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Abstract

Cells in area V1 of the anesthetized macague monkey were stimulated with large texture patterns composed of
homogeneous regions of line elements (texels) with different orientations. To human observers, such patterns appear
to segregate, with the percept of sharp boundaries between texture regions. Our objective was to investigate whether
the boundaries are reflected in the responses of single cells in V1. We measured responses to individual texels at
different distances from the texture border. For each cell, patterns of optimally or orthogonally orientated texels

were adjusted so that only one texel fell into the receptive field and all other texels fell in the visually unresponsive
regions outside. In 37 out of 156 neurons tested (24%), texels immediately adjacent to a texture border evoked
reliably larger responses than identical texels farther away from the border. In 17 neurons (11%), responses to texels
near the border were relatively reduced. Border enhancement effects were generally stronger than border attenuation
effects. When tested with four different border configurations (two global orientations and two edge polarities),

many cells showed reliable effects for only one or two configurations, consistent with cells encoding information
about the orientation of the texture border or its location with respect to the segmented region. Across the sample,
enhancement effects were similar for all texture borders. Modulation by the texture surround was predominantly
suppressive; even the responses near texture borders were smaller than those to a single line. We compared these
results with the results of a popout test in which the line in the receptive field was surrounded by homogeneous
texture fields either orthogonal or parallel to the center line. The patterns of response modulation and the temporal
onset of differential responses were similar in the two tests, suggesting that the two perceptual phenomena are
mediated by similar neural mechanisms.

Keywords: Macaque monkey, Striate cortex, Classical receptive field, Contextual modulation, Texture
segmentation, Orientation contrast, Popout

Introduction in different parts of the pattern. Visual segmentation and the per-

This study investigated the neural mechanisms underlyin visua(feption of texture boundaries appear to be closely related to the
y 9 ying salience of a single item in a field of dissimilar objects (Nothdurft,

segmen_tatlon. _In textures cqmposed pf sm_all line elemdnts ( 1991, 1992), a phenomenon knowrpapout(Treisman & Gelade,
els), regions with texels at different orientations appear to segre-

. .1980; Treisman, 1985), although some differences between these
gate and produce the percept of large homogeneous regions Wlp

clear texture boundaries (Beck, 1966, 1982; Olson & Attneave, ?rnhoemrfgigak\)/aesit;egptgitsu igbgg (rnV\tla(zI:t‘ic}r?%Zﬁains unclear. but
1970; Julesz, 1975, 1984; Nothdurft, 1888lothdurft & Li, 1985). ) : g . . '
the filter properties of neurons at early cortical processing stages

The same effects are observed when regions are defined by relative . )
motion (Nakayama & Tyler, 1981; Golomb et al., 1985; Nakayamaprobably play an important role. Many neurons in area V1 are

. ;i . selective for orientation, direction of motion, and binocular dis-
etal,, 1985; Nothdurft, 1993) or binocular disparity (Julesz, 1971). frity (cf. Van Essen, 1985), whereas neurons at earlier processing
: , ,

These perceptual phenomena are intriguing because these stim{} L L
P P P . guing . stages lack these characteristics. Therefore, texels in different re-
often do not contain luminance edges, so segmentation must be

. . s idions of a complex texture pattern, differing along these dimen-
based on the analysis and comparison of specific texture properti . - - : .
Sions, should produce differential activation of striate cortical

neurons. Borders might then be represented by differences in ac-
Address correspondence and reprint requests to: Hans-Christoph NothVIty across these C.e”S'_ ) .

durft, Max Planck Institute for Biophysical Chemistry, 37070 Goettingen, ~ The selective activation of cortical cells by texture properties

Germany. E-mail: hnothdu@gwdg.de _ like texel orientation is well documented (see, for example, Noth-
*Present address: Department of Psychology and Program in Neuroqrft & Li, 1985), but it is unclear where the comparison of neu-

i(élsegcg,sizm Tolman Hall #1650, U.C. Berkeley, Berkeley, CA 94720'ronal activity and the extraction of texture borders might occur.

tPresent address: Department of Anatomy and Neurobiology, WashONne possibility is that area V1 neurons are modulated by texture
ington University School of Medicine, St. Louis, MO 63110, USA. information outside the receptive field (RF) and thus encode both
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the feature in the RF (texel orientation) and feature contrast (orievoked the maximal response were determined along both axes of
entation differences) relative to texels outside the RF (Nothdurftthe bar (see Nothdurft et al., 1999). In all subsequent tests the bar
1994a,b). Modulatory effects of this sort have frequently been was placed at this optimal position within the RF, at either the
observed with homogeneous texture surrounds (Allman et al., 199@ptimal or orthogonal orientation.

Knierim & Van Essen, 1992; DeAngelis et al., 1994; Li & Li,

1994; Sillito et al., 1995; Kastner et al., 1997, 1999; Nothdurft Texture stimuli

et al., 1999). Many cells in area V1 respond better to texels that

contrast with the background than to texels in a uniform texture! N€ t€st patterns contained texels in the optimal and orthogonal

field (Knierim & Van Essen, 1992; Kastner et al., 1997, 1999: orientations (see sketches in Figs. 1-3) and were individually ad-
Nothdurft et al., 1999). However, it is unclear whether such mogJusted for éach cell. To minimize alignment effects between neigh-
ulatory effects also occur with texture boundaries. Lamme (1995§°1Ng lines, texels were arranged in rectangular grids with axes
showed that V1 responses in the alert monkey depended on wheth@plidue (=45 to texel orientation and hence oblique to the main
the stimulus in the RF was part of a distinct figure or part of a large®*€S ©f the RF. The spacing of texels in the grid was adjusted so
uniform texture field, but he did not find any effect of the distance that only one texel fell into the classical RF and all others appeared
of the border. In a related study, Zipser et al. (1996) found that thd" the visually unresponsive regions around the RF. Control tests
response differences between figures and homogeneous textufgsured that the texel spacing was adequate by comparing re-
fields generally diminished as the size of the figure increased. ButPONSes obtained with the RF texel alone and with texture arrays in
the study did not determine whether response differences were difgich the RF texel was removed. The most common texel spacing
to the size of the texture region or the distance of texture boundWas 1.5 times the texel length, but smaller (1.2) and larger (2.0)
aries from the RF. Lee et al. (1998) recently reported border effect¥a/ues were used occasionally. To minimize local luminance cues
that appeared most pronounced when the borders of the textuf¥iSing f'r(_)m texe] or.le_ntatlon differences algng the texture borders,
figure were parallel to the cell's preferred orientation. the positions of .|nd|V|duaI texels were varied randomly by up to
We have measured response modulation in area V1 of anesth®” of thg spacing of the te>_<ture grid. Text_ure patter_ns of this sort
tized animals by texture borders at varying distances from the RF}aVe Previously been used in psychophysical experiments (Noth-
Texture borders were denoted by differential orientation of texels irflurft: 198%). The jitter was refreshed for each new stimulus pre-
distinct subregions of a large texture pattern, and patterns were d§€ntation, butthe texel in the RF always appeared at the previously
signed and presented in such a way that only one texel fell into th@SSessed center position in the RF.
cell's RF. (Preliminary descriptions of these results appeared in Noth- Texture border test
durft et al., 1992; Van Essen et al., 1993, and Gallant et al., 1995.)

i : ) . Texels in the optimal or orthogonal orientation were arranged
We compare these findings with data from a popout test in whic - .
- 1o form large homogeneous texture regions with emergent bound-

single lines were surrounded by lines with similar or orthogonal Ori-_ ries between different regions. The texture border test examined
entation (Nothdurft et al., 1999). The modulatory effects of the sur- g )

. . the responses of each cell at several different locations relative to
round in the two studies were closely related. The results of th P

popout study were also consistent with previous studies dlére hese borders (indicated by the circles in Flgs. 1_.3)' Res.ponses
were generally assessed for four border configurations oblique to

She texel orientation, each presented at varying distances from the
RF. We explored two types of texture patteffesxture edgegig. 3)

were tested in 144 cells; these data form the main body of our

Methods analysis of texture boundaries. In a smaller sample of cells we also

Recordings were made in four anesthetized, paralyzed animaigvestlgatedtexture bars Narrow bars (57 texels; e.g. Fig. 2)

(Vacacanemestusingstandar Sectophysoogica mttods, = £9°4 0 10 el e bars (0 et of o . T 1)
(for details, see Gallant et al., 1996; Nothdurft et al., 1999). All )

. o was adjacent to the cell's RF (the “near border” condition) were
procedures were carried out under institutionally approved proto-

cols and conformed to the NIH Guidelines for the Care and Use O]pompared with those obtained when the border was three (143

; . . . . —cells) or five (13 cells) texels away (the “far border” condition).
Animals. After an aseptic surgery (implantation of a recording . . .
. ) . For 106 cells, we also tested responses at intermediate texel posi-
chamber, craniotomy) under general anesthesia (2.5—-4.5% isofluf-
. . . ions (2—4 texels away from the border).
ane), anesthesia was maintained throughout the experiment by the

continuous intravenous infusion of sufentanil citrate (5+g¥kg Popout test
body weighyh). Appropriate dosage was determined for each an- 4 146 cells, the texture border responses were compared with

imal before the experiment and was adjusted as needed to maintgjfjose ghtained in an earlier study of popout effects (Nothdurft
anesthesia, based on EKG and EEG criteria. After appropriatg; 5. 1999). Test patterns resembled a single line in the RF, sur-

ane_sth_esi.a was achieved, animals were paralyzed (gallamine tianded by homogeneous texture fields of either orthogonal texels
ethiodide; 10 mgkg/h i.v.) anq externally resplred through atra-. (the “popout” condition) or texels parallel to the single line (the
cheal cannula. Extracellular single-cell recordings were made with,nitorm texture” condition). In a control condition, responses to

tungsten microelectrodes (Levick style) advanced into the parafog,q single line in the RF were measured with no texture surround.

veal representation of area V1. All single units that could be iso-he nopout and the texture border tests were typically run in direct
lated were investigated, and all that gave consistent responses $quence for each cell.

preliminary testing were studied with the texture border paradigm.
Receptive fields were plotted on a computer monitor using bar§3 . -

) ) : ", resentation and data acquisition
whose parameters (size, color, orientation, and position) were op-
timized for each cell. When the optimal bar stimulus was found,Stimuli were generated by computer and presented on a 19-inch
the spatial profile of the RF and the position at which the barRGB monitor with 66-Hz frame rate (noninterlaced). Viewing dis-

modulation by texture boundaries also occurs in alert animals.
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tance was 114 cm, giving an effective screen size of 18.5 by'a‘ a
14.8 deg of the visual field (1280 by 1024 pixels). Texture patternsq, a0
covered the whole screen and were shown in one of eight colorg 92D211
(white, dark blue, green, light blue, red, magenta, yellow, and2 3o |
black) selected to produce a good response to a single line over thg

RF. For each cell, all tests used the same texel color on a neutr% 20

background. Luminance variations arising from different line ori- £ 10 ¢ I-}h—}’ﬂ ﬁﬁﬁ

entations were small and did not produce detectable differences i o [1] Eal rI‘n ﬁ & I—}l Fli
mean luminance. However, the different colors were not equate

for luminance so that the effective texel luminance contrast dif-£ RF position within texture pattern

fered between cells.

Data acquisition was accomplished by a second computer that
was synchronized to the stimulus presentation by a photodiode.
Data analysis was done off-line. Stimulus presentation time was
0.5 s. Cell activity was recorded from 0.5 s before each stimulus
presentation (to measure the spontaneous firing rate of the cell)
until 0.5-1 s after stimulus offset, depending on the strength and
duration of off responses. Tests contained 12—40 different stimulus
conditions shown in pseudorandom order (i.e. all conditions of a
particular test were shown once before repetition). There was an
interval of at leas3 s between trials.

Fig. 1. Responses to texels placed within the RF are modulated by nearby
texture borders. (a, b) Stationary texture patterns (b) were presented at
various positions on the screen so that the texture borders occurred at
different distances from the receptive field (circles). Responses to identical
Most of the analyses presented in this paper are based on the meggtimally oriented texels within the global texture bar were modulated by
responses of each cell over the full period of stimulus presentatiorthe texture surround and increased strongly near texture boundaries. (Pre-
usually averaged over 10—20 repetitions. Responses in the variodgsred orientation:—35°; texels were 0.5< 0.05 deg, red on dark back-
test conditions were considered to be reliably different when theyground.)
differed by at least two standard errors of the mean (two-SEM
criterion). Using this criterion, fewer than 5% of the cells should
show effects by random chance. One analysis classified cells ac-
cording to their modulation by different border configurations. To However, responses were much stronger when the texture bound-
compensate for the increased probability of random effects, a threexry was close to the RF than when it was far away. This led to a
SEM criterion was used in this part of the analysis. This ensuredelativeenhancementf responses to texels near the texture border.
that the occurrence of chance effects remained below 5%. Figs. 2 and 3 illustrate the types of responses we encountered
Spontaneous firing rates were usually subtracted before analyand give an overview of the test patterns used. The tests in Fig. 2
sis. However, for the computation of border enhancement indicesvere made with bars 5 texels wide at one (Fig. 2a and 2b) or two
(see below), absolute activity levels were used to avoid analyti¢Fig. 2d) orientations, thus providing independent measures of
difficulties (division by zero; high computational noise) arising border effects for up to four different border configurations. Fig. 2a
from the pronounced suppression often observed with homo#lustrates a case in which the responses to texels in the middle of
geneous texture fields (Nothdurft et al., 1999). the texture bar were only slightly smaller than those to texels near
the edges. Texels within the bar and texels outside (at the orthog-
onal orientation) evoked quite different responses. In this example,
cell responses primarily encoded texel orientation with little mod-
We examined texture border responses in 156 cells in area Vllation from texture boundaries. A contrary case is illustrated in
Twenty-four percent of these cells (3B6) responded more strongly Fig. 2b. The responses to texels in the middle of the texture bar
when the texture border was adjacent to the RF than when it wawere strongly suppressed and were similar to those evoked by the
three or five steps away. Eleven percent/(B6) showed the orthogonal texels outside the bar. Texels near the border elicited a
opposite pattern, responding more strongly when the texture botarger response. Thus, in this example, cell responses appeared to
der was farther away. The remaining cells showed no reliableencode the presence of the texture border to a greater degree than
response variation with respect to border distance. the orientation of individual texels. Many cells showed a mixture
of such effects, encoding both texel orientation and nearby texture
borders. This is illustrated in Fig. 2d, where the optimally oriented
texels within the texture bars evoked stronger responses than the
The responses of a cell that was strongly enhanced by the presencghogonal texels outside and these responses were further mod-
of nearby texture borders are shown in Fig. 1. The stimulus was alated by nearby texture borders. Note that the texels outside the
texture field with a large bar (9 texels wide) at one texel orienta-bar also produced border enhancement effects in this cell. The
tion, surrounded by texels at the orthogonal orientation. The stimfesponses to orthogonal texels were generally suppressed, but in
ulus pattern was shown at 19 different positions relative to the RRwo configurations this suppression was reliably smaller near the
(as indicated by the circles in the figure). The cell was orientationborder.
selective and gave the largest responses when the texels in the RF The cells in Figs. 1 and 2 depict relatively rare cases in which
had the optimal orientation (at positions within the texture bar).border enhancement occurred with all texture borders tested. Many

Data analysis

Results

Examples of response modulation by texture edges
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patterns with a global bar at one (c) or two orien-

tations (e) were presented so that individual texels
were always centered in the cell’s RF (indicated by
circles). Mean responses of three different cells

(a, b, d) illustrate different degrees of response
modulation by texture boundaries. The sketches of
stimulus patterns in (c) and (e) are drawn as if cells
preferred vertical stimuli. In the actual experiment
the size, color, and orientation of texels inside the
global bars were optimized for each cell, and the
texels outside the bar were always orthogonal cop-
ies of these. (Preferred orientations, measured clock-
wise from vertical, texel sizes and colors for each
cell: (a) 140, 0.55 X 0.1 deg, white; (b) 270
0.4 X 0.05 deg, red; and (d) 201.4 X 0.2 deg,
white.)




Texture border representation in V1

60
50
40
30
20
10

92D3D

0 R

-10

50
40
30
20

-
o
T

B

nfia  gal

92F10

g

HeH
(-

-
© o

mean firing rate [spikes/s]
3

(%]
o
T

N
o
T

10

|F=m  =f

92D2Y

AfE

0 Aaf

RF position within texture pattern

- N W »
o © o o
T T T

92F1Q

o

& T,
=T

[
-
(=]

H
o

30 |

20 -

mean firing rate [spikes/s]

Ll [lcTalsn ﬁﬁﬁﬁﬂ

92D2FF

AEAds

RF position within texture pattern

425

Fig. 3. Responses to texture edges. (a—f) Tex-
ture patterns with boundaries in four configura-
tions (d) were presented so that the border appeared
at different distances from the cell's RF (circles
in d). Responses of selected neurons (a—c, e, f)
illustrate the variety of border modulation effects
seen in different cells. Responses were obtained at
three (a—c) or five (e, f) line positions on either
side of the edge. For clarity, the stimulus patterns
in (d) are drawn as for a cell with vertical orien-
tation preference. (Preferred orientations, texels
sizes, and colors for each cell: (a) 1398.55 X

0.1 deg, red; (b) 990.4x 0.1 deg, red; (c)-3C,
1.25 X 0.15 deg, white; (e) 1400.6 X 0.1 deg,
red; and (f)—15°, 0.55X% 0.1 deg, red.)
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cells showed reliable modulation with only one or two borderintroduced below.) The scatter plots reveal systematic shifts to the
configurations. The cells in Fig. 3 were tested with texture edgedower right quadrant (pairetitest; optimal orientatiort, > 4.37,

at two orientations and two polarities (analogous to the two edge® < 0.0001; orthogonat, > 3.11,P < 0.002), indicating that the

of a texture bar), and at three (Figs. 3a—3d) or five (Figs. 3e andesponses to texels near the border were generally larger than the
3f) texel positions on either side of the edge. Border enhancememesponses to texels farther away (mean responses: 165/

was reliable for one (Fig. 3a), two (Figs. 3b and 3e), or threespikegsvs.15.5+ 0.6 spikegs, for the optimal orientations; 58
border configurations (Fig. 3f). Failure to show a reliable effect at0.4 spikegsvs.4.6+ 0.4 spikegs, for the orthogonal orientations).

all tested configurations might reflect signal-to-noise variations To summarize these data and to analyze the scatter in Fig. 4,
among cells having intrinsically symmetric response profiles. Al-cells were classified by the number of borders that evoked re-
ternatively, this outcome might reflect a biologically significant sponses reliably different from those obtained in the far border
asymmetry in responses to borders appearing at different locatioreondition. Fig. 5 shows the distribution of cells in these response
relative to the RF. categories. Across the entire sample, border enhancement effects

The cell in Fig. 3c showed an effect of the opposite sign: texelsvere generally more prevalent than border attenuation effects. Re-
near the borders evoked smaller responses than texels farther awéighle enhancement effects with more than one border configura-
Texture bordeamttenuationeffects such as this were less frequent tion were seen in 19 cells (12%), for the optimal texel orientation.
and typically less pronounced than enhancement effects. Reliable attenuation effects with more than one border configura-
tion were seen in only ten cells (6%); none of these produced
attenuation effects for more than two border configurations.

The main analysis in Fig. 5 was based on the two-SEM crite-
Fig. 4 plots the texture border effects for the entire sample of cellsion used in related studies (e.g. Knierim & Van Essen, 1992;
evaluated in our experiments. Most cells were tested with textur&othdurft et al., 1999); only response differencestwo SEM
edges(n = 144), but data are included from 12 cells that were were considered as reliable. This criterion ensures that the proba-
tested only with texture bars. Every cell was tested with fourbility of obtaining border effects by chance (due to random re-
different border configurations (as sketched in Figs. 2d and 3d)sponse variations) is smalP < 0.05 for each single test). However,
each of these individual tests is represented in Fig. 4. For every cethe analysis of all four border configurations in a cell considerably
and every tested border configuration, responses to texels near tivecreased the probability of obtaining at least one border effect by
border are plotted against the responses to the same texels fartt@rance(P,.; > 0.1). Therefore, to obtain a conservative estimate
away from the border. This analysis was made separately for opef border effects in the one-border categories (one border enhanced
timal (Fig. 4a) and orthogonal texel orientations (Fig. 4b). (Theor one border attenuated), we also analyzed our data using a more
data points in Fig. 4 are labeled according to response categoriesringent three-SEM criterion. The frequency of border effects un-

Response categories
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Fig. 4. Responses to texels nearsusfar from the border, for all border configurations tested (four data points per cell). (a) Responses
when the texel in the RF had optimal orientation; and (b) responses for orthogonal texels. Near border responses were, on average,
larger than far border responses. Cells were classified as showing enhancenentaftenuation effectst) if such effects were

reliable for at least one border configuration, or as showing no border effegtsde text.
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Border Effects
number of edges with reliable effect

a —
60 - optimal @ 2 S.E.M., 1 border
texel orientation
3 S.E.M. (1 border)
mean: 0.27 +/- 0.09 2 S.E.M. (multi-border)
40
N=156
20
L I m
o 0
(@) 4 3 2 1 0 1 2 3 4
w— b Fig. 5. Distributions of response categories
o for (a) optimally oriented and (b) orthogo-
@) 60 - h | nal texels in the RF. Both distributions are
= m . biased toward border enhancement ef-
texel orientation fects. Seven cells in panel (a) and six cells
40 ! in panel (b) were counted twice because dif-
mean: 0.32 +/- 0.09 ferent border configurations produced both
enhancement and attenuation effects in these
N=115 cells. Outlines of the histogram represent the
20 analysis based on the two-SEM criterion (see
text). A more conservative three-SEM cri-
terion was used for the one-border catego-
ries (solid bars); one (a) and two cells (b)
- were counted twice. Means were computed
2 3

0 |
2

using a mixture of both criteria, the three-

4 3 1 0 1 4 SEM criterion for one-border categories and
) the two-SEM criterion for multiple-border
attenuation enhancement categories; enhancement effects positive.

der this criterion (solid bars in Fig. 5) is smaller than was foundEdges vs. bars

with the two-SEM criterion (hatched bars) but the false positiveq,,, experiments employed two types of texture fields, edges and
rate is controlled. With the three-SEM criterion for the one-borderp 45 The analyses in Figs. 4 and 5 were based mainly on texture
categories and the two-SEM criterion for the two-, three- andgqges: only a few cells were tested exclusively with texture bars.
four-border categories, reliable borde.r enhancement was qbta!nqqowever, a recent report suggested that texture responses can
in 24% (37156) of the cells, and reliable border attenuation in yepend on the shape or size of the texture field and that figural and
11% (17156) of the cells. The mean of this distribution is signif- 1 figure edges might produce different effects (Lee et al., 1998).
icantly shifted toward enhancement effects (one-Sig@stt > \ye therefore compared the responses to texture edges and texture
2.76,P < 0.009). o ) ~ bars in 15 cells. Border enhancement effects (using the two-SEM

~ The analogous distribution for the orthogonal texel orientationgyierion) were observed in 13 cells with edges and in 12 cells with

is shown in Fig. 5b. (Forty-one cells that responded poorly or nol,5r5 Border attenuation effects were found in four cells with edges
at all to the orthogonal orientation were excluded from analysis.)ynq in four cells with bars: two of these cells showed attenuation
Responses were generally weaker with orthogonal than with opy;ith hoth edges and bars. No cell showed enhancement to one
timally oriented texels in the RF (cf. Fig. 4) but the border effects |55 of stimuli and attenuation to the other class.

were similar. Reliable border enhancement was seen in 25% (29

115) of the cells; reliable attenuation effects were seen in only 7%
(8/115). In single cells, there was generally little or no correlationAVerage border responses across the sample

between the border effects seen with optimal and orthogonal texdtig. 6a shows the mean responses of 106 cells that were tested with
orientations. Border enhancement with optimal texels could beéborders at various distances from the RF; the responses to the three
accompanied by border attenuation with orthogonal texels (cfnearest texel positions on either side of the texture edge are shown.
Fig. 3b) orvice versaHowever, across the entire sample of cells For most border configurations, responses to optimally oriented
borders produced the same effects for both texel orientations (pairgdxels adjacent to the border were significantly larger than those
t-test givest > 3.31,P < 0.001, for the orthogonal orientation). to the same texels farther away from the border (pairezbts,



428 H.-C. Nothdurft, J.L. Gallant, and D.C. Van Essen

Population Response

30

a all cells
(n=106)

2
% 30
o b BE cells
= (n=45)
o
N 20 —
()
it
[
L
(=]
c 10
k=
=
o
o 0
E 30 Fig. 6. Mean responses of the cell sample to texture
C non-BE cells edges. Responses across the four border configura-
r (n=61) tions as in Fig. 3 were averaged over different cell
samples: (a) all cells; (b) cells that showed reliable
20 enhancement to at least one of the four border con-
| figurations; and (c) all other cells, including cells
with border attenuation effects. In the mean re-
B sponses averaged over cell samples, different border
10 ) . - ;
configurations generated similar effects. Vertical bars
L give the standard error of the mean (SEM). Re-
Fﬁﬁ’}‘ ﬁﬁﬁ ﬁﬁli:rl ﬁﬁﬁ sponse differences between near border and far bor-
0 der texels at optimal orientation varied between 1.0

. Lo and 1.8 spikess in (a), between 2.8 and 5.4 spikes
RF position within texture pattern in (b), and between 0.3 and 1.1 spikesn (c).

t > 2.42,P < 0.02, except for the rightmost configuration in that happened to show enhancement or attenuation effects only by
Fig. 6a, for which differences were not significant). When re- chance, the two cell groups should be symmetrical in their re-
sponses were averaged over all four configurations, the differencesponse properties. In addition, if border enhancement and border
between near border and far border texel positions were highlhattenuation were only chance effects and response categories were
significant(t > 3.39,P < 0.001). Response differences betweenmet only by random response variations in the cells, the effects
near border and far border texel positions varied from 1.0 to 1.6een with BE cells should be accompanied by opposite effects of
spikeg's for different border configurations. A similar pattern was the same magnitude in the complementary cell sample, the “non-
observed with orthogonal texels, but response differences were n&E” cells.
significant in this caséP > 0.05; note, however, that these re- Figs. 6b and 6¢c compare the responses of BE cells with those
sponse differences were significant in the total test sample includef all other cells in the samplen6n-BEcells). The subset of BE
ing all cells and all border configurations; cf. Fig. 4). cells showed significant enhancement to texels near the border for
To analyze for systematic response differences between cedivery tested configuration (2.8-5.4 spikesesponse difference;
groups, we classified cells for their response properties in thé > 3.29, P < 0.005; optimal orientation). When responses are
texture border tests. Cells that showed border enhancement with atveraged over different border configurations, response differ-
least one border configuration at the two-SEM level were classiences are highly significarit > 7.24,P < 0.0001). But there was
fied as ‘BE” cells; cells with border attenuation for one or more no significant border attenuation in the complementary non-BE
border configurations were classified &A". By definition, bor- cell sample (0.3-1.1 spikgs; t < 1.842,P > 0.05), even though
der enhancement effects should be stronger in the sample of Béells with clear border attenuation effects were included in this
cells, and attenuation effects should be stronger in the sample @froup. Response differences between near border and far border
BA cells. However, if each group represented a subsample of cellgexel position remain nonsignificant when responses to different
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border configurations are averaggd< 1.92). Thus, border atten- strongly suppressed by texture patterns that their mean texture
uation effects do not counterbalance the effects of border enhanceesponses fell below the spontaneous firing rates. These cells were
ment in the sample. These data suggest that border enhancementcluded from the following analysis. (Excluding these cells from
effects are stronger than border attenuation across the populatidghe analyses illustrated in Fig. 6 did not change the overall pattern
of cells in area V1. of results.)

Note that BE cells as a whole show strong enhancement for all Fig. 7 shows the mean responses of the remaining Gelis
border configurations, although in many cells reliable effects were82) averaged over all four border configurations and normalized to
seen for only one or two borders. This suggests that the respons#®e single line response of each cell. All responses to texture were
to the different border configurations were not completely inde-suppressed relative to the single line response. Even texels adja-
pendent in individual cells. This is also evident from Fig. 4 in cent to the border, which elicited the largest response, evoked only
which all four responses of a cell were labeled according to thean average of 67% of the activity obtained with a single line alone
effects that were found with at least one border configuration. If(Fig. 7a). (This value was further reduced to 57% when the 15 cells
border effects were highly variable for different configurations in with strong texture suppression were included.) Thus, although
a cell, one might expect a larger scatter of symbols in Fig. 4a thamesponses were enhanced for texels near the border relative to
is actually seen. BE cells (filled dots), for example, should bethose farther away, they were still suppressed relative to the re-
distributed on either side of the line but instead appear to be biasesponse to a single texel alone. This result is consistent with earlier
to the lower right side, although there are several exceptions. Thigeports of the primarily suppressive influence of texture surrounds
order is far less obvious for responses to orthogonal texel orienfKnierim & Van Essen 1992; Nothdurft et al., 1999).
tations (Fig. 4b). Figs. 7b—7d show the same analysis for different subsamples
of cells categorized according to their texture border effects. The
sample of BE cells (Fig. 7b) showed strong border enhancement
(pairedt-test;t = 7.54,P < 0.001) even though individual cells
Most cells examined in this study were also evaluated in a separatgroduced reliable enhancement for only one or two border con-
popout test that was typically performed immediately before orfigurations. Non-BE cells (Fig. 7c) did not show any reliable
after the texture border test (see Methods). The popout test insorder effectP > 0.05), and in particular none that could com-
cluded the following three conditions: (1) the optimal texel pre- pensate for the enhancement of BE cells in the sample. Even in
sented alone in the RF, with no texture surround; (2) the optimaBA cells (cells that showed border attenuation with at least one
texel embedded in a uniform texture field with all texels parallel to border configuration; Fig. 7d) the response differences to near
that in the RF (the “uniform texture” condition); and (3) the opti- and far border texels were not significat® > 0.05) when
mal texel surrounded by a homogeneous field of orthogonal texelaveraged over all border configurations. Thus, border attenuation
(the “popout” condition; Nothdurft et al., 1999). Ninety-seven cells was not only less common than border enhancertrert 13 vs.
of the sample in Fig. 6 were evaluated in this test. Fifteen of thesen = 36) but attenuation effects were also generally smaller than
although responding well to the single texel in the RF, were soenhancement effects.

Comparison with single texels and popout

Population Response
a b c d e f

all cells BE cells non-BE cells BA cells OC cells non-OC cells
(n=82) | | (n=36) % (n=46) | | (n=13) | | (n=24) (n=58)

SN
X X1

XXX

|
lild

XX

mean firing rate [spikes/s]
KX

XD

ilili

RF position within texture pattern

Fig. 7. Mean texture border responses in V1. For each cell, responses for the different border configurations were averaged and
normalized with respect to the responses obtained with single lines on a blank field. Histograms show the mean responses of different
cell samples at three texel positions on either side of the texture edge. Cells that were completely suppressed by texture fields are not
included. All responses to texture were suppressed relative to the single line response. (a) Single line response (left) and means of all
cells. (b) Means of BE cells whose responses were enhanced with at least one border configuration. (c) Means of all other (non-BE)
cells. (d) Means of BA cells with an attenuation effect for at least one border configuration. (e) Means of cells with preference for
orientation contrast in the popout test. (f) Means of all other (non-OC) cells tested for popout effects. Vertical bars give the SEM.
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In the popout test, we placed cells into four separate classes The Border Enhancement Index, BE, quantifies the enhance-
according to their response properties (Nothdurft et al., 1999)ment of responses to texels near the border relative to those ob-
Orientation contrast@C) cells responded best to the popout con- tained with texels farther away (three steps, or five if tested). For
dition; uniform texture UF) cells preferred homogeneous texture different border configurationis
fields; and generally suppresse@g) cells were suppressed by
any texture surround. All other cells were classified as showing no BE = (Rheari) — Rfar))/Riar(i) @)
effect (n.e). If border enhancement is caused by the same mech-
anism that produces orientation contrast effects in the popout teslynereR’ denotes a neuron’s response to a given stimulus condi-
then it should be particularly pronounced in OC cells. UF cells, ontiony (Note that this index is computed with true firing rates as
the other hand, should be expected to show primarily border atgiscyssed in Methods.) BE values are positive if responses to
tenuation, and n.e. cells no effect in the border test. As shown ifeye|s near the border are relatively enhanced and negative if they
Fig. 7e, OC cells indeed showed pronounced border enhancemegfe rejatively attenuated. The values from the four border config-

in their mean responses (pairédest; t = 4.59, P < 0.001),  yrations are averaged to give the m&mindex of a cell:
whereas the remainingon-OCcells did not (Fig. 7ft = 1.46,P =

0.15). Table 1 summarizes the relationship between popout and BE = (BE) = (SBE)/4 )
texture border effects in the entire sample of cells. On average, OC '

cells showed significant border enhancement (mean effects in th\?\/e computed BE indices on both sides of a texture border, with

right column of Table 1 are significantly different from zero; one- optimally and nonoptimally oriented texels in the RF. The Gener-

sidedt-test;t = 50 P < 0.001), while UF celis tended to show alized Border Enhancement (GBE) index of a cell was defined as
border attenuation effects = 1.72,P =~ 0.05). The n.e. cells as a . .
the weighted mean of these values:

whole were not strongly modulated by texture bordgrs 1.36,
P > 0.05). Thus, responses in the texture border and the popout

tests were related in these three cell classes. GS cells, on the other GBE = (BEgpt Ropt + BEnonopt Ronopd/ (Ropt + Rhonopd-  (3)

hand, which were strongly suppressed by all texture surrounds in - - )

the popout test, showed a more diverse pattern of responses in tff&is index quantifies enhancement (positive) and attenuation ef-
border test. Both enhancement and attenuation effects were seen!®fts (negative) averaged over all border configurations. If the
these cells; enhancement effects predomindted 2.14, P < average near border responses were twice as large as the average
0.05). The distribution of GS cells across texture border respons& border responses, then the GBE index will equal 1. (For ex-
categories thus resembles that of the entire cell sample, which wamPple, the GBE index of the cell in Fig. 3b was 0.25 and that of

also biased to border enhancement effétts 3.05,P < 0.005).  the cellin Fig. 2d was 1.08.) _
The distribution of the GBE indices of all 156 cells in our

sample is shown in Fig. 8. The distribution in Fig. 8a is signifi-
Quantitative analysis of border effects cantly skewed towarq bo_rder_ en_har_u_:ement (one-sidedt; t =

4.81; P < 0.001). This bias is significant for OC and BE cells
We computed several indices to quantify response modulation byrig. 8h, 8c;t = 4.60, 7.37, respectively, &t < 0.0005) and also
texture boundaries. Some of these indices were originally derivegor non-OC cells in this samplé& = 3.10,P < 0.005). Non-BE
for full-field texture surrounds (Knierim & Van Essen 1992; Noth- cells did not show a significant bigs = 0.05,P > 0.05). Border

durft et al., 1999) and were modified for application here. attenuated (BA) cells produced a negaBRE distribution (Fig. 8d;

Table 1. Distribution of response categories in the border test (columns) and in the popout test (rows) for optimal
texel orientatioft

Textures around optimal line elements (156 cells)

N borders
N borders attenuated enhanced
—_— (N) borders enhanced

(-4 )3 )2 M1 0 1 2 3 4 No. of cells ((N) = SEM)
ocC 2 15 9 7 3 1 35 0.97+0.19
UF 5 2 8 4 18 —0.44+0.26
GS 2 8 23 14 4 2 52 0.31+0.14
n.e. 3 9 17 6 1 34 —0.21+0.15
? 2 8 7 1 17 0.41+0.17
N cells with effect 10 23 71 40 13 5 1 163/156 0.20.09

aThe table includes all 156 cells; seven cells with both enhancement and attenuation effects for different border configurations are listed
twice in the left part of the table. The right column gives the mean and the SEM of each distribution (enhancement positive, attenuation
negative); different effects in a single cell were averaged for this analysis. OC: cells that preferred orientation contrast; UF: cells that
preferred uniform texture; GS: cells whose responses to texture patterns were generally suppressed; n.e.: cells with no reliable popout
effect; and ?: cells not tested in the popout paradigm. The response properties observed in the two tests were clearly related: cells that
preferred orientation contrast in the popout test also showed the strongest enhancement to texture borders. Cells that preferred uniform
textures tended to be attenuated in the presence of a texture border.
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t=1.71,P < 0.05). (Note that because the GBE averages over all
four border configurations the enhancement obtained with a spe-
cific texture border could be much stronger than Fig. 8 suggests.)

Taken together, Figs. 6—8 demonstrate an enhancement of area
V1 responses to nearby borders relative to far borders. The effects
were most pronounced in BE and OC cells and were not compen-
sated by opposite effects in the complementary cell samples (non-BE
cells, non-OC cells). Thus, there is a strong asymmetry in the
modulatory effects of texture borders in area V1; enhancement
effects are overall larger than attenuation effects.

Comparison with homogeneous surrounds

In the accompanying popout study (Nothdurft et al., 1999), we
distinguished two components of texture modulation and quanti-
fied them by separate indices (see also Knierim & Van Essen,
1992). The Average Suppression Ind&S() measured the mean
suppression from different texture surrounds, while the Differen-
tial Firing Index OFI) measured the relative response differences
between popout and uniform texture conditions.

ASI=1- (Rpopout+ I:zunii‘orm)/ZRSingle liner

DFI = (Rpopout_ Runiform)/Rsingle line:

We have computed similar indices for the border test:
ASI" = 1— (Rneart Rfar)/ZRsingle lines 4)

DFI* = (Ruear— Rar)/Reingle line ©)

Although the indices are defined similarly for the two tests, the
stimuli themselves were different. In the popout test, all texels in
the surround were either similar or orthogonal to the texel in the
RF. In contrast, the surround used in the texture border test was
always bi-partite. Even in the near border condition, the majority
of texels in the surround were identical to the texel in the RF, while
fewer than half had the contrasting orientation. Because texels in
the surround that are parallel to that in the RF tend to produce the
strongest suppression (Knierim & Van Essen, 1992; Nothdurft
et al., 1999), we expect suppression effects to be larger, and dif-
ferential effects smaller in the texture border test than in the popout
test. This was indeed the case. Fig. 9 show#tBEandDFI values
computed for both the border test (abscissa) and the popout test
(ordinate) in the same cells. (Only data from stimulus conditions
with the optimal texel orientation are shown.) TA8Idistribution

in Fig. 8a is shifted to the lower right, indicating that tASK
values obtained from texture border tests were generally larger
than theASlvalues obtained in the popout test (paitedst gives

t = 3.4, P < 0.001 for data points in the centréSl ranges;

Fig. 8. Distributions of the Generalized Border Enhancement (GBE) indi-
ces for different cell groups: (a) the entire sample, (b) OC cells and non-OC
cells as identified in the popout test, (c) BE cells (showing border enhance-
ment for at least one border configuration) and non-BE cells, and (d) BA
cells (with border attenuation effects for at least one border configuration).
The distributions are shifted toward border enhancement (positive values)
for all cell groups except non-BE cells (no shift) and BA cells (shift toward
border attenuation effects; negative values).
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Fig. 9. Texture modulation indices measured with homogeneous texture surrounds (ordinate) or bi-partite textures near the texture
border (abscissa). (a) Average Suppression Indid&s)(and (b) Differential Firing indices¥FI) as obtained with the optimal texel
orientation in the texture border test and in the popout test. The distributions indicate stronger suppression from similar texels than from
orthogonal texels in the surround, and a nearly linear relationship between the strength of suppression and the number of similar texels
in the nearby surround. Cell labels refer to response categories in the popout test: OC: preference for orientation contrast; GS: generally
suppressed; UF: preference for uniform texture; and n.e.: no effect.

—1.5= ASI=1.5;n=132). The difference is less pronounced for Timing analysis
high ASI values because these cells showed strong suppressi

from both texture surrounds. The correlation betwaSk ob- 0I%mporal response characteristics were analyzed in all BE cells

. . - that gave brisk r n t stimul nset. (The analysis shown
tained with the two types of stimuli was significamt= 0.71,P < at gave brisk respo Ses at stimulus onse ( 1€ analysis sho
here is based on the original cell responses, but similar results were

0.001). . .
. . . . obtained when the cell responses were normalized to the mean
Differential effects were about twice as large in the popout test. _.~. o . .
. : L activity in the near border condition.) Fig. 11a illustrates the near
as in the texture border test (Fig. 9b). The slope is slightly greatec[md far border responses, averaged over all four border configu
than 2.0, consistent with the fact that fewer than half of the texels P ’ 9 9

. ; ; . rations for the population of BE cells. Stimulus evoked activity
in the texture border surround displayed orientation contrast. Thu .
. egan about 40 ms after stimulus onset, and the near and far border
DFI values appear to depend directly on the number of orthogona . ) .
. : . . . _responses diverged about 20 ms later. To verify the time course of
texels in the surround. Differential effects in both tests were sig-,. " .
s this difference, we compared the average near and far border re-
nificantly correlated for the sample of OC and UF célis= 0.69, . b . - .
sponses in all 20-ms time windows encompassing the stimulus

P = 0.001, slope= 2.35), but not for GS cells or n.e. cells. The eriod (see Fig. 11b). Near and far border responses were not
correlation in theDFIs obtained with texture border and popout perio 9. ; - . P
ignificantly different in any time windows before 60 ms after

stimuli suggests that surround ef_fects in these two tests are medi—timulus onset (pairetitest,t < 1.21,P > 0.05), but they were
ated by common neural mechanisms.

. . . ._ significantly different in all later time windowst > 3.13,P <
Fig. 10 shows the analogous analysis for texels at intermediat L

- .005). The observed delay of border enhancement effects is sim-
positions, one step away from the border. (Responses to thes

; . i, . r to the delay observed with popout and uniform texture patterns
intermediate positions replace the near border responses in eqns. Qﬁothdurﬁ et al., 1999), suggesting that the explicit representation
and (5). Since intermediate positions were not tested in all cells ! » Sugg 9 P P

the sample is smaller than that plotted in Fig. 9.) B distri- of texture boundaries and popout targets occurs after initial re-

butions for popout and texture borders in Fig. 10a differ signifi- sponses to the texture stimulus itself.

cantly (paired-test:t = 3.68,P < 0.001), reflecting the generally

stronger suppression from texture surrounds in the texture bordo:--l:siscussion

test(r = 0.81,P < 0.001). However, differential effects from the

more distant border configuration are almost nonexistent (cfOur data show that responses in V1 can be strongly modulated
Fig. 10b). Thus, border effects were only pronounced for texeldy texture borders near the classical RF. In 24% of the cells,
immediately adjacent to the border (cf. Fig. 7). responses to texels immediately adjacent to a texture border were
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Fig. 10. Texture modulation indices as in Fig. 9 obtained when the texture boundaries were farther from the RF. In these plots, texture
border indices were computed for texels in the second row from the border. While the average suppression was still pronounced,
differential (border) effects almost vanished at this distance.

larger than the responses to texels farther away. An additionadf the border, perhaps reflecting asymmetries in the RF surround
11% of cells showed response attenuation to borders near th@Valker et al., 1997). However, the average responses of all V1
RF, but these effects were generally weaker. The strength ofells in the sample showed enhancement effects for all border
modulation in individual cells often depended on the orientationconfigurations.

a Time Course of Mean Responses b Significance

80 of Response Difference
- : BE cells 1
B 60 N=58
£ | - 0.1¢
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L, 40 1 - % 0.01 ¢ p = 0.005
[)] L [
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time after stimulus onset delay after stimulus onset

Fig. 11.(a) Time course of the mean responses of BE cells to texelsveesusfar from the border. Responses begin to diverge about

60 ms after stimulus onset and about 15-20 ms after response onset. The histograms shown here had a bin width of 1 ms and were
smoothed with a 7-ms rectangular window. (b) Evaluation of significance using pigetlanalysis. For different delays after stimulus

onset (abscissa), responses in a 20-ms time window were averaged and compared. Response differences were generally not significant
for time windows before the 60-ms delay and generally significant for time windows thereafter.
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Figure and ground luminance and orientation contrast are represented at the same
These findings are particularly noteworthy, as they were obtainecljevel of prqcessmg,_then both types of con_tours ’T“ght be repre-
Sented similarly at higher stages of processing. This could explain

in anesthetized animals. Several recent studies of area V1 con- . . . .
why texture borders defined by multiple dimensions can generate

ducted in alert p”ma‘e? foun_d |n_crease_d responses (o textural fi he percept of a single homogeneous boundary (Nothdurft, 994
ures compared to identical stimuli contained in textural backgroun L : .
ontextual modulation in V1 is produced by many texture dimen-

(Lamme, 1995; Zipser et al., 1996; Lee et al., 1998), but these ions including differences in motion, color, and binocular dispar-

iggt;t)s ﬁitﬁer\f}(er)roritr?ds;?n(jelsgfp?ﬁ:steursutjjc;isg eiﬂ;gfr;:\iilgssrrlgttagry (Allman et al., 1990; Knierim & Van Essen, 1992; DeAngelis
’ o . ' et al., 1994; Li & Li, 1994; Sillito et al., 1995; Zipser et al., 1996;
whether the increased responses to figures were due to respongse . .
. . . astner et al., 1997, 1999). Therefore, this effect may generalize to
modulation by texture borders or reflected active perceptual figure-

. . . . .dimensions other than orientation that also produce the percept of
ground segmentation. While there is evidence from psychophysmﬁomo eneous regions delimited by sharp texture boundaries (Ca-
(e.g. Nothdurft, 198B, 1992, 1994, 1997) and eye movement 9 9 y P

studies (Deubel et al., 1988) that texture boundaries are crucial f0¥anagh etal., 1990; Nothdurft, 1993, 1394.995). .
The modulatory effects of texture borders do not necessarily

the detection of texture figures, some cells in the earlier alert . . . .
. . imply that theorientationof these borders is represented explicitly
monkey studies showed increased responses regardless of their ;
. - ) Ih area V1. Although the border effects we observed often varied
position within the figure. In contrast, the present data from anes;

) . . for different configurations, so V1 cells might represent either
thetized animals demonstrated clear modulation by nearby textur; - . . - . S
. ) ) . » border orientation or their position relative to a segmented region;

borders, but did not confirm the figural “interior enhancement

. . ) the global border orientation might also be extracted elsewhere.
effects reported in the studies on alert animals (Lamme, 1995Meri an et al. (1993) found that V2 lesions in the macaque re-
Zipser et al., 1996; Lee et al., 1998). Only the recent alert monke Y . q

P uced the ability to discriminate the orientation of texture bars
study of Lee et al. (1998) distinguished between enhancemeﬁdeﬁned by orientation contrast) but did not affect the detection of

effects observed near texture boundaries and those related to the . . B
. . popout from orientation. Thus, discrimination of texture borders
size and form of texture figures. In that study, texture border en- .
may occur at a later stage of processing than area V1.
hancement effects were most pronounced when the border was
parallel to the cell's preferred orientation. To avoid confounds
related to texel alignment (Beck et al., 1989; Field et al., 1993;Parallels to visual popout

Polat & Sagl, 1993; Kapadu:i etal,, 1995), our tegture borders WG he modulatory effects of texture surrounds have previously been
always oblique to the cell's preferred orientation. Even so, we

- tudied using homogeneous texture fields. Neurons in V1 gener-
found that border enhancement effects were clearly visible an o
. . ally respond less strongly to texels surrounded by similar texels
were quite strong in some cells.

Lee et al. (1998) also reported increased responses at the Cen%han to the same texels when surrounded by texels at the orthog-

! - (%al orientation (Knierim & Van Essen, 1992; Kastner et al., 1997,
axes of square- or bar-shaped texture figures in some cells. Th ) .
. . 999; Nothdurft et al., 1999). Because texels in orthogonal sur-
authors related this observation to analogous perceptual effecfs . . . N . ; .
. : rounds are highly salient and “pop out” (Treisman, 1985; Treisman
observed in humans (Kovacs & Julesz, 1994). We did not observ : i )
; ) . . . Gormican, 1988; Foster & Ward, 1991; Nothdurft, 1991, 1992),
reliable effects of this sort in anesthetized animals (but have teste o )
. . . It has been proposed (Knierim & Van Essen, 1992; Nothdurft,
only a small sample of cells with bar-shaped stimuli). However, .
: ) - 21991, 1994; Kastner et al., 1997) that perceptual popout could be
with respect to border effects we did not see any systematic dif; . . -
- . based on the surround modulation observed in area V1. Similar
ferences between texture bar and texture edge stimuli, suggestlns% . .
. ._surround enhancement effects might account for the detection of
that border effects, unlike center effects, do not depend on the size .
. L . . Zt[exture boundaries (Nothdurft, 1984
of the texture figure. This is in agreement with the observations o . .
Psychophysical studies have shown that popout and texture
Lee et al. (1998). ) .
segmentation share many properties. For example, both phenom-
ena depend on local orientation contrast (Nothdurft, 1991, 1992).
In the present study, we found a clear relationship between mod-
It is commonly assumed that contours defined by luminance conulation by homogeneous texture fields and by texture borders.
trast are extracted in area V1 and that their local orientation ilBorder enhancement and popout effects were linearly related in
explicitly represented in the activity of neurons at this level. Sincemany cells (cf. Fig. 9), and the strength of both effects depended
orientation contrast can be detected only by comparing local orimainly on the number of contrasting texels in the immediate sur-
entation across space, one might have predicted that texture bamund of the RF. In addition, differences in the time course of
ders defined by orientation contrast would be represented in higheesponses obtained with texels nearer and farther from the texture
visual areas where the orientation-specific responses of V1 cellsorders (Fig. 11) were similar to those found with popout and
could be compared. Contrary to this prediction, but in agreementiniform texture fields (Nothdurft et al., 1999). These parallels
with evoked potential studies (Bach & Meigen, 1992; Lamme suggests that both perceptual phenomena are mediated by similar
et al.,, 1992, 1993), our data suggest that contours defined bgeural mechanisms.
orientation contrast are also represented in V1. The enhanced responses to nearby borders were usually smaller
This observation has several important implications for modelghan the responses obtained for a single line, suggesting that
of visual segmentation. First, response modulation by feature corborder enhancement is not due to specific facilitatory effects (cf.
trast provides a simple mechanism to extract borders from mordaffei & Fiorentini, 1976; Sillito et al., 1995). Instead, these
complex textures (Nothdurft, 19941997). Local orientation con- effects may be due to orientation-dependent inhibition (e.g. stron-
trast will enhance the responses near a texture border, irrespectiger suppression for similar texels in the surround) or disinhibi-
of the orientation of the constituent texels; thus, borders made ofion (e.g. weaker suppression from orthogonal texels in the
different texel orientations are represented by similar variations irsurround), or perhaps a combination of both. Either of these
the mean responseis V1. Second, if texture borders defined by mechanisms could be implementeé long-range connections

Neuronal representation of texture borders
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within V1 (Rockland & Lund, 1983; Gilbert & Wiesel, 1989) or ECKHORN, R., BAUER, R., JORDAN, W., BroscH, M., KRUSE, W., MUNK, M.
via feedback from higher areas. & REITBOECK, H.J. (1988). Coherent oscillations: A mechanism of fea-
ture linking in the visual cortexBiological Cybernetic$0, 121-130.
FIELD, D.J., HAYES, A. & Hess, R.F. (1993). Contour integration by the
Feature linking and alignment human visual system: Evidence for a local “association fiel&ion
g 9 Researct3, 173-193.
Our data suggest that local feature contrast is sufficient to allowFosTER, D.H. & Warp, PA. (1991). Asymmetries in oriented-line detecion

; _ indicate two orthogonal filters in early visioRroceedings of the Royal
texture segmentation (Nothdurft, 1991, 1894nd that segmen Society B(London) 243 75-81.

tation does not require the active grouping of similar elements;,;; \xt. JL. Van Essen. D.C. & NoTHDURFT. H.C. (1995). Two-
by feature linking processes (cf. Singer, 1985; Eckhorn et al., dimensional and three-dimensional texture processing in visual cortex
1988). Local orientation contrast increases the activity of cells of the macaque monkey. Early Vision and Beyoncd.PAPATHOMAS,

near texture borders and hence “marks” the course of texture TV CHUBB, C., GOREA, A. & KOWLER, E., pp. 89-98. Cambridge,
borders in V1 Massachusetts: MIT Press.

' . . . GALLANT, J.L., CoNNOR, C.E., RAKSHIT, S., LEwIs, JW. & VAN ESSEN,
However, other perceptual phenomena might be consistent with  p c. (1996). Neural responses to polar, hyperbolic, and Cartesian grat-

feature linking mechanisms. For example, the perceived continu- ings in area V4 of the macaque monkdgurnal of Neurophysiology
ation of a long path of locally similar line elements in a texture 76, 2718-2739.

field (Field et al., 1993; Moulden, 1994) or of aligned SquareSGILBERT, C.D. & WiEesEL, T.N. (1989). Columnar specificity of intrinsic
! ' T . horizontal and corticocortical connections in cat visual cordexirnal
(Beck et al., 1989) suggests the existence of mechanisms that .t Neyrosciencs, 2432—2442.

detect colinearity and alignment (see also Polat & Sagi, 1993)Goroms, B., ANDERSEN, R.A., NakaYaMa, K., MacLEOD, D.I.A. & WONG,
Kapadia et al. (1995) verified that responses of V1 cells are en- A. (1985). Visual thresholds for shearing motion in monkey and man.
hanced when a bar in the RF is aligned with another bar of similar Vision Researci2s, 813-820.

. Lo . . .. JuLEsz, B. (1971). Foundations of the Cyclopean Perceptidbhicago,
orientation in the near surround. Our stimuli were not approprlateJ lllinois: University Press.

for testing such effects because the nearest texels were alwayg; sz, B. (1975). Experiments in the visual perception of text@eien-
placed oblique to the main axis of the RF (cf. Figs.1-3). Thus, our tific American232(4), 34—43.

data reflect the genera| effects of modulation from a texture surJULESz, B. .(1984). A b_rief outline of the texton theory of human vision.
round, but do not address specific interactions from local regions, Trends in Neurosciencg, 41-45.

f th d. Th dul . h b d PADIA, M.K., ITO, M., GILBERT, C.D. & WESTHEIMER, G. (1995). Im-
of the surround. The modulatory effects we have observed ap- provement in visual sensitivity by changes in local context: Parallel

peared to depend mainly on the number of contrasting texels nearby; studies in human observers and in V1 of alert monkéjeuron 15,
systematic variations with texture border orientation were not seen. 843-856.
However, there is psychophysical evidence that such variations d§ASTNER, S., NOTHDURFT, H.C. & PIGAREY, LN. (1997). Neuronal corre-

. . lates of pop-out in cat striate corteXision Researct37, 371-376.
occur (Nothdurft, 1992; Wolfson & Landy, 1995). Interactions KASTNER, S., NOTHDURFT, H.C. & PIGAREV, LN. (1999). Neuronal re-

between the global orientation of texture borders and the local gponses to orientation and motion contrast in cat striate coviemal

orientation of texture elements thus remain an important issue for Neurosciencel6, 587—600.

future single cell studies. KNIERIM, JJ. & VaN Essen, D.C. (1992). Neuronal responses to static
texture patterns in area V1 of the alert macaque monkeyrnal of
Neurophysiology67, 961-980.

Acknowledgments Kovacs, I. & JuLesz, B. (1994). Perceptual sensitivity maps within glob-
ally defined visual shapedature 870, 644—646.

The work was supported by NATO Collaborative Research Grant CRGLAMME, V.A.F. (1995). The neurophysiology of figure-ground segregation

890920 and by ONR Grant NO0014089-J-1192. in primary visual cortexJournal of Neuroscienc&5, 1605-1615.

LaMME, V.A.E,, VAN Duk, B.W. & SPEKREUSE, H. (1992). Texture segre-

gation is processed by primary visual cortex in man and monkey.

References Evidence from VEP experiment¥ision Researcl32, 797-807.
LAMME, V.A.F., VAN DK, B.W. & SPEKREDSE, H. (1993). Organization of
ALLMAN, J., MiEzIN, F. & McGuINNEss, E.L. (1990). Effects of back- texture segregation processing in primate visual coNésual Neuro-

ground motion on the responses of neurons in the first and second sciencel0, 781-790.
cortical visual areas. ISignal and Sense: Local and Global Order in  LEE, T.S., MuUMFORD, D., ROMERO, R. & LAMME, V.A.F. (1998). The role

Perceptual Mapsed.EpeLMaN, G.M., GaLL, W.E. & CowaN, M.W.,, of the primary visual cortex in higher level visiodision Researci38,
pp. 131-142. New York: Wiley-Liss. 2429-2454.

BacH, M. & MEIGEN, T. (1992). Electrophysiological correlates of texture Li, C.Y. & Li, W. (1994). Extensive integration field beyond the classical
segregation in the human visual evoked potenti@ion Researci32, receptive field of cat’s striate cortical neurons—classification and tun-
417-424. ing propertiesVision Researct34, 2337-2355.

BECK, J. (1966). Perceptual grouping produced by changes in orientatiorMAFFE1, L. & FIORENTINI, A. (1976). The unresponsive regions of visual
and shapeSciencel54, 538-540. cortical receptive fieldsVision Researcii6, 1131-1139.

BECK, J. (1982). Textural segmentation. Drganization and Representa- MERrIGaN, W.H., NEALEY, T.A. & MAUNSELL, JH.R. (1993). Visual effects
tion in Perception ed. BEck, J., pp. 285-317. Hillsdale, New Jersey: of lesions of cortical area V2 in macaquésurnal of Neurosciencgs,
Erlbaum. 3180-3191.

BECK, J., ROSENFELD, A. & IVRy, R. (1989). Line segregatiorSpatial MoULDEN, B. (1994). Collator units: Second-stage orientational filters. In
Vision 4, 75-101. Higher-Order Processing in the Visual Syst@d.Bock, G.R. & GOODE,

CAVANAGH, P, ARGUIN, M. & TrEIsSMAN, A. (1990). Effect of surface JA., pp. 170-192. Chichester: JA. Wiley (Ciba Foundation Sympo-
medium on visual search for orientation and size featulesrnal of sium 184).

Experimental Psychology: Human Perception and Performab8e  Nakavama, K. & TYLER, C.W. (1981). Psychophysical isolation of move-
479-491. ment sensitivity by removal of familiar position cud&sion Research

DEANGELIS, G.C., FREEMAN, R.D. & OHzawa, 1. (1994). Length and 21, 427-433.
width tuning of neurons in the cat’s primary visual cortégurnal of NAKAYAMA, K., SILVERMAN, G.H., MacLEoDp, D.I.LA. & MULLIGAN, J.
Neurophysiology’1, 347-374. (1985). Sensitivity to shearing and compressive motion in random dots.

DEUBEL, H., FINDLAY, J. M., JACOBS, A. & BroGaN, B. (1988). Saccadic Perceptionl4, 225-238.
eye movements to targets defined by structure differencé&ydrMove-  NotHpurrT, H.C. (1985). Orientation sensitivity and texture segmenta-
ment Research: Physiological and Psychological AspesdSLUER, tion in patterns with different line orientatiofvision Researci25,

G., Lass, U. & SHALLO-HOFFMAN, J., pp. 107-145. Gottingen: Hogrefe. 551-560.



436 H.-C. Nothdurft, J.L. Gallant, and D.C. Van Essen

Notupurrt, H.C. (198%h). Sensitivity for structure gradient in texture nels: Suppression and facilitation revealed by lateral masking experi-
discrimination tasksVision Researcl25, 1957-1968. ments.Vision Researcl33, 993-999.

NotHDpURFT, H.C. (1991). Texture segmentation and pop-out from orien- RockLAND, K.S. & LunD, J.S. (1983). Intrinsic laminar lattice connections
tation contrastVision Researcl31, 1073-1078. in primate visual cortexJournal of Comparative Neurologd16, 303—

NotHDpURFT, H.C. (1992). Feature analysis and the role of similarity in 318.
pre-attentive visionPerception and Psychophysibg, 355-375. SiLLito, A.M., GRIEVE, K.L., JoNEs, H.E., CUDEIRO, J. & DAvIs, J. (1995).

NoTtHDURFT, H.C. (1993). The role of features in preattentive vision: Com- Visual cortical mechanisms detecting focal orientation discontinuities.
parison of orientation, motion, and color cu&ésion Researct83, Nature 378 492—-496.

1937-1958. SINGER, W. (1985). The putative role of synchrony in cortical processing.

NotHpuURrFT, H.C. (1994a). Cortical properties of preattentive vision. In Vision Researcl25, 1297-1304.

Structural and Functional Organization of the Neocortexl. ALBo- TREISMAN, A. (1985). Preattentive processing in visi@omputer Vision,
witz, B., ALBus, K., KUHNT, U., NoTHDURFT, H.C. & WAHLE, P, Graphics, and Image Processiiy, 156-177.
pp. 375-384. Heidelberg: Springer. TREISMAN, A.M. & GELADE, G. (1980). A feature-integration theory of

NotapurrT, H.C. (1994b). On common properties of visual segmenta- attention.Cognitive Psychologg2, 97-136.
tion. In Higher-Order Processing in the Visual Systesd.Bock, G.R. TREISMAN, A. & GORMICAN, S. (1988). Feature analysis in early vision:
& GOODE, JA., pp. 245-268. Chichester: J.A. Wiley (Ciba Foundation Evidence from search asymmetri€&sychological Revie®w5, 15—-48.
Symposium 184). VaN Essen, D.C. (1985). Functional organization of primate visual cortex.

NotHDpURFT, H.C. (1995). Generalized feature contrast in preattentive vi- In Cerebral Cortexed.Jongs, E.G. & PETERs, A., pp. 259-329. New
sion. Perception24, 22. York: Plenum.

NotHpurrT, H.C. (1997). Different approaches to the coding of visual VAN EssEN, D.C., GALLANT, J. & NoTHDURFT, H.C. (1993). Texture pro-
segmentation. II€omputational and Biological Mechanisms of Visual cessing in striate and extrastriate cortex of the Macaque moSiey.
Coding ed.JENKINS, M. & HARris, L., pp. 20—43, New York: Cam- tial Vision 7, 84.
bridge University Press. WALKER, G.A., OHZAWA, . & FREEMAN, R.D. (1997). Asymmetrical sup-

NoTHDURFT, H.C. & L1, C.Y. (1985). Texture discrimination: Representa- pression in receptive field surrounds of neurons in the cat's striate
tion of orientation and luminance differences in cells of the cat striate  cortex. Investigative Ophthalmology and Visual Scield& S968.
cortex.Vision Researci25, 99-113. WoLrE, JIM. (1992). “Effortless” texture segmentation and “parallel” vi-

NoTHDURFT, H.C., GALLANT, JL. & VAN Essen, D.C. (1992). Neural sual search are not the same thiksion Researcl32, 757-763.
responses to texture borders in macaque areaSdétiety for Neuro-  WoLrsoN, S.S. & LanDy, M.S. (1995). Discrimination of orientation-
science Abstract8(2), 1275. defined texture edge¥ision Researcl35, 2863-2877.

NoTHDURFT, H.C., GALLANT, JL. & VAN EssEN, D.C. (1999). Response  ZIpSER, K., LAMME, V.A.F. & ScHILLER, P.H. (1996). Contextual modula-
modulation by texture surround in primate area V1: Correlates of “pop-  tion in primary visual cortexJournal of Neuroscienc#6, 7376—7389.

out” under anesthesid/isual Neurosciencé6, 15-34. ZIPSER, J., LAMME, V.A.F. & SPEKREUSE, H. (1997). Figurg¢ground signals
OrsoN, R.K. & ATTNEAVE, F. (1970). What variables produce similarity in V1 eliminated by anesthesitnvestigative Ophthalmology and Vi-
grouping?American Journal of Psycholog83, 1-21. sual Science38, S969.

PoraT, U. & Sacr, D. (1993). Lateral interactions between spatial chan-



