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The texture of an object provides important cues for its recog-
nition; however, little is known about the neural representation
of texture. To investigate the representation of texture in the
visual cortex, we recorded single-cell activities in area V4 of
macaque monkeys. To distinguish the sensitivity of the cells to
texture parameters such as density and element size from that
to spatial frequency, we used texture stimuli mimicking shaded
granular surfaces. We varied the size and density of the texture
elements and the direction of elemental luminance gradients
(apparent shadings) as stimulus parameters. Most macaque V4
cells (151 of 170; 89%) exhibited sensitivity to the texture
parameters. Interestingly, 21of these cells were tuned to single
shading directions (unidirectional tuning). This unidirectional
tuning cannot be explained by complex-cell-like tuning for

spectral power of spatial frequency, because texture stimuli
with a shading direction and its opposite have almost the same
spectral power. Unidirectional tunings of these cells were in-
variant for the position of the texture elements. Thus, this tuning
cannot be explained by simple-cell-like phase-dependent spa-
tial frequency tuning or selectivity to a particular arrangement of
the elements. Moreover, the unidirectional tuning had a bias
toward vertical directions, consistent with an anisotropy in the
perception of three-dimensional shape from shading. This
novel spatial property suggests that V4 cells are involved in
extracting texture features from objects, including their
three-dimensionality.
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The texture features of an object inform us about its composition
and the characteristics of its surface. Thus, they provide impor-
tant cues for recognition of the object and for estimation of its
surface friction. Several physiological studies have dealt with
visual textures as cues for segmentation of objects and their
background. For example, perceptual pop-out based on texture
(Knierim and van Essen, 1992; Nothdurft et al., 1999), detection
of texture boundaries (von der Heydt et al., 1984; Grosof et al.,
1993; Leventhal et al., 1998; Mareschal and Baker, 1998; Noth-
durft et al., 2000), and figure-ground segregation of textures
(Lamme, 1995; Zipser et al., 1996) have been studied in areas V1
and V2, early stages in the visual pathway. Although these studies
shed light on the process of texture segmentation, the way in
which texture features are represented in the visual cortical areas
remains unknown.

Textures are spatially periodic patterns and are thus well char-
acterized by spatial frequency filtering, which is regarded as one
of the major tasks of the early visual cortical areas. Most textures,
however, contain higher order statistical structure or local fea-
tures that cannot be described in the spatial frequency domain
(Julesz, 1981). To characterize textures, the visual system should
extract such features as the size, shape, orientation and density of
the texture elements, as well as their three-dimensionality, and
associate this information with the surface properties. This means

that some spatial integration of localized features is necessary to
detect the density and the arrangement of texture elements. We
surveyed the representation of visual textures in area V4 of the
macaque because it is situated within the visual pathway for
object recognition (Maunsell and Newsome, 1987) and because
cells in this area have larger receptive fields than those in area V1
or V2 (Desimone and Schein, 1987), which may be suited for
spatial integration of localized features.

To investigate the representation of texture features distinct
from that of spatial frequency, we focused on shaded granular
surfaces. Textures in Figure 1, A and B, cannot be distinguished
by spatial frequency filtering, because these two textures have
almost the same spectral power as shown in Figure 1, C and D,
respectively. Nonetheless, we distinguish them as differences in
light source direction or as different three-dimensional (3-D)
shapes (convexity or concavity). In the present experiments, we
tested responses of single cells in area V4 to textures mimicking
and simplifying shaded granular surfaces (see Figs. 2, 3). Varia-
tions in the size and density of texture elements and the direction
of local luminance gradients served as stimulus parameters; our
main finding was that the directionality of textural luminance
gradients as well as other texture parameters (density and size of
elements) is detected in area V4.

MATERIALS AND METHODS
Single-cell recording. The activities of single V4 cells in two monkeys
(Macaca fuscata) were recorded through recording cylinders that pro-
vided access to areas around the prelunate gyrus. The animals were
required to maintain fixation within a square window 1–2° in width for a
period of 1.5–2 sec to receive a liquid reward. While the animal was
fixating, a visual stimulus was presented binocularly for 1 sec. Receptive
fields were manually plotted using small bar stimuli or texture fragments
(1 3 122 3 2°), and their centers and sizes were determined. For cells
that did not respond to such small stimuli, only the centers of the
receptive fields were determined using a larger texture fragment (4 3 4°).
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The centers of the receptive fields were an average of 5.3° (0–15.5°) from
the fixation point in the lower visual field, whereas the sizes of the fields
were an average of 5.0° (0.6–15.3°) in diameter. V4 was localized based
on the cell properties and MRI images taken before the operation.
Histological analysis in one of the monkeys confirmed the recording sites:
electrical markings localized recorded cells at the prelunate gyrus. All
animal procedures conformed to National Institutes of Health guidelines
and were performed under a protocol approved by our institutional
animal experiment committee.

Stimuli. Visual stimuli were 2-D achromatic patterns presented on a
CRT monitor (1024 3 768 dots; 34 3 26°) placed 50 cm from the
monkeys’ eyes. Each stimulus was a square containing elemental patches.
Each elemental patch was comprised of a positive and a negative Gauss-
ian spot, partially overlapping. All of the patches, which were scattered
randomly within the square, were the same size, and the luminance
gradients were in the same direction. Each element was constructed
according to the following formula:

L~ x, y! 5 exp@2~x 2 s/2!2/s2 2 y2/s2# 2 exp@2~x 1 s/2!2/s2 2 y2/s2#,
(1)

where L denotes luminance, x and y spatial coordinates, and s (0.05, 0.1,
0.2, 0.4°) determines the element size. The density for each element size
was 3.1–25, 0.78–6.3, 0.20–1.6, and 0.049–0.39 elements per square
degree, respectively. Luminance was 10 cd/m 2 for the square, 20 and 0
cd/m 2 for the peak and trough of the elements, and 2.5 cd/m 2 for the
background. The sensitivity of each cell to stimulus size was assessed
using various-sized texture stimuli (0.8 3 0.8–6.4 3 6.4°; eight sizes).
The size of the square was adjusted to the optimal size for each cell up
to 6.4 3 6.4°, preserving the size and density of the elements. Thirty-
eight percent of the recorded cells exhibited surround suppression in
response to the larger texture stimuli; smaller stimuli (3.3° in average)
were used in those cases. Maximal size stimuli (6.4 3 6.4°) were used for
the remaining cells. The angle of the square was fixed and upright. Each

cell was tested using two sets of visual stimuli: one set varied with respect
to the density and size of the elements (density–size set) (Fig. 2 A), and
the other varied in the direction of the elemental luminance gradient
(gradient–direction set) (Fig. 3A). Each stimulus within these sets was
presented at least five times randomly interleaved with one another. The
positions of the elements were fixed throughout presentations.

Data analysis. Discharge rates during the period from 20 to 1020 msec
after stimulus presentation were analyzed after subtracting the baseline
(2500 to 0 msec). The statistical significance of the response modulation
by each stimulus set was judged by one-way ANOVA ( p , 0.01).

Sensitivity to the direction of luminance gradients was characterized
by fitting the following function to the profile of the directional tuning:

R~u ! 5 a$@cos~u 2 d! 1 1#/2%e 1 b$@cos2~u 2 d! 1 1#/2%e 1 c, (2)

where R denotes response amplitude, u the direction of the luminance
gradients, and a-e free parameters. We assumed the tuning curves to be
comprised of three components, having unimodal, bimodal, and uniform
distributions, respectively. For the above function, parameter a deter-
mines the amplitude of the unimodal distribution (unimodal exponenti-
ated sinusoid), which peaked at u 5 d [unidirectional component (UC)];
b determined the amplitude of the bimodal distribution (bimodal expo-
nentiated sinusoid), which peaked at u 5 d, d 1 p [bidirectional com-
ponent (BC)]; and c determined the amplitude of the uniform distribu-
tion [nondirectional component (NC)] (see Fig. 4). This function
represents a continuous distribution of unimodal, bimodal, and isotropic
tuning profiles (see curves on polar plots in Figs. 3 and 5 for examples).
Tuning direction was defined as the direction u 5 d yielding the maximal
value of R. Unidirectional index (UI) and bidirectional index (BI) were
calculated by normalizing UC and BC to the sum of all components as
follows:

Unidirectional index: UI 5 UC/~UC 1 BC 1 NC!, (3)

Bidirectional index: BI 5 BC/~UC 1 BC 1 NC!. (4)

Unidirectional cells were defined as showing statistically significant mod-
ulation (defined above) in response to a gradient–direction set and as
being invariant in their directional preference with respect to the posi-
tion of the elements (Fig. 6). The statistical significance of the invariance
was tested by two-way ANOVA (two directions 3 four positions). Cells
were regarded as exhibiting invariance with respect to the position of the
elements when three criteria were met: the optimal directions were the
same across the four element positions; the main effect of the direction
factor was significant ( p , 0.01), and the simple effect of the direction
factor at each level of the position factor was also significant ( p , 0.01).

RESULTS
Responses to the texture stimuli
Using two stimulus sets that shared an optimal stimulus for each
cell [density–size set (Fig. 2A) and gradient–direction set (Fig.
3A)], we tested the sensitivity of 170 single cells in area V4 of
two macaque monkeys performing a visual fixation task to the
texture parameters. Of these, 151 cells exhibited statistically
significant modulation in their responses to at least one of the
stimulus sets (one-way ANOVA, p , 0.01); 92 exhibited signifi-
cant modulation in response to both stimulus sets; 51 exhibited
modulation in response to the density–size set only; and eight
cells exhibited modulation in response to the gradient–direction
set only (Table 1).

Figure 2B illustrates the activities of a cell whose responses
were significantly modulated by the density–size set in Figure 2A.
The distribution of responses across the stimuli reveals that both
the density and the size of the elements affected the amplitudes of
the responses and that this cell responded maximally to stimulus
number 8. Optimal stimuli varied among the cells, covering the
entire stimulus set with some bias toward the densest stimuli (Fig.
2C) [stimulus numbers 1, 5, 9, and 13, although not statistically
significant except number 9 in numbers 9–12 (x2 test; p , 0.05)].
Figure 3B illustrates the response modulation of the same cell by
the gradient–direction set in Figure 3A. In this case, the cell

Figure 1. A, B, Shaded granular textures with the opposite directions of
illumination generated by computer graphics. Each texture is based on the
same 3-D structure model but rendered with opposite light source direc-
tion. Difference in the direction of light source is perceived as difference
in the direction of illumination (downward in A and upward in B for
convex elements) or as different 3-D shapes (convexity in A and concavity
in B under downward illumination). C and D are 2-D Fourier transforms
(power spectra) of textures A and B, respectively. These spectral powers
of spatial frequency are indistinguishable from each other. Textures A
and B therefore cannot be discriminated on the basis of tuning for the
spectral power of spatial frequency as exhibited in complex cells in V1.
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responded maximally to the stimulus whose luminance gradient
was directed to 90°, which was the same stimulus as number 8 in
Figure 2A and showed clear unidirectional tuning—i.e., the cell
was minimally responsive to the oppositely oriented stimulus
(270°). For comparison, Figure 3C illustrates the responses of a
cell exhibiting bidirectional tuning, in which responses to the
optimal direction and its opposite were similar (in this case, 135
and 315°), whereas Figure 3D illustrates a cell that showed no
directional tuning. All of these cells showed density–size tuning.

Profiles of directional tuning
The tuning curves shown in Figure 3B–D, respectively, reflect
almost completely unimodal, bimodal, and isotropic profiles, and
are thus the extremes of the entire sample, between which the
observed tuning curves were distributed continuously. Each tun-
ing curve was characterized by curve fitting analysis (see Mate-
rials and Methods). We assumed UC, BC, and NC in each tuning
curve, estimated the amplitude of each component based on
fitting analysis, and calculated UI and BI for each cell based on
the three components (Fig. 4). UI and BI represent biases toward
unimodal and bimodal profiles, respectively. The tuning direction
of each cell was also determined based on the fitting analysis and
is indicated as an arrow in the polar plots of the tuning curves.

Figure 5A illustrates the distribution of unidirectional and
bidirectional indices for the 151 cells that exhibited statistically
significant modulation in response to the density–size and/or
gradient–direction set. As shown in the insets, cells that exhibited
a large unidirectional index and a small bidirectional index had
unimodal tuning curves. Cells that exhibited a large bidirectional
index and a small unidirectional index had bimodal tuning curves.
Bimodal tuning curves with a bias toward one of the two direc-
tions were located at intermediate positions. Both indices were
small in cells not tuned to any particular direction. Cells in which
the NC component had the same normalized amplitude (NC/(UC
1 BC 1 NC)) were distributed along the same line with UI 1 BI
equaling a constant. For example, cells with normalized NC
amplitudes of 0.5 and 0 fell along broken lines on which UI 1

BI 5 0.5 and 1, respectively (Fig. 5A). Cells outside the broken
line on which UI 1 BI 5 1 had normalized NC amplitudes of ,0.

Unidirectional tuning and spatial frequency filtering
The above results reveal that some V4 cells are systematically
tuned to texture parameters. These tunings do not necessarily
mean exclusive sensitivity to texture parameters, however. For
example, cells tuned to spatial frequency, such as simple or
complex cells in area V1, may exhibit similar tuning to texture,
because manipulation of texture parameters inevitably changes
the spectral power, the phase and the orientation of the spatial
frequency components. But unidirectional tuning cannot be ex-
plained by complex-cell-like tuning for spectral power and orien-
tation. A cell tuned to spectral power would respond equally to a
luminance gradient oriented in a particular direction and to its
opposite, because the two stimuli would have almost identical
spectral power (Fig. 1). Indeed, cells exhibiting bidirectional
tuning conform to such a scenario. Cells that showed no direc-
tional tuning, moreover, could also be tuned to spectral power,
but without orientation specificity.

Unidirectional tuning may still be explained by simple-cell-like,
phase-dependent tuning to spatial frequency. If a cell is sensitive
to the phase of the spatial frequency components, it may appear
to be tuned to a specific direction because its response would be
altered by the phase shift caused by reversing the direction of the
elemental luminance gradients. We examined this possibility by
assessing the invariance of unidirectional tuning with respect to
changes in the position of the texture elements using stimulus sets
consisting of four different element positions and two opposite
directions (eight stimuli). Manipulation of the position of texture
elements changes the phase of the spatial frequency components
without changing other parameters. As shown in Figure 6, the cell
in Figure 3B continued to respond maximally to stimuli oriented
at 90° and minimally to stimuli oriented at 270°, regardless of the
position of the elements. This indicates that the unidirectional
tuning was unaffected by the phase shift and cannot, therefore, be
explained by simple cell-like, phase-dependent, spatial frequency

Figure 2. Tuning to the density and size of texture elements. A, Representative density–size stimulus set. In the horizontal row, the density of the
elements doubled with each step from right to lef t, whereas in the vertical column, the size (diameter) of the elements doubled, and the density decreased
by one-fourth with each step from top to bottom. Thus, taking element size into account, the spacing of the elements is constant within each vertical column;
i.e., the stimulus textures are scaled versions of one another. Element direction was adjusted with respect to the optimum of each cell and thus varied from
cell to cell. B, Responses of a density–size-tuned cell. Histograms show the responses to stimuli corresponding to those shown in A. Bars under the
histograms indicate the period of stimulus presentation (1 sec). This cell exhibits significant tuning by the stimulus set (one-way ANOVA; p , 0.01). C,
Distribution of the optimal stimulus for density–size-tuned cells. Filled bars denote the unidirectional cells (described later); open bars denote all other cells.
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filtering. This finding also excludes the possibility that unidirec-
tional tuning of this neuron was a consequence of a selective
response to the conjunction of a particular position and direction
of the elements.

We tested the invariance of the directional tuning with respect
to the position of the elements in 109 of the 151 cells that
exhibited statistically significant modulation in response to the
density–size and/or gradient–direction set: 71 exhibited signifi-
cant modulation in response to both stimulus sets; 33 exhibited
modulation in response to the density–size set only; and five
exhibited modulation in response to the gradient–direction set
only (Table 1). We could not test the invariance of the remaining
42 cells because of instability of the recordings. We defined
unidirectional cells based on statistical criteria (see Materials and
Methods), and 21 of the 76 cells that exhibited modulation in

response to the gradient–direction set were classified as unidirec-
tional (Table 1). There was considerable variation in the shape of
the tuning curves, but they all had a clear bias toward a particular
direction (Fig. 7). Note that the minimal response of each cell was
quite small; thus cellular responses cannot be attributed to the
square background of the texture elements, which was common to
all of the stimuli. As can be seen in Figure 5, all unidirectional cells
had a unidirectional index higher than 0.5 and showed statistically
significant modulation in response to the density–size set. The
optimal stimuli in the density–size set were evenly distributed
across the entire set (Fig. 2C, filled bars). Because the unidirec-
tional tuning cannot be explained by spatial frequency filtering,
their density–size tunings would reflect the specific sensitivities of
a cell to the density and size of the texture elements.

Receptive field properties of unidirectional cells
Eight of the unidirectional cells did not respond to the small
stimuli used for receptive field mapping; in those cases larger
textures were used to determine only the centers of the receptive
fields, which exhibited an average of 5.0° (2.6–6.4°) of eccentric-
ity. For the other 13 unidirectional cells, the centers of the
receptive fields exhibited an average of 5.2° (2.6–7.2°) in eccen-
tricity, and the fields were 4.4° (2.6–6.6°) in diameter. For most of
these unidirectional cells, we used maximal size stimuli, which
covered the entire receptive field center; nonetheless four cells
exhibited surround suppression. In those cases, smaller stimuli

Table 1. Sample of cells in the test of unidirectionality

Stimulus set Both
Density–
size

Gradient–
direction Total

Significant modulation 92 51 8 151
Position invariance tested 71/92 33/51 5/8 109/151
Unidirectional 21/71 0/33 0/5 21/109

Sensitivities to the density–size and gradient-direction stimulus sets were tested in
170 V4 cells: 151 exhibited statistically significant modulation in response to at least
one of the stimulus sets; the invariance of the directional tuning with respect to the
position of the elements was tested in 109 cells; 21 were classified as unidirectional.

Figure 3. Tunings of three cells exhibiting sen-
sitivity to the direction of the luminance gradi-
ents in the elemental patches; these cells also
exhibited density–size tuning. A, Representa-
tive gradient–direction stimulus set, the basic
attributes of which are the same as in Figure 2A.
The direction of the luminance gradient changes
by 45° with each step. The density and size of the
elements were adjusted to the optimum of each
cell and thus varied from cell to cell. B, Unidi-
rectional tuning in the same cell shown in Figure
2B. Each histogram shows the response to a
directional stimulus corresponding to those in A.
A polar plot shows the averaged discharge rate
for each direction (straight thick gray line), SE
(straight thin gray line), and the result of curve
fitting (curved black line). The small circle at the
center of the polar plot indicates spontaneous
discharge level. The bar under the polar plot
shows the scale of the discharge rate (20 spikes/
sec). C, Bidirectional tuning. The cells in B and C
both exhibit significant tuning by the stimulus set
(one-way ANOVA, p , 0.01). In contrast, the
responses of the cell in D exhibit no directional
tuning.
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(4–4.8°) were used. An average of 124.5 (1.3–335.1) texture
elements fell within the receptive fields of the 13 cells for which
we could measure the size of the receptive field. In only three
cells was the number of elements falling within the receptive field
,10 (1.3, 1.4, and 6.5). No significant correlation was observed
between preferred stimulus density and the size or eccentricity of
the receptive fields of the unidirectional cells.

Tuning directions of unidirectional cells
The data presented so far have shown that the texture tuning of
the unidirectional cells cannot be explained by spatial frequency
filtering, but instead reflect novel spatial properties of these cells,
which likely represent texture parameters. A question yet to be
addressed is: what is the functional role of unidirectional tuning?
One interesting property of the unidirectional cells suggests their
involvement in recovering 3-D shape from shading. Figure 8 illus-
trates the distribution of the tuning directions of the unidirectional
cells. The distribution is clearly biased toward upward (90°) and
downward (270°) orientations—i.e., vertical directions—which is
consistent with psychophysical data showing that the perception of
shape from shading in humans has an anisotropy for the direction
of the luminance gradient (Ramachandran, 1988; Kleffner and
Ramachandran, 1992). The statistical significance of this bias was
tested using directional statistics (Mardia and Jupp, 2000), which
showed that distributions significantly deviated from uniformity

when the peaks of their bimodal bias were oppositely oriented (the
Reyleigh test, 2nR2 5 11.4; p , 0.01).

Responses to conventional stimuli
We also tested the responses of the cells to sine wave gratings,
bars, and squares (conventional stimuli). Three types of stimulus
sets were used: sine wave gratings (10 cd/m2 6 10 cd/m 2) of five
spatial frequencies (0.47–7.5 cycles/degree), and four orientations
(534 5 20 stimuli) were used with 72 cells; bars (10 cd/m2,
optimal size) oriented eight ways were used with 88 cells; and
squares (10 cd/m2) of six sizes (0.25–8°) were used with 101 cells.
Most of the unidirectional cells tested showed much weaker
responses to gratings (7 of 9), bars (7 of 8), and squares (8 of 11)
than to the optimal texture stimuli (Mann–Whitney U test, p ,
0.01) (Fig. 9), which further supports the notion that unidirec-

Figure 4. Quantification of the tuning profile with respect to the direc-
tion of elemental luminance gradients based on curve fitting. Conventions
of the polar plot are the same as in Figure 3. An arrow in the plot indicates
the tuning direction. The fitted curve is decomposed into eccentric circu-
lar, bilobed, and concentric circular curves representing UC, BC, and NC,
respectively. For this cell, UC 5 15.3 spikes/sec, BC 5 21.2, NC 5 2.8, and
the maximal amplitude of the fitted curve is the sum of all three compo-
nents (UC 1 BC 1 NC 5 39.3). Unidirectional and bidirectional indices
(UI and BI) are calculated by normalizing UC and BC to the sum of the
components. For this cell, UI 5 0.39 and BI 5 0.54.

Figure 5. Distribution of the unidirectional and bidirectional indices. A,
The bidirectional index is plotted against the unidirectional index for 151
cells that showed statistically significant modulation in response to the
density–size and/or gradient–direction set. In 109 cells, invariance with
respect to the position of texture element was examined (described later).
Circles represent cells exhibiting invariance (unidirectional cells), and
crosses represent those that do not. Four representative tuning curves are
superimposed and connected with corresponding points. The broken lines
connecting each axis at a value of 1 indicate where UI 1 BI 5 1 and the
normalized amplitude of NC (NC/(UC 1 BC 1 NC)) 5 0, whereas that
connecting each axis at a value of 0.5 indicates where UI 1 BI 5 0.5 and
the normalized amplitude of NC is 0.5. Cells outside the former exhibited
the normalized NC smaller than 0. B, Distribution of the unidirectional
indices represented as a histogram.
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tional cells are not spatial frequency filters and are not responsive
to simple stimuli, stimulus edges, or temporal luminance changes.
For approximately one-fourth of the remaining cells (13 of 63 for
gratings, 24 of 79 for bars, and 22 of 87 for squares), the responses
to the conventional stimuli were also significantly weaker, although
they exhibited significant modulation in response to the density–
size and/or gradient–direction set, suggesting that these cells had
specificity for various granular patterns and were thus coding the
texture parameters, not spatial frequency. None of the cells that did
not show statistically significant modulation in response to either
the density–size or the gradient–direction set showed a significant
decrease in response to the conventional stimuli (10 cells for
gratings, 10 cells for bars, and 12 cells for squares).

Responses to modified stimuli
The characteristics of the unidirectional cells were assessed fur-
ther by manipulating the elements of the texture stimuli (modified

Figure 8. Distribution of the tuning direction of the unidirectional cells
tested by the gradient–direction set. A clear bias toward vertical directions
was observed (the Reyleigh test; p , 0.01).

Figure 6. Examples of stimuli in a stimulus set used to examine the invariance of unidirectional tuning with respect to the position of the texture
elements and responses of the same cell shown in Figures 2B and 3B. A, In the horizontal rows, each stimulus has a different position of elements, but
the luminance gradients are directed to the same direction. In the vertical columns, each stimulus has the same position of elements, but the luminance
gradients are directed oppositely. Elements of optimal density and size were used for each cell. B, The histograms show the responses to the stimulus
at the corresponding position in A. Unidirectional tuning persisted in this cell despite the changes in the position of the texture elements.

Figure 7. Tuning curves of 21 unidirectional cells for the direction of the elemental luminance gradients. Conventions of the polar plots are the same
as in Figures 3 and 4. Numbers above each plot indicate the UI and BI, respectively. The polar plots are aligned in counterclockwise order of the tuning
direction from top lef t to bottom right.
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stimuli). In a single experimental session, we compared the re-
sponses of individual cells when presented their optimal stimulus
and several modified stimuli. Figure 10A illustrates the responses
of 16 unidirectional cells to stimuli whose elements were replaced
with even Gabor functions (Gabor stimuli); we aimed to remove
directionality from each element, while keeping the local and
global spectral power of the spatial frequency and mean lumi-
nance unchanged. The centers of the Gabor patches were either
positive or negative. Response amplitudes normalized to those
evoked by optimal texture stimuli were plotted against the unidi-
rectional index. Each vertical line between a pair of data points
connects responses of a single cell to positive and negative Gabor
stimuli represented by open and filled circles, respectively. Most
cells showed smaller responses to this type of stimulus than to the
optimal texture stimuli—indeed several cells did not respond at
all—although three cells that responded more strongly to the
negative Gabor stimuli showed more complex behavior. Figure
10B illustrates responses of the same 16 unidirectional cells to
stimuli whose elemental patches were randomly directed (ran-
domized stimuli). In this case, two complementary stimuli with
oppositely oriented elements were used. Again most cells exhib-
ited weaker responses to these stimuli, although there are differ-
ences in the relative responses across individual cells.

The three cells that responded more strongly to negative Gabor
stimuli showed large differences (1.1, 1.4, 2.2) between their
relative responses to the complementary Gabor stimuli. For the
remaining 13 cells, the differences between the relative responses
to the complementary stimuli were small: 0.21 on average (0.03–
0.44) for Gabor stimuli and 0.20 on average (0.01–0.53) for
randomized stimuli. Weak specificity to complementary stimuli
indicates that the cells were insensitive to the manipulation of
elements that did not change the total strength of the directional
components, further supporting the idea that the cells are insen-
sitive to certain specific patterns. On the other hand, the strong
specificity to the complementary Gabor stimuli observed in con-
junction with the unidirectional tuning in the three cells suggests
that more complicated stimulus parameters are involved in deter-
mining responses of some V4 cells.

With respect to the 13 cells that did not show large differences
between responses to the complementary Gabor stimuli, cells
exhibiting stronger unidirectional tuning tended to respond sig-
nificantly more weakly to the modified stimuli (r 5 20.488, p ,
0.05 for Gabor stimuli; r 5 20.515, p , 0.01 for randomized
stimuli). In these 13 cells, responses (averages of responses to
complementary stimuli) to Gabor stimuli were strongly correlated
with those to randomized stimuli (r 5 0.842; p , 0.001), indicat-
ing that each cell responded similarly to different types of the
modified stimuli. Five of the 16 unidirectional cells showed sig-
nificantly (Mann–Whitney U test, p , 0.01) smaller responses to
all four modified stimuli than to optimal texture stimuli; six cells
showed significantly smaller responses to three stimuli and four
cells to one or two stimuli. The responses of one cell were not
significantly diminished for any of the modified stimuli. The
modified stimuli contained luminance gradients oriented to the
preferred direction of each cell together with gradients oriented
to the opposite or other directions. The differences in the relative
responses across the cells may be attributable to differences in the
sensitivity to these preferred or nonpreferred directional compo-
nents in the modified stimuli, which are correlated with the
strength of directional tuning. We found no relationship between
the responses to the modified stimuli and tuning for density, size,
or directionality of the texture elements. Also, there was no

Figure 10. Responses of the unidirectional cells to stimuli in
which the elements were modified from the optimal stimulus.
Response amplitudes normalized to those evoked by optimal
stimuli are plotted against the unidirectional index. A vertical
line between two points connects responses of a cell to two
complementary stimuli. Circles overlapping the data points
indicate significant decreases in the responses (Mann–
Whitney U test; p , 0.01). A, Texture elements were replaced
with even Gabor patches. B, The direction of each elemental
luminance gradient was randomized.

Figure 9. Responses of unidirectional cells to three types of conventional
stimuli. Shown are the distributions of the best responses to sine wave
gratings (A), bars (B), and squares (C) normalized to the best response
to the texture stimuli. Filled bars illustrate that the response to the
conventional stimulus was significantly weaker than that to the optimal
texture stimulus (Mann–Whitney U test; p , 0.01).
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correlation between the relative responses to the modified stimuli
and those to conventional stimuli, which were usually very weak.

DISCUSSION
The present results provide evidence that several texture features
are represented in area V4. In particular, unidirectional tuning to
the textural luminance gradients raises the possibility that area
V4 is involved in the recovery of three-dimensionality from shad-
ing. This notion is strengthened by the bias in the tuning direction
consistent with an anisotropy observed in the perception of 3-D
shape from shading (Ramachandran, 1988; Kleffner and Ram-
achandran, 1992). Our results also support the idea that percep-
tion of texture cannot be fully decomposed into the spectral
power of spatial frequency (Julesz, 1981). The density tuning of
the cells is consistent with a psychophysical study of texture-
density aftereffect (Durgin and Huk, 1997), which suggests the
existence of texture-density detectors distinct from spatial fre-
quency filters.

It is well known that many V4 cells respond to conventional
spatial stimuli, such as sine wave gratings and bars (Desimone and
Schein, 1987). However, several physiological studies have dem-
onstrated that area V4 contains cells that show specificity for
spatially complex visual stimuli, such as non-Cartesian gratings
(Gallant et al., 1993, 1996), complex shapes (Kobatake and
Tanaka, 1994), and contour curvatures (Pasupathy and Connor,
1999). Likewise, some neurons recorded in the present study,
most unidirectional cells in particular, did not respond to the
conventional stimuli but exhibited strong specificity for texture
stimuli. The texture stimuli we used can be regarded as containing
a higher order statistical structure, an offshoot of the Glass
pattern, which can be generated by parallel translation of Gauss-
ian spots, accompanied by reversal of their contrast. Unidirec-
tional cells may thus be placed among the detectors of higher
order statistical structures. The directionality of the elemental
luminance gradient may be locally detected in earlier visual areas,
i.e., in V1 and V2. Considering the smaller receptive fields of
neurons in these areas, it is unlikely that they exhibit tuning for
the directionality of multiple luminance gradients used in the
present study. It may be that directionality of shading is detected
locally at these earlier stages and then integrated in area V4.

Several nonlinear models have been proposed to explain tex-
ture segregation (Bergen and Landy, 1991) or Glass pattern
perception (Wilson and Wilkinson, 1998). These nonlinear mod-
els use a rectification process that corresponds to the role of
complex cells in area V1. But because the directional information
of elemental luminance gradients is eliminated by the rectifica-
tion, such models cannot encode the directionality of textural
luminance gradients. On the other hand, a neural network model
of 3-D shape perception from shading was able to discriminate
surface curvature using shading cues without the need for com-
plex cells, whereas a simple-cell-like structure emerged in a hid-
den layer (Lehky and Sejnowski, 1988, 1990). This model is
consistent with our findings, suggesting the processing of 3-D
shapes from shading or some other feature detection process is
not performed by complex cells.

According to psychophysical studies of perception of shape
from shading, which entailed performance of a visual search task,
vertical shadings induce more vivid perception of 3-D surfaces
than horizontal shadings (Ramachandran, 1988; Kleffner and
Ramachandran, 1992). This anisotropy may reflect an adaptation
to the fact that sunlight usually comes from above, and vertical
shading is more common than horizontal in the environment.

The biases observed in tuning direction therefore suggest that
unidirectional cells may play a functional role in the recovery of
3-D shape from shading, which may include finding the light
source direction, assigning convexity or concavity, or distinguish-
ing shading and surface reflectance. However, because of an
ambiguity in our stimuli, e.g., a stimulus of 90° can be perceived
as convexity under upward illumination or concavity under down-
ward illumination, it will be necessary to use some other cue for
three-dimensionality to determine the functional role of unidi-
rectional cells in the representation of 3-D shapes.

Finally, one recent fMRI study found that signal amplitudes
differed between responses to textures composed of vertical and
horizontal shadings (Humphrey et al., 1997), which is consistent
with the bias we observed in the tuning direction of unidirectional
cells, and suggests that the human visual system may also contain
unidirectional cells with similar directional biases.
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