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Macaque V1 neurons can
signal ‘illusory’ contours

David H. Grosof*, Robert M. Shapley*
& Michael J. Hawken

Center for Neural Science, New York University, 4 Washington Place,
New York, New York 10003, USA

We describe here a new view of primary visual cortex (V1) based
on measurements of neural responses in V1 to patterns called ‘illu-
sory contours’ (Fig. 1a, b). Detection of an object’s boundary con-
tours is a fundamental visual task. Boundary contours are defined
by discontinuities not only in luminance and colour, but also in
texture' °, disparity* and motion® ”. Two theoretical approaches
can account for illusory contour perception. The cognitive
approach emphasizes top-down processes®”. An alternative empha-
sizes bottom-up processing. This latter view is supported by (1)
stimulus constraints for illusory contour perception'® '* and (2)
the discovery by von der Heydt and Peterhans'® '’ of neurons in
extrastriate visual area V2 (but not in V1) of macaque monkeys
that respond to illusory contours. Using stimuli different from those
used previously'>'¢, we found illusory contour responses in about
half the neurons studied in V1 of macaque monkeys. Therefore,
there are neurons as early as V1 with the computational power to
detect illusory contours and to help distinguish figure from ground.

We measured responses of 25 neurons in para-foveal V1 of
anaesthetized monkeys to four types of patterns sharing the same
mean luminance: sinusoidal luminance gratings (Fig. 1¢); lumin-
ance edges (Fig. 1d); half-screen patches of sinusoidal luminance
grating, in which the bar ends define an illusory contour oriented
perpendicularly to the bars and located at the boundary between
the grating patch and a blank portion of the stimulus screen at
the same mean luminance (Fig. le); and two half-screen patches
of grating abutting one another, in which the two patches are
identical and in antiphase (Fig. 1/). Results obtained using the
pattern in Fig. 1/ resemble those shown in Fig. le (for example,
the cell in Fig. 2a responded similarly to both).

Because the grating is periodic, it is natural to express its
position relative to receptive ficld location as spatial phase: the
starting spatial phase angle of the sinusoidal grating relative to
the stimulus frame. For example, in Fig. le the spatial phase is
0 degrees. As phase varies, the position of grating bars with
respect to fixed cell receptive fields varies so that, when the illu-
sory contour is drifted, different values of black and white are
swept across a receptive field.

We found responses to illusory contours drifted across a cell’s
receptive field in the preferred direction for a luminance edge
(that is, when grating bars defining the illusory contours were
perpendicular to the optimal orientation for an edge). A variety
of responses to illusory contour patterns was observed. One type
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is illustrated in Fig. 2a: this direction-selective complex cell fired
two bursts per period, one to each of the ‘left-handed’ and ‘right-
handed’ boundaries of the central patch in Fig. le, £, Compari-
son of responses to luminance (Fig. 1d) and illusory contours
(Fig. le, f) showed that the two bursts were synchronized to the
passage of the illusory contour over the cell’s receptive field. The
cell in Fig. 2a signals the presence of a contour in its receptive
field independent of contrast polarity: the stimulus when the
illusory contour leaves the receptive field is opposite in sign to
when it enters, but the cell’s response is excitatory to both entry
and exit. Our measure of this frequency-doubled response is the
Fourier amplitude of the second harmonic (F2) of the post-
stimulus time histogram. Another type of cell responded to just
one of the two contours passing over the receptive field, illus-
trated by the response shown in Fig. 25.

If a frequency-doubled response signifies the presence of illu-
sory contours crossing a cell’s receptive field, its magnitude
should not depend on the precise position (spatial phase) of the
illusory contour along the long axis of the receptive field. Figure
2 shows how response changed for two cells as spatial phase
varied. The simple cell in Fig. 2b responded to the leading edge
of the one-sided pattern from 1.757 to 0.25x radians, and to
the trailing edge from 0.757 to 1.257 radians. This implies that
the cell was responding simply to a bright bar-end entering the
receptive field or to a dark bar-end leaving it. But the response
of the cell shown in Fig. 2a was the same at all spatial phases,
implying that it responded to contour and not simply to bar-
endings.

An index of response-dependence on spatial phase was
derived: the greatest (pairwise) difference in response, divided
by the sum of the maximum and minimum response. Figure 3
shows the distribution of the index across complex cells () and
simple cells (b). For most complex cells this index was less than
0.5; the indices of simple cells were distributed uniformly
between 0-1. This implies that many cortical cells responded to
extended contour, rather than to individual grating bar endings.
Of the nine cells with phase modulation index of less than 50%,
the median relative contrast sensitivity (grating threshold/illu-
sory contour threshold) was 0.76 (range, 0.32-4.0). This means
that the illusory contours were effective stimuli. We did not
measure the length of the neurons’ receptive fields, but spatial
phase invariance implies nonlinear spatial summation along the
grating-defined contour. A modification of the Spitzer-
Hochstein’® model for cortical complex cells may account for
the illusory contour responses we observed. Misaligning that
model’s subunits in the axis parallel to the cell’s preferred orien-
tation, so that each subunit has a different centroid of sensitivity
in the ‘long axis’ of the receptive field, will yield spatial phase
insensitivity.

Responses to illusory contours defined by line gratings (as in
Fig. 16) were compared with those defined by sine gratings in
eight neurons. The linewidth used was 1.2 arcmin, chosen to be
like line-grating stimuli used in refs 15-17. The median ratio of
peak responses to line/sine-defined illusory contours was 0.2.
The linewidth in the line-defined illusory contour seems to be a

NATURE - VOL 365 - 7 OCTOBER 1993

© 1993 Nature Publishing Group



LETTERS TO NATURE

i

FIG. 1 Visual patterns. a, Kanizsa triangle. A triangle appears to occlude
three circular disks. There is no change in luminance across the middle
of each side of the triangle. b, Abutting line grating. A sharp edge
appears where the two line gratings meet. ¢, Fuli-field sinusoidal grating.
d, Simple luminance edges. Two edges of opposite contrast polarity
divide the display into two rectangular patches. Motion direction is nor-
mal to the edges in a and b. e, ‘One-sided’ illusory contour pattern. A
half-screen patch of grating defines two illusory contours, one on each
side of the patch. The contours are perpendicular to the grating bars.
The mean luminance of the blank portion of the screen is the same as
that of the grating patch. f, ‘Two-sided’ illusory contour pattern. Two
gratings differing only in their relative vertical position (spatial phase)
define illusory contours at both abutments. The pattern motion was
rigid horizontal translation in ¢ f; the direction was normal to the lumin-
ance edges in ¢ and d, and normal to the vertical illusory contours in
eandf.
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FIG. 2 Two types of striate response to illusory contour patterns of Fig.
1e. a, The lower series shows the peristimulus time histograms (PSTHs)
of a layer-5, directionally selective, complex cell’s responses to a one-
sided (as in Fig. 1e) illusory contour pattern (1.3 cycles per degree
grating, 80% contrast), drifted at 6 degs " in the optimal edge direction
and with the spatial phase (in 7 radians) written alongside each PSTH.
Each pattern drifted to the edge of the screen, wrapped around, and
returned to its starting position every 947 ms. Histogramming the spikes
using a temporal period of 947 ms shows the cell responded to each
of the two illusory contours passing over the receptive field in a period.
The upper plot shows the amplitude of the first (F1, open squares)
and second (F2, filled squares) harmonics of the PSTHs. The phase
modulation index (see text) for this cell was 0.27. b, The lower plots
show PSTHs of a simple cell in layer 5 to one-sided illusory contour
patterns (0.7 cycles per degree grating, 80% contrast). The pattern is
drifted at 6 deg s™* in the optimal direction, at a series of spatial phases
denoted to the right of each PSTH. As spatial phase is varied, the cell
responds to one or the other of the illusory contours but never to both.
The response virtually nulls at two spatial phases, spaced a haif-cycle
apart. The upper plot shows F1 and F2 varying with spatial phase. The
sign of the F1 response is made negative to denote when temporal
phase of the F1 harmonic changes sign. The near-sinusoidal depend-
ence of F1 response on spatial phase is a signature of mechanisms
with spatial summation linearity®>. The phase modulation index is 0.80.
METHODS. Standard procedures were used in these acute recording
experiments of cynomolgus monkeys (Macaca fascicularis, 2-6 kg).
Anaesthesia was induced with ketamine (12-16 mg per kg body weight)
intramuscularly and maintained with sufentanyl (6 ug kg * h™?, intra-
venous). Local anaesthetic was applied to pressure points and incisions;
electroencephalogram, electrocardiogram and blood pressure were
monitored and anaesthesia supplemented as necessary with either
acepromazine or sufentanyl. Extracellular action potentials were
recorded from single neurons using glass-coated tungsten
microelectrodes® with 5-15-um exposed tips. Quantitative measure-
ment was done with patterns displayed to the preferred eye on either
a Tektronix 608 (P4 phosphor, 10 cm by 10 cm, 270-Hz frame rate,
mean luminance 100 ¢d m™2) CRT monitor or a colour Tektronix 690
(25.6cm by 25.6 cm, 135 Hz frame rate, 67 cd m~3) monitor. The
scopes were controlled and gamma-corrected by a custom graphics
instrument®® and a PDP 11-83 computer. The cathode ray tubes were
also calibrated with a Photo Research Model 703-PC spectroradiometer
to make certain that there was no artefactual luminance difference
between the blank and textured regions of the stimulus. Cells were
classified using a modification®® of the Enroth-Cugell and Robson null
test. Histological processing and laminar assignment of neurons were
as described in refs 26, 27.
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FIG. 3 Phase modulation index for: a, 13 complex and b, 6 simple cells.
The index is the Micheison contrast of the array of F2s evoked by stimuli
at different spatial phases: greatest (pairwise) difference in response
divided by the sum of the maximum and minimum response. The index
indicates whether a response to the illusory contour depends on the
precise position of the grating patch perpendicular to the iltusory con-
tour: an index of one means the cell has a null spatial phase and
zero means the response is invariant to changes in spatial phase. The
stimulus contrast of the gratings used to induce the contours was
60-80%.
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FIG. 4 Response of a V1 complex cell to abutting line gratings. The
stimulus is depicted on the right side of the figure; each grating had a
period of 80 arcmin, with a linewidth of 10 arcmin, and a gap between
lines of 70 min. The gratings were always offset from each other by half
a cycle, irrespective of spatial phase, creating an illusory contour at the
line of abutment, as in Fig. 1b. The bars’ luminance was ~0.5 cd m?
against a background of 100 cd m~>. The left side of the figure depicts
the responses of the neuron at four different spatial phases, with the
same format as in Fig. 2. The pattern was drifted continuously, with
‘wraparound’ and the drift speed was 2.3 degs™* (~0.5 Hz).

critical variable. We were able to measure phase-insensitive illu-
sory contour responses in a VI neuron with line gratings in
which the lines were 10 arcmin wide (Fig. 4); however, this same
neuron did not respond to line gratings with lines 1 arcmin wide.

The ability of illusory contour-responsive neurons to ignore
contrast polarity and boundary type suggests that they convey
information about the location and orientation of object borders
salient for segmentation'® *'. These results indicate that V1 neu-
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rons perform sophisticated image processing and that VI is an
image-processing area, rather than simply a spatially trans-
formed replication of the retina. Our results and conclusions are
consistent with a recent report” that motion-defined contours
also produce responses in V1 cortex. O
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Protein tyrosine kinase p56'*
controls allelic exclusion of
T-cell receptor f-chain genes
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DURING T-cell development, site-specific DNA rearrangements
mediating assembly of f- and a-chain genes of the T-cell receptor
(TCR) are developmentally ordered’~. In particular, assembly and
expression of a complete f-chain gene blocks further rearrange-
ments at the f-locus (a process referred to as allelic exclusion)®
and drives the generation and expansion of CD4%8* cells*”.
Although the mechanism used by TCRf chains to deliver such
signals is unknown, studies in transgenic animals have suggested
that the lymphocyte-specific protein tyrosine kinase p56"* may
impinge on a similar signalling pathway®. The hypothesis that
TCRp chains deliver intracellular signals via p56' makes an
explicit prediction: that interference with p56* function will miti-
gate the effects of a simultaneously expressed TCRS chain. Here
we confirm this prediction through examination of allelic exclusion
in mice expressing both a functional TCRJ chain transgene and a
catalytically inactive form of p56'“.

p56™* participates in TCR-derived signalling” in part through
a physical association with the coreceptors CD4 and CD8*’. In
addition, a critical role for this kinase during early thymocyte
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