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The horizontal separation of the eyes means that objects nearer
or farther than the fixation point project to different locations on
the two retinae, differing principally in their horizontal coordi-
nates (horizontal binocular disparity). Disparity-selective neur-
ons have generally been studied with disparities applied in only
one direction1 (often horizontal), which cannot determine
whether the encoding is specialized for processing disparities
along the horizontal axis. It is therefore unclear if disparity
selectivity represents a specialization for naturally occurring
disparities. I used random dot stereograms to study disparity-

Figure 1 Responses of four neurons to combinations of vertical and horizontal disparities.

The white contour lines show the fitted two-dimensional Gabor function (see Methods). A

polar plot of the monocular orientation tuning (stimuli spanning 1808) for each cell is

superimposed (blue line, origin at the peak of the fitted Gabor). a, Despite an oblique

orientation preference, cell 025 from monkey Duf (Duf025) produces a horizontally

oriented disparity response. b, Ruf011 shows an obliquely oriented disparity response,

matching the receptive-field orientation. c, d, Despite preferred orientations close to

vertical, the disparity response surfaces for both Ruf110 and Duf099 are horizontally

elongated. Duf099 illustrates a ‘tuned inhibitory’ response type. The s.e.m. for each data

point was small relative to the mean (mean ratio 0.11).
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selective neurons from the primary visual cortex (V1) of awake
fixating monkeys. Many combinations of vertical and horizontal
disparity were used, characterizing the surface of responses as a
function of two-dimensional disparity. Here I report that the
response surface usually showed elongation along the horizontal
disparity axis, despite the isotropic stimulus. Thus these neurons
modulated their firing rate over a wider range of horizontal
disparity than vertical disparity. This demonstrates that dis-
parity-selective cells are specialized for processing horizontal
disparity, and that existing models2,3 of disparity selectivity
require substantial revision.

Points outside the fixation plane project to different locations on
the two retinae. As the eyes are separated horizontally, these
locations are related by a displacement along an axis very close to
horizontal (horizontal disparity). There may also be a small vertical
component4, but this is determined by eye position rather than the
three-dimensional properties of the scene. Consequently, in central
vision, the variation in disparity occurs along an axis that is very
close to horizontal. Although there is a need for some information
about vertical disparity to maintain alignment of the eyes and
estimate viewing distance5, this does not require many finely spaced
measures across the retina. Conversely, finely spaced measures of
horizontal disparity are required to detect variations in depth within
the scene.

It therefore seems natural to assume that neurons selective for
binocular disparity encode horizontal disparities, but in principle
they may signal disparities along other axes. Indeed, current under-
standing of the mechanism by which V1 receptive fields are con-
structed suggests that, depending on receptive-field orientation,
different neurons signal disparities along different axes1,6. However,
disparity-selective neurons have generally been tested with dispar-
ities applied along only one axis, which cannot reveal whether or not
the neuronal responses are specialized to exploit the horizontal bias
of naturally occurring disparities. In order to do this, it is necessary
to explore responses of single neurons to disparities applied along
several axes, using a visual stimulus that is isotropic (such as
random dot stereograms, RDS).

Sixty disparity-selective neurons from V1 of two awake fixating
monkeys were stimulated with combinations of vertical and hori-
zontal disparity in RDS. Example responses are shown in Fig. 1. In
all cases, large horizontal or vertical disparities yield a baseline firing
rate, reflecting the response to uncorrelated dots within the recep-
tive field. A set of disparity combinations elicited responses different
from this baseline, occupying a region that was approximately
elliptical. For most neurons, the long axis of this ellipse was near
horizontal—they modulated their firing rate over a wider range of

horizontal disparities than vertical disparities.
Figure 1b illustrates a less common pattern, where the response

surface is not oriented horizontally. This might readily be explained
by the properties of the monocular receptive field, as V1 neurons
stimulated with extended contours show selectivity for the axis of
orientation. If disparity selectivity is generated after this orien-
tation-selective stage, simple models (like the binocular energy
model2,3) predict a correlation between monocular orientation
preference and the orientation of the disparity response surface
(Fig. 2). If the orientation selectivity is the result of an oriented
linear filter applied to the image, any simple disparity measure (for
example, cross-correlation between the filtered images) applied
after the filter will reflect the filter orientation. To examine this
relationship, the monocular orientation preference of each neuron
was measured independently with sinusoidal luminance gratings.
Figure 3 compares preferred (monocular) orientation with the
orientation of the disparity tuning surface for each neuron. Many
points lie close to the identity line, in accordance with simple
models. However, the majority show a near horizontal orientation
of their disparity tuned responses, regardless of the monocular
preferred orientation. This bias is highly significant (P ,, 0.001,
Rayleigh test), and is so strong that it obscures any correlation
between preferred orientation and the orientation of the disparity
responses across the population (T-monotone association 0.004,
P . 0.1).

These horizontally oriented response surfaces represent a special-
ization for horizontal disparity in the sense that these neurons
modulate their responses over a wider range of horizontal dispar-
ities than vertical disparities. The ability of the population to encode
disparity also depends on differences between neurons, which could
enable the population to encode a larger range than any individual

Figure 2 Relationship between disparity tuning and receptive-field orientation, for simple

models1. The receptive field (RF), depicted by the grey-level image, is selective for oblique

contours. Superimposed is a random dot pattern like those used for the experiments (but

this example has fewer dots, so that the RF is not obscured, and is smaller relative to the

RF). Displacement of the dot patch orthogonal to the RF (left) should produce a stronger

change in activity than a similar displacement parallel to the RF (right). The orientation of

the disparity response surface should therefore match the monocular preferred

orientation.

 

Figure 3 Orientation of the disparity tuned response as a function of monocular

orientation preference (dominant eye). Bottom scatter-plot for 60 neurons (32 from

monkey Duf, 28 from monkey Ruf). Error bars show 95% confidence intervals. The

orientation of the disparity response surface tends to be near zero (horizontal), regardless

of the monocular orientation preference. Data points for neurons in which the two

orientations are significantly different (P , 0.05, by resampling) are filled. The diagonal

line shows the identity function. Each datum here is based on a mean of 845 stimulus

presentations. The smoothed frequency distribution on the right shows a strong peak very

close to zero (at 48). Top, the frequency distribution for monocular orientations (above)

shows a slight (but insignificant: P . 0.05, Rayleigh test) bias, which is away from zero.
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neuron. The disparity that produced the strongest response was
therefore examined for each neuron. This single point on the surface
has horizontal and vertical disparity components. Differences
between neurons in this preferred disparity were much greater for
the horizontal than vertical components (Fig. 4, ratio of s.d.s 3.6,
P ,, 0.001, F-test). A similar observation was made in one of the
earliest studies of disparity tuning7, but a subsequent debate8,9 raised
doubts about its validity. However, all of these early studies used bar
stimuli, where the orientation of the stimulus strongly influences
the two-dimensional disparity tuning1. A few subsequent studies
have used non-oriented stimuli10,11, but did not present data on

receptive-field orientation.
Both features of the data (the horizontal orientation of the

disparity surface, and the greater horizontal scatter) indicate a
specialization for encoding a wide range of horizontal disparities.
The same features of the data make individual neurons, and the
population as a whole, more sensitive to small changes in vertical
than horizontal disparity (this can be appreciated from the spacing
of the contour lines in Fig. 1). The remarkable finding is that
neurons with different preferred orientation all exhibit the same
anisotropy. A different anisotropy has been demonstrated in anaes-
thetized cats—vertically oriented simple cells show greater inter-
ocular differences in receptive-field structure (phase) than those
with horizontal orientations12. I show here that the receptive-field
orientation is not straightforwardly related to the direction of
disparity encoding, so further work is required to understand the
relationship between such monocular measures of receptive-field
structure and disparity selectivity.

Considerable revision to the previously very successful energy
model of disparity selectivity3 will be required to explain these data.
One possibility is that end- or side-stopping13 precedes binocular
combination, and hence partially determines the shape of the
disparity-tuned response. (End-stopping might then prevent a
neuron with a vertically oriented receptive field from responding
to large vertical disparities.) An alternative is that these responses
are constructed from many binocular subunits, differing from one
another in their horizontal position disparity, but all having similar
vertical position disparities. If the differences are large enough, the
oriented structure of individual subunits can be obscured in the
sum of all subunits. Although earlier observations also indicated a
need to modify the model1,14–16, none of those required such an
extreme revision.

Both the properties of single neurons, and the differences
between neurons in the population, serve to maximize the range
of horizontal disparities encoded by disparity-selective neurons in
V1. This demonstrates that the properties of these neurons reflect

Figure 4 For each neuron, the preferred disparity identifies the disparity combination

yielding the strongest response. The horizontal and vertical components of this preferred

disparity are plotted here for each cell. The cross at the lower right shows the median

value of the 95% confidence interval for each parameter. The horizontal components are

more widely scattered than the vertical components, allowing the population to encode a

wider range of horizontal disparities than vertical disparities.

Figure 5 In order to select the disparity combinations used, a wide range of disparities

were first explored along each of two axes (solid symbols). These axes were orthogonal to

the receptive field (RF; top row) or parallel to the RF (bottom row). Each open triangle

shows the response to binocularly uncorrelated dots. The open circles show the

comparable rows of data extracted from the surface plots in Fig. 1, for comparison. As

these trials were not interleaved, there are sometimes differences in the absolute

response rates. Nonetheless, it is clear that the response surfaces in Fig. 1 cover the

important range of disparities for these neurons.
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the anisotropy of naturally occurring disparities. In the light of
recent evidence indicating that activity in V1 disparity-selective
neurons does not directly support stereopsis14,17–19, it is especially
important to know if they show any specialization that is suited to a
role in depth perception. The present study provides the strongest
such evidence to date. A

Methods
Overview
A detailed description of the general methods has been published elsewhere17,20. Briefly,
extracellular single-unit recordings were made in the primary visual cortex of two alert
monkeys (Macaca mulatta), trained to maintain fixation with both eyes. Stimuli were
presented on two EIZO Flexscan F980 monitors (mean luminance 41.1 cd m22, contrast
99%), viewed via a mirror haploscope. The viewing distance was 89 cm, where each pixel
subtended 0.0198. The positions of both eyes, along with the spike waveforms, were stored
to disk for subsequent analysis. All protocols were approved by the Institute Animal Care
and Use Committee, and complied with Public Health Service policy on the humane care
and use of laboratory animals.

Experimental details
Stimuli were generated on a Silicon Graphics Octane workstation. Sinusoidal luminance
gratings presented monocularly to each eye were used to determine the preferred
orientation, spatial frequency, and minimum response field (MRF) of each neuron.
Quantitative determination of the preferred orientation used a gaussian fit to data from at
least nine orientations spanning 1808. MRFs were located at eccentricities between 28 and
98. Dynamic RDS (generally 38 diameter) were centred over the MRF. Disparity-selective
neurons were then tested with combinations of vertical and horizontal disparity,
producing disparity displacements both parallel to and orthogonal to the preferred
orientation. At least 49 combinations (seven parallel times seven orthogonal) were used.
Stimuli were presented for 400 ms, and repeated a minimum of 5 times each (mean 13
repetitions). The range of disparities applied was determined by first measuring responses
to a wide range of disparities (usually 15 disparities spanning ^1.28, but this range was
extended if there was evident modulation at either extreme) applied along an axis
orthogonal to the receptive-field orientation. A similar range was then tested along an axis
parallel to the receptive field. (Significant tuning in these preliminary tests was a criterion
for entry into the study). The two-dimensional grid was then chosen so as to cover the
region with the strongest modulation. Figure 5 shows the relationship between these initial
measures and those taken from the two-dimensional grid for the four cells illustrated in
Fig. 1.

Data analysis
The mean firing rate as a function of the disparity combination, f(x,y), was fitted with a
single two-dimensional Gabor function:

f ðx; yÞ ¼ A exp½ðy 2 YÞ2=2j2
y �exp½ðx 2 XÞ2=2j2

x� cos½2pqðx 2 XÞ þf� þB

by nonlinear regression, where A, q and f are the amplitude, spatial frequency and phase
of the cosine component, jx and j y are the standard deviations in orthogonal directions, X
and Y are position offsets and B is the baseline firing rate. The two variables x and y were
related to the horizontal and vertical disparity displacements by a single rotation through
an angle v, which was a free parameter in the fit. Simply using the fitted orientation of the
Gabor function did not always correctly identify the orientation of the disparity surface.
(When the surface is close to gaussian, two equivalent fits are possible in which the value of
v differs by 908. Note that the Gabor still provides an excellent description, as a gaussian is a
form of Gabor.) The fitted Gabor was therefore used only as a description of the data, from
which a preferred disparity and orientation were determined. The preferred disparity was
defined as the point that produced the largest deviation from the response to binocularly
uncorrelated dots (maximum interaction position20). This identifies the trough for TI
cells, which are characterized by inhibition at the ‘preferred’ disparity. The half-width at
half-height of this peak (or trough) was measured along the two cardinal axes. The
orientation of the long axis defined the orientation of the response surface, where zero
indicates that the long axis lies horizontally.

Several analyses were performed to examine the possibility that the horizontal
orientation of disparity responses was the result of variability in the animals’ horizontal
vergence angle. All of these suggested that the phenomenon was not attributable to eye
movements. For example, the s.d. of vergence (horizontal and vertical) was calculated for
each set of trials used. The geometric mean ratio (0.91) was not significantly different from
unity (t-test on log ratios). Note also that the broad distribution of preferred horizontal
disparities (Fig. 4) cannot readily be explained on the basis of fluctuations in vergence
state.
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Formation of the vertebrate heart requires a complex interplay of
several temporally regulated signalling cascades1. In Xenopus
laevis, cardiac specification occurs during gastrulation and
requires signals from the dorsal lip and underlying endoderm2.
Among known Xenopus Wnt genes, only Wnt-11 shows a spatio-
temporal pattern of expression that correlates with cardiac
specification, which indicates that Wnt-11 may be involved in
heart development3,4. Here we show, through loss- and gain-of-
function experiments, that XWnt-11 is required for heart for-
mation in Xenopus embryos and is sufficient to induce a con-
tractile phenotype in embryonic explants. Treating the mouse
embryonic carcinoma stem cell line P19 with murine Wnt-11
conditioned medium triggers cardiogenesis, which indicates that
the function of Wnt-11 in heart development has been conserved
in higher vertebrates. XWnt-11 mediates this effect by non-
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