excitatory response.

If one is interested in the neuronal signals coding for achromatic
white, the cell’s responsiveness to achromatic stimuli is an important
criterion. W cells (and the few on-cells) are excited by achromatic light,
while N cells (as well as the LI cells) are inhibited. This is shown in
Figure 2, where the response amplitudes of W and N cells to white
stimuli are plotted relative to the response amplitudes to an optimal
spectral stimulus of equal luminance. The response amplitudes to white
light range in the majority of W cells between 0 and 40% (Fig. 2, open
columns), while those of most N cells vary between 0 and —30% (Fig.
2, hatched columns). The inter-cell variability in these relative response
amplitudes is due to quantitative variation in excitatory and opponent
inhibitory cone inputs, since the white response reflects the balance
of cone inputs (Lee ef al., 1987; Xing Pei et al., 1990), and therefore
may also depend to some extent on stimulus size (see below).

For equi-luminant stimuli, the response to white is relatively low
compared with that to an optimal chromatic stimulus. In perception,
an achromatic white looks grey when compared to spectral stimuli of
the same luminance.

The effect of surround illumination on white responses

The effect of surround illumination was examined by testing a cell’s
response to an achromatic centre stimulus with and without coloured

outer surround illumination (inner diameter: 5°; outer diameter: 20°;
Fig. 1). Surround colours were usually red or biue (dominant
wavelength, 665 nm and 452 nm, respectively).

Typical examples of the responses of W cells in these different
stimulus conditions can be seen in the histograms of Figure 3, where
the effects of surround illumination on the control responses to a white
stimulus without surround illumination is demonstrated for two WL
and two WS cells. In the red-sensitive WL cells, the responses to white
were reduced when the surround was illuminated with red (Fig. 3A)
and enhanced when the surround was illuminated with blue light (Fig.
3B). Conversely, the responses of WS cells to white were enhanced
during red and suppressed during blue surround illumination (Fig. 3C
and D, respectively).

These chromatic surround effects on white responses were
characteristic of W cells, but there was some variability between
neurons. This is illustrated in Figure 4A —D, where we have plotted
the amplitudes of the on-minus MDR responses to white in the control
situation (abscissa) against those during continuous illumination of the
outer surround (ordinate) with blue (left column) or with red light (right
column). The data in Figure 4A and B are those from the NS and WS
cells, those in C and D from the WL and NL cells and those in E and
F from the LI cells. In both wide-band opponent cell groups (WS and
WL cells) the attenuation of white responses by surrounds in the
excitatory region (Fig. 4A and D, respectively) is more pronounced
than the enhancement of white responses during surround illumination
with the opponent colour (Fig. 4B and C, respectively). In addition,






