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Response modulation by texture surround
in primate area V1.
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Abstract

We studied the effects of contextual modulation in area V1 of anesthetized macaque monkeys. In 146 cells,
responses to a single line over the center of the receptive field were compared with those to full texture patterns in
which the center line was surrounded by similar lines at either the same orientatiforifi texturg or the

orthogonal orientationafientation contrast. On average, the responses to single lines were reduced by 42% when
texture was presented in the surround. Uniform textures often produced stronger suppression (7% more, on average)
so that lines with orientation contrast on average evoked larger responses than lines in uniform texture fields. This
difference is correlated with perceptual differences between such stimuli, suggesting that physiological mechanisms
contributing to the saliency (“popout”) of textural stimuli operate, at least to some degree, even under anesthesia.
Significant response modulation by the texture surround was seen in 112 cells (77%). Fifty-three cells (36%)
responded differently to the two texture patterns; response preferences for orientation contrast (35 cells; 24%) were
seen more often than preferences for uniform textures (18 cells; 12%). The remaining 59 cells (40%) were similarly
suppressed by both texture surrounds. Detailed analysis of texture modulation revealed two major components of
surround effects: (1) fast nonspecific (“general”) suppression that occurred at about the same latency as excitatory
responses and was found in all layers of striate cortex; and (2) differential response modulation that began about
60—70 ms after stimulus onset (about 15-20 ms after the onset of the excitatory response) and was less
homogeneously distributed over cortical layers.

Keywords: Macaque monkey, Striate cortex, Single-cell recordings, Classical receptive field, Center-surround
interaction, Contextual modulation, Anesthesia

Introduction subregions of the RF (inhibitory endzones or sidebands; Hubel &

. . . . . Wiesel,1965,1968; Henry & Bishop,1971; Dreher,1972; Bishop

One problem in understanding the neural basis of visual perception ) :

. . 2 ) - ) et al.,1973; Kato et al.,1978), later studies have demonstrated that

is the link between the mosaic-like representation of visual infor- ;

mation in the earlv visual svstem and the alobal perception o uch influences extend far beyond these local modulatory zones
y Y 9 P P (e.g. Allman et al., 1990; Gilbert & Wiesel, 1992; Knierim & Van

spatially extended objects. While filter properties of neurons atg o " 995 peangelis et al., 1994: Li & Li, 1994: Kapadia et al.
early stages of processing have been studied extensively, we kno! 95- éillito let al 1995 Zips,er ot éll 199(’3)_ Thé stimulation of'

{ﬁ(leas\ilseulilllxi)e“gbOUt the way they encode large-scale aspects OSilent regions outside the RF can modify a cell’'s sensitivity even in

Several studies have reported that responses in V1 can be strongﬂ:ye absence of driving stimuli (Gilbert & Wiesel, 1992; Das &

o . N o . . ilbert, 1995), which illustrates their important role in perpetual
modulated by stimuli outside the “classical” excitatory receptive _ . U . - .
) : . ; o : ... _cortical plasticity. These observations clearly indicate that cells in
field (RF). While earlier reports linked this interaction to specific . : . X
the primary visual cortex are not simply local filters whose pro-

cessing is limited to the stimulus over the RF, but must be seen as
part of a network that is modulated by stimulus context.
Although there is now general agreement on the existence of
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1994), but facilitatory effects have recently been reported as welthat were surrounded by lines having the same or the orthogonal
(Kapadia et al., 1995). Several studies have demonstrated specifizientation (the “uniform texture field¥s. the “popout” condi-
suppression from global stimulation of the RF surround (e.g.tion). Here, we compare these data to those obtained in a similar
Blakemore & Tobin, 1972; Fries et al., 1977; Nelson & Frost, study in the alert monkey (Knierim & Van Essen, 1992). The
1978; Allman et al., 1990; Born & Tootell, 1991; Knierim & Van present study also provides a useful baseline for comparisons with
Essen, 1992; Li & Li, 1994; Sillito et al., 1995; Kastner et al., responses of the same population of cells to texture borders, which
1997); other studies found primarily nonspecific inhibition (e.g. will be reported in a separate paper (Nothdurft, Gallant, & Van
Maffei & Fiorentini, 1976) or reported other preferences (Gilbert Essen, submitted).
& Wiesel, 1990). While many of these studies were done on anes-
thetized animals, mainly cats, some studies were performed ON/Iethods
alert monkeys, and it is possible that the level of anesthesia or
differences between these species might have affected the strend®ecordings were made from four anesthetized, paralyzed macaque
and specificity of modulatory effects obtained in different studies.monkeys Macaca nemestrifain acute experimental procedures.
This is also suggested from a recent report according to whictAppropriate doses for anesthesia were determined for each animal
contextual modulation is eliminated under anesthesia (Zipser et albefore paralysis and, if necessary, continuously adjusted during the
1997). Other studies, however, have seen such modulation effecexperiment. All procedures were carried out under institutionally
even in anesthetized preparations (e.g. Gilbert & Wiesel, 1990approved protocols and conformed to the NIH Guidelines for the
DeAngelis et al., 1994; Li & Li, 1994; Sillito et al., 1995; Kastner Care and Use of Animals.
et al., 1997).

Modulatory effects are not always linked absolutely to the struc- .

S . .~ Preparation

ture of surround stimuli but can also depend on relative properties
to the stimulus in the RF. Differences in orientation or direction or Methods for surgery and acute recording were similar to those
speed of motion between stimuli within and outside the RF (feapreviously described (Felleman & Van Essen, 1987; Olavarria
ture contrast) often produce increased responses irrespective of tee al., 1992; Gallant et al., 1996). All surgery was done under
orientation, or direction of the stimulus in RF (Hammond & general anesthesia (2.5-4.5% isoflurane in air containing 2.5%
Smith,1982,1984; Allman et al.,1985,1990; Gulyas et al.,1987,CO, ) and under aseptic conditions. A stainless-steel cylinder was
Orban et al.,1987; Knierim & Van Essen,1992; Lamme, 1995; Sil-mounted on the skull and fixed by means of bone screws and
lito et al.,1995; Zipser et al.,1996; Kastner et al.,1997); such redental cement. During recording the cylinder was filled with sterile
sponses are also seen in visually evoked potentials (Bach & Meigemineral oil and sealed. Electrodes were inserted approximately
1992, 1997; Lamme et al., 1992, 1998, 1994). Knierim and Van  normal to the pial surface through a sealed opening in the record-
Essen (1992) investigated contextual modulation in awake moning chamber and were advanced into the brain through small holes
keys, using texture stimuli often used in psychophysics. Aboutn the skull (typically 3—4 mm diameter) that were drilled within
one-third of their sample of V1 cells responded more strongly to ahe aperture of the cylinder.
line surrounded by orthogonal lines than to the same line sur- In one animal the chamber was implanted in a separate survival
rounded by lines at the same orientation. Perceptually these stimuiurgery prior to the physiological recording experiment. Buprenex
are quite distinct. Lines surrounded by orthogonal lines are morg¢0.01-0.03 mgkg) and tylenol were administered to minimize
salient than lines embedded in similar lines; they “pop out” (Beck,postsurgical discomfort. With this animal, the acute surgery im-
1967; Treisman & Gormican, 1988; Foster & Ward, 1991; Noth- mediately before the experiment was limited to craniotomy. In all
durft, 1991, 1992). other animals, full surgery was performed immediately before the

Popout is obtained from a variety of stimulus properties includ-recording session.
ing differences in depth, motion, color, or orientation (Julesz, 1971, After surgery, animals were switched from isoflurane to a con-
1975; Treisman, 1985; Nakayama & Silverman, 1986; Nothdurft,tinuous infusion of sufentanil citrate (5+8)/kg/h, i.v.); an initial
1993, 1995). Because many of these properties are representédiblus of sufentanil was given before continuous infusion. Anes-
explicitly by neurons in the primary visual cortex, it was originally thesia was adjusted for each animal throughout the experiment by
thought that popout may reflect the activation of specific cells inmonitoring EKG rate (90—150 begtsain) and EEG state (predom-
this area, thus signaling the presence of specific features associatednce of low-wave activity), and by periodically testing for ab-
with the popout target. But then it was found that the same targesence of EKG or EEG responses to toe pinch. Once proper anesthesia
may or may not pop out depending on stimulus context (Duncan &was obtained, paralysis was induced with gallamine triethiodide
Humphreys, 1989; Moraglia, 1989; Nothdurft, 1991, 1992), and(10 mg/kg/h, i.v.). Animals were respirated through a tracheal
perceptual popout was instead related to orientation differencesannula with a mixture containing 2.5% G@ air, or with air
and local feature contrast (Nothdurft, 1991, 1833 1995). If a  alone.
line embedded in dissimilar lines (the “popout” condition) pro-  After paralysis atropine (2%) and neo-synephrine were placed
duces stronger responses in area V1 than a line surrounded fixyto the eyes which then were covered with neutral contact lenses
similar lines, then target salience and hence popout might be erand artificial pupils (4 mm diameter). Corrective lenses were used
coded in the general strength of responses rather than in the spe focus the eyes on a tangent screen 114 cm away from the
cific responses of labeled feature detectors (cf. Nothdurft, 8294 animal. Foveal positions were plotted using a reversing-beam oph-
Similar effects may help to detect texture boundaries, a perceptudhalmoscope, and the foveae of both eyes were aligned on the
phenomenon probably closely related to popout (Beck, 1982; Nothscreen by means of prisms in front of one or both eyes. For re-
durft, 1991, 1994, 1997; Sagi, 1995). cordings, however, stimuli were always presented to only one eye,

Motivated by these issues, we carried out two sets of tests owhichever was most effective for each cell; the other eye was
cells in area V1 of anesthetized macagque monkeys. In the presentcluded. Eye condition and alignment were checked periodically
study, we report on the responses of cells to single lines in the REhroughout the experiment.
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Experiments lasted up to 5 days during which time the animalssions of one another, but could differ in texel width and color.
received regular massages to ensure good blood circulation, anéxture patterns were constructed according to the following rules:
periodic injections of amino acids (Vet Labs Oral Solution, ¥ ml (1) The length and width of surround texture elements (“tex-els”)
4 h, i.v.) and vitamin B complex (0.75 pday). Body temperature  were identical to the center line, which itself was optimized for
was maintained at 37-38 with a water heating pad. each cell as described above. (2) Texels were arranged in a rect-
angular grid with axes obliquet45 deg) to texel orientation. (3)
Texel spacing (along these oblique axes) was 1.5 times the length
of the texels. With this spacing, texels in the surround were usually
Extracellular single-unit recordings were made with Levick-style well outside the excitatory RF. On the rare occasions when sur-
microelectrodes (tungsten-in-glass) inserted into para-foveal strirounds with this standard spacing evoked a response from the cell,
ate cortex. We tried to record from as many neurons as possible ithe texel spacing was increased up to two times the texel length. In
long penetrations that often reached down into the calcarine foldsome cells smaller and larger spacings were also tested. (4) To

After isolating a single unit, receptive-field properties were avoid that popout effects are confounded by local luminance in-
investigated using stationary and moving bars of various colorshomogeneities in the pattern (Nothdurft, 1990), irregular texture
Initial RF estimates were made using a customized plotting progrids were generally used. Except for the center line over the RF,
gram which allowed for mouse-controlled movement of stimuli a small positional jitter (up to 30% of texel spacing) was applied
and interactive variation of stimulus properties. RF size was deto each texel; this jitter was randomly assigned for every new
fined as the minimal response field (Barlow et al., 1967), and thestimulus presentation. Texture patterns with this geometry have
optimal bar size and orientation were determined by hand. Nalso been used in psychophysical experiments (Nothdurft, &,985
attempt was made to classify cells as simple, complex, or hyperl992). We used texels of 0.23-1.77 deg length and 0.02—0.24 deg
complex, although such a distinction was evident for some cellswidth; mean values were 0.61 deg 0.091 deg. Widtlilength
Various colors were tested, including dark bars on a bright backratios varied from 4.6% to 37%, with a mean of 15%.
ground, but the spectral sensitivity of the cells was not studied in  Stimuli were presented on a 19-inch RGB raster monitor (1280
detail. The major goal was simply to find an effective stimulus thatby 1024 pixels; 66-Hz frame rate noninterlaced) giving an effec-
evoked a strong response when presented in the RF. Propertiéige size of 18.5 by 14.8 deg of the visual field. Texture patterns
such as sensitivity to motion, orientation selectivity, and ocularcovered the entire screen and contained many more elements than
dominance, as well as general aspects of recording quality, briskshown in the schematic drawings of Figs. 1-3. While there was
ness of response, and spike amplitude were also recorded. Thesely one center element, the number of texels in the surround
records allowed us to estimate the layers cells were drawn frondepended on texel length and texel spacing. For a mean texel
(e.g. cells in layer 4C typically had a brisk firing rate, low orien- length of 0.6 deg and the usual 1.5-fold texel spacing, texture
tation selectivity, and small spike amplitude). Once the RF wassurrounds contained more than 300 texels. Luminance variations
plotted by hand and an optimal stimulus was found, a series oéssociated with different line orientations were small and did not
computer-controlled tests were run to center the stimulus withirproduce perceptible differences in mean luminance when the screen
the RF. In these tests, stimulus position was systematically variedas blurred. Texture patterns were shown in one of eight colors
in steps of 0.05-0.1 deg and response profiles were obtained fdwhite, dark blue, green, light blue, red, magenta, yellow, or black),
the two main axes of the RF. Stimulus locations that evoked theselected so as to produce a good response to a single line over the
maximal response were then taken as the center line position fdRF. All tests with a particular cell were made using the same color
texture fields. on a neutral background. Because colors were not equated for

luminance, the effective texel luminance contrast differed between
cells.

Recording and RF analysis

Texture stimuli

As illustrated in the sketches of Fig. 1, stimuli consisted of a
central bar (C or Q and a pattern of identical lines in the surround
(S or S). Surround stimuli extended all over the screen and dis-Spikes were collected and stored on a Macintosh llfx that also
played many more lines than sketched in Fig. 1. Lines were eithecontrolled test sequences and stimulus parameters. Stimulus spec-
parallel (C, S) or orthogonal (CS') to the cell's preferred orien- ifications were transferred to a separate computer (Masscomp Aurora
tation. Combinations of center bars and surrounds produced tw&raphics, La Jolla, CA) where the actual texture patterns were
global test conditionsuniform texturegC/S, C/S’) with all lines ~ generated and timing of the display was controlled. Both systems
at the same orientation, ambpout patterngC/S’, C'/S) with were synchronized by brief small flashes on the graphics monitor
orientation contrast between the center line and the surround théhidden from the animal) that were detected by a photodiode.
made the center line “pop out.” Responses to these patterns weketailed analysis of response properties was done off-line.
compared with the responses to centers or surrounds alone. In all On each trial, spontaneous activity was measured during the
but one animal modulatory effects were measured for both optimab00-ms epoch before stimulus presentation. Stimulus patterns were
(C) and nonoptimal (G center lines, and tests included all the then shown for 500 ms, but recording continued for another 250—
stimulus conditions depicted in Fig. 1. In the first experiment, only500 ms depending on the strength of a cell's off response. Cells
textures with an optimally oriented center (C/% C/S’) were  that responded to both the onset and the offset of stimuli generally
tested and no controls were run to examine responses to surrounshowed similar variation with texture conditions in their on and off
ing textures alone. responses. However, in this report we have not analyzed off re-

Texture stimuli were constructed from the bars that evoked thesponses except for four cells that showed no response to the onset
strongest response in the RF (see above) and thus were optimizefl the center line. The intertrial interval was 1-3 s. Different test
in texel size, color, and orientation for each individual cell. The conditions were shown in pseudorandom order, and all conditions
resulting patterns for different cells were rotated and scaled veref a particular test series were shown before repetition.

Data acquisition and analysis
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Fig. 1. Responses of a V1 cell to the different texture conditions tested. An optimal bar over the “classical” receptive field (RF) was
presented alone or together with a texture surround located outside the RF. Combinations of center lines and texture surrounds produced
uniform textures (all lines at the same orientation) or textures with orientation contrast (surrounding lines orthogonal to the center line).
Line elements were individually adjusted to a cell's RF and usually patterns with optimal and orthogonal center lines (prime symbols)
were tested. Texture stimuli covered the whole monitor. (a) Response histograms to textures with optimal (upper row) and orthogonal
center lines (lower row) in the RF; 10 repetitions. (b) Mean responses over the full presentation time (500 ms) as computed from
histograms in (a); error bars give standard errors of the mean. The responses to the optimal center line (condition C) were suppressed
by either texture surround (conditions& and @'S’) as were the responses to the orthogonal center line (conditios /S, and

C'/S). Texture surrounds alone (conditions S anddil not evoke a response. Mean response histograms as in (b) will be used for

the description of response properties in the following pictures. Stimulus configurations in this and subsequent figures are schematic;
vertical bars always represent the optimal orientation of the cell.

Spikes were stored with 1-kHz resolution. While temporal re- Spontaneous firing rates were always subtracted from the means

sponse properties were analyzed using peri-stimulus time histdsefore analysis so that the values given in this paper represent the
grams at this resolution, most analyses in this paper are based @ell's evoked response rate to the texture stimuli. For cells with
mean responses of a cell averaged over the full period of stimulukigh spontaneous activity, response rates can thus be negative if
presentation. Responses from individual trials were averaged oveexture patterns suppressed activity. Most analyses used estimates
all repetitions of each stimulus condition (usually 10—20) and stanof meanfiring rates; hence, cells with a strong transient response
dard errors of the mean (S.E.M.) were used to estimate the relianay appear less responsive than cells with a weaker sustained
bility of a given response difference in a single cell (see below).response.
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Fig. 2. Response patterns of cells which showed nonspecific modulatory
effects from texture surrounds. Test conditions are as in Fig. 1. Examples
were selected to illustrate the variation of texture modulation observed in
the experiments. (a—c) Generally suppressed cells as that in Fig. 1; the
responses to the center line (condition C) were similarly suppressed by
both texture surrounds (conditiong€and @G'S'), although the strength of
suppression varied between cells. (d) General enhancement by texture
surround; responses to the center line were enhanced by either texture
surround. Surrounds alone evoked only minor responses’(SG8neral
suppression was far more frequent than general enhancement. It was also
seen with orthogonal center lines (right half of each graph) if cells re-
sponded to those.
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Response properties were quantified in terms of several indices
defined below. When distributions of some of these indices over C co/s c/s s c
the population were analyzed in detail, significance estimates were

generally based on one-sample (student#sts and paired or ) =
independent-test analysis. To test for statistical significance of 79 3- Response patterns of cells with specific modulatory effects. (a—d)
latency differences across cell groups, we applied two methods tBrEferences for orientation contrast/ $< C/S) were seen m,ore fre-

. . o . uently than (e,f) preferences for uniform texturey$C> C/S’). Re-
estimate response Iaterlu:les of '”d""d“‘?" cells. ,R,OW hIS'[Ogramgponse differences could be based on selective enhancement (a) or differential
(_]-'ms resolutlon) were first smoothed using a shifting rem&mgu|"’_u;:uppression (b—f). Even surrounds that evoked a response from the cell
time window of 23 ms. In method 1, values were then checked ifyhen presented alone could produce differential suppression when pre-
they exceed spontaneous firing rate by a threshold set to 10% Gented in combination with the center line (d,f). Test conditions are as in
the cell’s peak response for this test (spontaneous firing rate suliigure 1.

c'/s' Cc'/s S§'
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tracted). If this occurred for 20 values in sequence, the time of th&hese differences were brought about by different mechanisms:
first value (plus half of the smoothing window) was taken as thereponse enhancement by the surround with orthogonal texels
first measure of response latency. In method 2, response diffeldFig. 3a), selective suppression by texels at the same (optimal)
ences were computed along the smoothed histogram, between datéentation as the center line (Fig. 3b), and differential suppression
points 6 ms before and 6 ms after the actual position. If ten suclirom both surrounds (Figs. 3c and 3d). Cells with a preference for
differences in sequence were found to be positive, the time of theniform texture were found less frequently than cells preferring
first one (plus 12 ms plus half of the smoothing window) was orientation contrast, and tended to be less selective for orientation
taken as the second measure of response latency. Finally, boffrigs. 3e and 3f).
these values were averaged to give the response latency of a cell to
one particular stimulus condition. Although this measure was de- Nonlinearity of surround effects
fined ad hog it gave similar results as occasional direct estimates The interactions between center bars and texture surrounds could
from the histograms by hand. be highly nonlinear, as illustrated in Figs. 3d and 3f. These cells
showed mild responses to the surrounds presented alone (although
we tried to adjust texel spacing so that these responses were min-
Results imized). Responses to full texture patterns, however, were not the

Our analysis is based on the responses obtained from 146 cells liear sum of center and surround responses. For example, the cell
area V1 with receptive fields within 15 deg from the fovea, which in Fig. 3d responded weakly to the surround with texels at the
were selected for giving clear responses to the onset or offset of @timal orientation (condition S) but not to the surround with
single bar in the RF and no or minor responses to the textur@rthogonal lines (condition’s When texture surrounds were pre-
surround presented alone. Seven units were judged to be fibefgnted together with different center lines, the cell always pre-
from the lateral geniculate nucleus (LGN) and were excluded fronferred the orientation contrast condition, even when texels in the
the analysis presented here. Although we tried to study as mangurround were orthogonal to the cell’s optimum (conditiofSg.
neurons as possible in every penetration, not all cells could b&or the cell in Fig. 3f, both texture surrounds evoked a response
stimulated well enough with flashed patterns, or were held longvhen presented alone. Although these responses were similar in
enough for full texture analysis. Brief recordings were made fromstrength, the cell showed a clear preference for uniform texture
over 200 cells. About 10% of these (22 out of 210 tested forPatterns with either center line. Thus, even texture surrounds that
response differences with moving and stationary stimuli) gave vigactivate a cell when presented alone may produce suppression
orous responses to a moving bar but failed to respond when th@)OSSIbly diffel’ential) when shown tOgethel’ with the center lines.

stimulus was flashed over the RF; these cells were not studied
further. Responses to textures with nonoptimal center lines

While some cells were orientation selective and responded only
to an optimally oriented center line (e.g. Figs. 2c and 2d), quite a

Overview of responses to texture fields few cells were also activated by orthogonal center lines, thus al-
lowing the modulatory effects of different center lines to be com-
Nonspecific surround effects pared. As Figs. 3d and 3f show, differential effects were not

Fig. 1 illustrates the analysis of response properties performeglecessarily linked to texel orientation in the surround but cells
on each cell. The cell depicted here gave a brisk sustained responsguld maintain their preferences (for either popout or uniform
to a white bar over the RF, with moderate orientation selectivitytexture type) for different orientations of the center line. Other
(C, bar at optimal orientation;'orthogonal bar). These responses cells showed different effects for different center lines (e.g.
were strongly reduced when a surrounding texture field was addedig. 3e).
independent of the orientation of texels in the surround. Texture
surrounds alone did not evoke a response from the cell (S, lines at )
the cell’s preferred orientation;’Sines orthogonal). Response categories

The histograms in Fig. 1b represent the mean responses (me@ased on this qualitative description of response properties in V1,
firing rate during stimulus presentation minus spontaneous firingve classified cells into three categories:
rate) obtained in different stimulus conditions. Error bars give the
standard error of the mean (S.E.M.) computed from individual 1 oyientation contrast (OCxells whose mean responses to
trials; this measure reflects the response variability between re- texture contrast exceeded responses to uniform textures by
peated presentations of the same stimulus condition. more than two S.E.M.Rc/s — S.E.M.> Res + S.EMM.;

General suppression of center line responses by either texture ,..p R, denoting the cell's response to stimulus condition

surround as seen with this neuron was frequently observed in V1 and S.E.M. denoting the according standard error of the mean).
cells. The strength of suppression varied considerably from cell to

cell, as illustrated in Figs. 2a—2c; strong and even complete sup- 2.
pression was seen as well as medium or mild effects. The opposite
effect, a general enhancement of center line responses by texture

Uniform (UF) cells whose responses to uniform texture ex-
ceeded those to contrasting textures by more than two S.E.M.
(Reys — S.EIM.> Reys + S.E.M.).

surrounds, was observed in only two cells (Fig. 2d). 3. Generally suppressed (G&lIs whose responses to the cen-
ter lines were greatly suppressed by both texture surrounds
Differential surround effects (Re — SEMM.> Rgys + SEM;Rc — SSEM. > Rejg +
In many cells, the two texture surrounds had different modu- S.E.M.) and failed to show one of the above preferences for
latory effects (Fig. 3). In most cases, texture fields with orientation orientation contrast or uniform texture.

contrast (the “popout” condition) produced stronger responses than
uniform texture fields, but reversed preferences were also seen. All other cells were classified as to show no effect (“n.e.”).
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No separate category was established for the few generallfable 1. Response categories for optimal (rows) and nonoptimal
enhanced cells (two out of 146, cf. Fig. 2d) which were includedcenter lines (columns) for cells whose responses to orthogonal
in the n.e. group. Note that although each cell was assigned to eenter lines were at least 10% of those to optimal centers
single group, cells could display characteristics of more than one
category. For example many differential cells (OC and UF classes) GS oc UF n.e. Sum
also displayed a considerable amount of general suppressio&s

(cf. Figs. 3c—3f). oc 32 g 23 75 gg

Our classification scheme was related to that of Knierim andyg 5 4 2 2 13
Van Essen (1992) but differed in several aspects. In particular, oug ¢ 1 5 0 8 14
categories were based on responses for one center line orientatigam 41 20 7 22 90

alone; hence different classifications were obtained for optimal and
orthogonal center lines.

When tested with optimal center lines, most cells fell into the
GS category (50146 = 40%) but a similar proportion of cells
showed differential responses to the two texture conditiong (53
146 = 36%). Among these, OC cells (BB46 = 24%) were about
twice as frequent as UF cells (1B16= 12%) which made up only
one-eighth of the sample. Only 23% (3416) of the cells showed
no effects according to our criteria. This distribution was similar
for orthogonal center lines, but categories could differ in the cells

Comparison with the scheme of Knierim

and Van Essen (1992)

Knierim and Van Essen (1992) used a combination of optimal
and orthogonal center line responses to classify cells. Based on
response differences between these conditions, they also defined
‘additional classes such as “center-dependent” or “surround-
dependent suppression.” We did not apply their scheme in the
é)d'esent study, because some of our cells were tested with only one

We compared response categories for 90 cells that were test . . . o 2
. . . center line orientation and because we found the classification
with both optimal and orthogonal center lines and responded to th . . . . .
ased on one center orientation easier to apply and easier to in-

nonoptimal orientation with at least 10% of the optimum response{emret However, in order to relate our data to theirs, we reclas-

(Table 1). The scatter of response categories for different Centesrified all 122 cells of our sample that were tested with two center

lines IS only partly due to noise from the gmgller responses .tqine orientations, according to their scheme. Our sample then con-
nonoptimal stimuli. In fact, the scatter was similar when anaIyS|stained 41% GS cells (5022), 26% OC cells (32122), 11% UF

was restricted to cells that responded well (mean respord€s A
. . v . . cells (13122), and 19% cells with no effect (2B22). Only 2% of
spikegs) to both center lined\(= 65). Interestingly, the different the cells showed “surround dependent suppressiofl2@ and

categories obtained with optimal center lines were not scattered in " -
.._anly 1% “center dependent suppression/122). These data are

the same way for orthogonal centers. Most GS cells (as classified. ~. : . o

. . ; Similar although not identical to those for the alert monkey (Knierim
with the optimal center lines) were also GS for orthogonal center Van Essen, 1992; see Discussion)
(30/43 = 70%), whereas only 24% (83) of the cells with differ- ' ' '
ential responses (OC cells, UF cells) retained their preferences (for
either orientation contrast or uniform texture) for the orthogonalPopulation means

center line orientation. Most of them actually lost their differential . . . .
y YVhlIe the responses of OC cells are consistent with the particular

response properties and became GS or n.e. type (cf. Fig. 3e). Only . . . . .
six cells (§/90 = 7%) showed opposite response preferences (thgallency of popout targets seen in psychophysical studies (Treis-

OC/UF and UFOC classes in Table 1), suggesting that the inter-" o & Gormican, 1988; Foster & Ward, 1991; Nothdurft, 1991,
L X S 1992), the responses of UF cells seem to be contrary to that effect.
action in these cells was related to the texel orientation in th

%e therefore wished to know whether response differences of OC
surround.

Because the smaller responses to nonoptimal center lines prgEalls an_d UF cells cancel each other in the mean response of_the
. . . é)opulatlon, or whether one or the other response preference might
sumably contributed little to the overall response properties of th

population, we repeated the classification using a measuyerof predominate.

. . Fig. 4A shows the mean responses to the various texture con-
eralizedresponse properties (Table 2). Responses to textures Su{i—itions of all 35 OC cells in the sample. The preference for ori-
rounding different center lines were weighed by the strength of a . . : )
cell's regponse to each center line alonegand a\geraged ngr Sim”ﬁ]rntatlon contrast over uniform texture fields was pronounced in

’ ese cells (pairetitest;t = 10.5,P < 10~%). Although the mean

texture conditions (unifornvs. contrast):

Differences across center lines

(R (uniform)) = (Re/s-Re + Reys-Rer)/(Re + Rey),

Table 2. Response categories for optimal center lines (rows) and

(R(contras) = (Re/sRe + Reys*Rer)/(Re + Rer). weighted means (columns) for the same sample as in Table 1

There were only small deviations between response categories GS oc UF ne. sum
determined by responses to optimal center lines and those given by

the generalized responses; 86% of the cellgq@Yyfell in the same  GS 40 0 0 3 43
category in each classification. For the remaining 13 cells (14%)0C 3 16 0 1 20
generalized responses were always less specific (GS, n.e.) th&f 3 0 7 3 13
those obtained with optimal center lines. This analysis suggest8-®- 42 1% g 12‘1 t‘(‘)

that response properties are well described by response categorig®"
based on stimuli with optimal center lines.
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Population Response averaged over all cells (Fig. 4C). Across the entire sample there is
A considerable suppression from both texture surrounds, with a con-
40 * * sistent preference for orientation contrast with either center line
gfzg‘(’;';) orientation. On average, responses to optimal center lines were
S0 reduced by 40% and 34% (uniforms.texture contrast), and those

to the orthogonal centers by 63% and 55%, respectively. The re-
sponse differences between texture conditions were significant both
for optimal ¢ = 2.52,P = 0.013) and orthogonal center linds<
2.36,P = 0.020) despite the inclusion of all UF cells with opposite
response preference.

20 -

Q) B
E 40 *
X * UF cells itati i _ H ;
s .l N-14 (18) Quantitative analysis of center-surround interactions
% ¥ Suppression indices
> 20r We quantified surround effects by four indices that measure the
£ w0l effect of one or the other surround (S) 8n each of the two center
= ﬁ (ﬁ lines (C, C), using equations of the form
S T
E w0l Sle/s = (Re = Reys)/Re, (1)
* all cells
a0 - N=122 (146) whereR denotes the cell's response to the specified stimulus con-

dition. The four suppression indic&,s, Sk,s', Ske/s, andSle/s
are positive when the texture surround suppressed the center line
response, and negative when the surround produced enhance-
ment! Indices of 0 reveal no effect and indices of 1 complete
suppression from texture surround. Values larger than 1 are only
obtained if responses were suppressed below the spontaneous fir-
ing rate Re/s < 0).

Figs. 5A-5C show th&l distributions for optimal center lines.
C C/s ¢S 8§ ¢ cys cfs s Values obtained for uniform and contrast texture conditions are

Fig. 4. Mean responses of the entire sample of cells for different texturehlghIy correlated (Fig. 5A), and both distributions are shifted to

conditions. In one animal (24 cells), only conditions 1-3 were tested;posmve values (Figs. 5B and 5C; one-sa'mp'test-;t = 10.5, for
means that include data from this experiment are marked (*). (A) Means oflc/s andt = 6.27, TO"S|C/S’; P < 0.0001) 'nQ'Cat'ng that texture
all OC cells reveal strong suppression from uniform texturesSjCbut surrounds predominantly evoked suppression. However, the data
little effect in patterns with texture contrast (§). (B) Means of all UF  points in Fig. 5A are not arranged symmetrically around the ob-
cells show opposite preference/&> C/S'); this preference for uniform  lique axis, as they would be if suppression was equal for both
textures is smaller .than that of OC cells _for orientation contrast. surrounds $l;s = Skys). Instead the distribution is shifted to-
(C) Means of the entire _samplc-_z sh<_)w predo_mlnar_]tly general suppressiofards the lower right half of the grapi$k,s > Sk,s). This is
(C/S < C; C/S' < C), with a mild bias for orientation contrast(€ > 45 seen in Fig. 5D which plots the difference of the two sup-
C/S). A similar pattern of results occurs for textures surrounding nonopti- . o - g
mal center lines (right half of graph; & C'/S'; C' > C'/S; C/S>C'/S)). presspn Ihdlcesﬂlc/s S.lc/s ). for e"."Ch cell. The distribution
(DF¢) is slightly asymmetric, with a bias to positive values. (The
shift of the mean is significant at the 0.05 level when a single

response to a single center line was not affected when orthogonQttiier outside the range of the graph is removed.) This asymmetry
texels were added in the surround (conditioné&SCvs. C), sur- 1S due mainly to the response properties of OC cells (filled circles
rounds with texels at the same orientation (conditiofSEpro- in_ Fig. 5A). Interestingly, however_, the distribution 8f values _in
duced strong suppression (response reduction by 44% compared’fd)g'_ 5A shows no obvious clustering; OC cells do not constitute a
the center line response). There is also a trend for a preference f@istinct group but represent cells on one end of an apparently
orientation contrast in the mean responses to patterns around drontinuous distribution. , ,

thogonal center lines (conditions,G'/S,, C'/S) although both A similar analysis for texture patterns with nonoptimal center

texture surrounds evoked suppression here and the difference doles is shown in Figs. SE-5H. (As in Table 1, cells whose re-
not reach significancet & 1.84: P = 0.076). sponses to the orthogonal center line were less than 10% of those

The mean responses of all UF cells are shown in Fig. 4p o the optimal center were excluded from analysis.) As for optimal
Although each cell of this sample showed a reliable preference for
unlforrrz) t?xture tﬁver the g?pout Conclj.ltlsg’ the lrlesr:ﬁnsethdlﬁel; TIn egn. (1), it is implicitly assumed that texture surrounds themselves
ences between these conditions are slightly smaller than those 19 not evoke any response from the c& & 0) which was true in only
OC cells, but also significant & 4.12,P < 0.0001). Note that the 329 of the cellsif = 39/122). For all other cells in which texture sur-
sample does not show the same preference for uniform texturgunds did generate a response, indices might, incorrectly indicate little or
with orthogonal center lines. Here, both texture surrounds prol® suppression even when responses to full texture patterns were smaller

- - P - than the sum of responses to individual components, i.e. when surrounds in
duced strong suppression with nonsignificant differeteeq.719). fact did have a suppressive effect. Thus, indices measured according to

The slightly stronger differential effect in OC cells and the eqn. (1) may haveinderestimatedhe strength of suppression in those
higher incidence of such cells predominates when responses acases.




center lines (cf. Figs. 5B and 5C), bo#i distributions (Figs. 5F  The weighed sum of these values gives the generalized suppres-

and 5G) are shifted towards positive values=(9.21, forSl/s/; sion index GSI) which describes the mean suppressive effect of

t=6.63, forSlc/s; P < 0.0001) indicating significant suppression texture surrounds for a given cell:

by either texture surround. The distribution 81 differences

(Fig. 5H, DF¢') is again slightly asymmetric, but because of the GSI= (Rz-ASk + Ro-ASk)/(Re + Re). 3)

larger scatter of data points in Fig. 5E, this shift is not significant

(t = 0.89). In the analysis given here, it is always plotted in sign-reversed
form and referred to as thgeneral surround effect GSESE=

Correlations across conditions —GSh*.

As a whole, theSlI distributions for different texture condi- ASland GSEdescribe the mean modulatory influences of tex-
tions (Figs. 5B, 5C, 5F, and 5G) look rather similar. This suggestedure surrounds, averaged across different surround types, with no
a look for correlations across these conditions. The graphs imeference to the differential effects that were seen in many cells.
Figs. 5A and 5E demonstrate a substantial correlatiodlgilues  These specific modulatory effects were quantified in a second
for different surroundsaround the same center line. Correlation series of indices. We defined an index of differential fiririH)
coefficients are = 0.78 for optimal (Fig. 5A) anad = 0.70 for ~ for both optimal and nonoptimal center lines by calculating the
nonoptimal center lines (Fig. 5E) when single outliers outside theesponse differences between orientation contrast and uniform tex-
graph are removed; the deviations from zeror(o correlation) are  tures normalized to the response obtained with the same center line
highly significant ¢ = 15.0 and = 9.05, respectively? < 0.0001).  alone:

This indicates that the suppressive effects from different surrounds

on the same center line were similar in many cells. Bhealues DFc = (Reys — Reys)/Re, (4a)
for different center lineshowever, were less strongly related. Cor-
relation coefficients foSlc,s versus & ,s (uniform textures) and DFc = (Reys — Reys)/Rer. (4b)

Sle/s versus &5 (popout conditions) were = 0.38 andr =
0.26, respectivelyt(= 3.80 and = 2.52;P < 0.005). Suppression Together with eqgn. (1), this is equivalent to
effects for different center lines were thus generally less strongly

correlated than suppression effects for different surrounds. Inter- DFc = Slc;s — Sk,
estingly, whileSls for uniform textures are highly correlated in OC
cells ¢ = 0.77;t = 5.09; P < 0.0001),SIs for popout conditions DF¢ = Sleys — Sleys,

are not ( = 0.10;t = 0.411). This indicates that the reduced

suppression with orientation contrast seen in these cells often des plotted in Figs. 5D and 5H.

pends on the orientation of the center line. For UF cells, the picture  The generalized differential firing indexGDF) (identical to

is reversedSls for uniform textures are not correlated= 0.23;  the “differential suppression index” of Knierim & Van Essen, 1992)
t = 0.774) butSls for popout conditions are & 0.75;t = 3.76;  was then defined as the weighed sum of the differential firing rates
P < 0.005). Thus again, the condition with reduced suppression igor different centers,

more variable across center orientations than is the condition evok-

ing the stronger suppression. Both analyses together suggest that GDF = (Rc-DF¢ + Re-DFe)/(Re + Re). (5)
reduction of suppression is a more specific phenomenon, and var-

ies more strongly across center lines, than general suppression when comparing the indices for different center lines, averaged
effects. If this is true, GS cells should show a similarly high cor- suppressionASl) was found to be more strongly correlated than
relation for Sl values both across uniform textures and acrossgifferential effects DF). Correlation coefficients were = 0.52
popout conditions, as was indeed the case 0.46 andr = 0.54, (t = 5.67,P < 0.001) forASk versus A3’ andr = 0.04 ¢ =

respectivelyt = 3.35 andt = 4.08;P < 0.001). 0.335) forDF¢ versus Dk. This indicates that generally suppres-
sive effects in a cell were little specific and were similarly seen
Combined and generalized indices with different center lines, while differential effects often (but not

The suppression indices for the different stimulus configura-always) occurred specifically for only one orientation. This is con-
tions were combined in order to quantify the major response propsistent with the observation that the classification for differential
erties of a cell. For each particular cell, we computeddbeeral  response categories (OC and UF classes) was less consistent across
surround effec{GSE) that quantifies theneaneffect from differ-  center lines than the classification for general suppression (GS
ent texture surrounds, and theneralized differential firing index class, cf. Table 1).

(GDF) that quantifies the respondéference$etween popout and
uniform texture conditions. Orientation selectivity

Both indices were obtained from associated values for the op- To compare the response properties of a cell with its orientation
timal and the orthogonal center line conditions which were thenselectivity, we calculated an orientation selectivity ind®8(),
weighed and averaged across the two conditions. We computed the

average suppression indeX§l) for a given center line by aver- OSl= (Rc — Re)/Re. (7)
aging the suppression indices for the uniform and the contrast
texture conditions: The OSlis 0 when the cell gave identical responses to the two

center line orientations, and 1 when there was no response to the
Asb = (S|C/S + Slc/sr)/z, (2a)

*This GSEis identical to theGSlas defined by Knierim and Van Essen
ASkr = (Sleys + Sleys)/2. (2b)  (1992).
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orthogonal orientation. The index is greater than 1 when the orselective OC cells, on the other hand, would express small
thogonal center line suppressed responses below the spontanealierences between surround conditions (I8BF; cf. Fig. 6b);
firing rate. they could have positiv&SEonly if being generally enhanced by
In Figs. 6a and 6b, the general surround effé@8SE) and  any texture surround. Such a response property, however, was very
the generalized differential firing raté&sDF) are plotted against rarely seen.
the orientation selectivity@Sl) of each cellGSEvalues give the In Figs. 6¢ and 6d, these data are plotted in histogram form. The
mean effect from texture surrounds in a cell. Note that values ar&SE values (Fig. 6¢) are shifted towards negative values (one-
plotted differently from the suppression index used before; negasamplet-test;t = 8.85;P < 0.0001), indicating suppression by the
tive values now indicate a, on average, suppressive effect fronexture surround. This shift was significant in GS cetls=(16.3;
texture surround, positive values indicate enhancen@DE val- P < 0.0001; open rhomboids in Fig. 6a) and UF cetls=(4.70;
ues summarize the differential effects of a cell. They are positive® < 0.0001; crosses in Fig. 6a), but not in OC or n.e. cells. The
for cells that preferred orientation contrast over uniform texturesdistribution ofGSEvalues for the entire sample (Fig. 6d) is nearly
and negative for cells with opposite preference. Note thaGh& symmetric around a mean of0.42; that is, texture surrounds
index does not indicate whether the differential effect was associsuppressed the responses to single lines by an average of 42%.
ated with suppression or enhancement of the response by one of Differential effects (Fig. 6d) were naturally not consistent across
the surrounds, or with a combination of both. From Fig. 5, it is cell groups.GDF distributions for OC cells (filled circles in
however clear that differential responses were often associatefig. 6b) were shifted towards positive values=(3.47;P < 0.001)
with a stronger suppression from uniform textures. In fact, no OCand those for UF cells (crosses in Fig. 6b) towards negative values
cell showed an enhanced response to such a pattern (no filled = 2.99; P < 0.005). Because of the larger number of OC cells
circles in the left half of Fig. 5A). and the generally stronger differential effects they showed, the
At first glance, the scatter plots in Fig. 6 show little systematic GDF distribution of the total cell sample was significanty =
variation of either parameter witBS|, except that cells that were 2.10;P < 0.05) shifted towards positive values, indicating a global
on average enhanced by texture surroul@SE> 0) tended to be  preference for orientation contrast. No significant shifts were seen
orientation selective. Many of these neurons were OC cells (filledfor GS or n.e. cells.
circles); only one enhanced UF cell was found (crosses). While OC The analysis above gives a consistent picture of texture mod-
cells displayed a large range of orientation selectivity, several cellsilation in V1 under anesthesia. Texture surrounds evoked consid-
being highly selective with a®@SInear 1 UF cells were generally erable suppression of the responses to single lines over the RF. In
less orientation selective. In the whole-cell sample, neither general large proportion of cells, different surrounds produced different
suppression (negativ@SEvalues) nor differential firing (positive  effects, often a preference for orientation contrast. To elucidate the
GDF values) was closely linked to the orientation selectivity of a neuronal mechanism underlying these effects, several response prop-
cell (r = 0.26 forGSE t = 2.88,P < 0.005;r = 0.19 forGDF; t = erties were analyzed in more detail. In the following sections, we
2.09,P < 0.05), in agreement with Lamme (1995). Significant analyze the temporal properties of center-surround interactions, the
correlations were only seen in the subsample of OC cells (filledvariation of response properties with texture density, and the dis-
circles;r = 0.31 forGSE t = 2.49,P < 0.01;r = 0.62 for GDF, tribution of effects across cortical layers.
t = 3.98,P < 0.001); for all other classes correlations were non-
significant ¢ < 1.6,P > 0.1). Thus, orientation-selective OC cells
produced stronger response dif‘fe_rencgs between u_niform texturg o scale of interaction
and the popout condition than orientation nonselective OC cells.
However, this cannot be generalized to all cells, since manyVhile the analysis above was based on firing averaged over the
orientation-selective cells did not belong to the OC class and profull period of stimulus presentation, we also saw interesting vari-
duced no significant response differences with these patternations in the time course of responses to different texture patterns.
(cf. the open symbols in Fig. 6b). The correlation in Fig. 6a is For example, Fig. 7 shows superimposed the response histograms
likely related to that in Fig. 6b. If orientation-selective OC cells of a generally suppressed cell for the center line alone and for the
tend to have a larg&DF (cf. Fig. 6b), their responses to the two texture conditions with this line. Both texture surrounds evoked
different surround conditions must differ considerably. Hence, theirstrong suppression, but in the popout conditiof$g suppression
GSE (for which the effects from all texture surrounds are aver-was slightly reduced during the latter part of the respomse (
aged) cannot be very low and may instead even be positive. Nor65-95 ms after stimulus onset).

Fig. 5. Suppression indicesS() for patterns around optimally oriented and orthogonal center lines. (A) Scatter Bofafuniform
texturesversus Sfor orientation contrast, with optimal center lines. Each point represents one cell. Cells were classified as GS, general
suppression by either texture surround; OC, preference for orientation contrast; and UF, preference for uniform texture. Cells with no
significant effect are also shown (n.e.). Suppression indices for different patterns are corretafledq) with a slight shift to the lower

right half of the plot (OC cells). (B) Distribution d8l values for uniform and (C) orientation contrast conditions. Both distributions

are shifted to positive values indicating suppression from texture surround. (D) Distribution of differential firindSlates; Sl/s -

The mean is shifted to positive values (preference for orientation contrast). (E-H) Suppression indices for patterns around orthogonal
center lines plotted in similar diagrams as in (A-D). Data from cells whose responses to orthogonal lines were less than 10% of the
responses to the optimal center lines are not included. Same categories as in (A), that is, cells were classified on the basis of their
responses to textures with optimal center lines. Scatter plot and distributions display the same characteristics as in (A-D) except that
all categories are intermixe8I values for uniform texture and for orientation contrast are correlated(70, E) and both distributions

are shifted to positive values (F, G).
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categories are independent of orientation tunifNghin the OC category, however, the strength of differential effects is related to orientation selectivity. (c,d) Distributions of data
points in (a) and (b) are significantly shifted to general suppression (c) and preference for orientation contrast (d).
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Fig. 7. Delayed differences of surround effects. Responses of a single cell to the optimally oriented center line (C) alone and in different
texture patterns (€S, C/S'). Both texture surrounds evoked strong suppression. But while the responses to the texture conditions were
similar during the first 60 ms after stimulus onset, they strongly differed thereafter. Histograms (binwidth 1 ms) are smoothed with a
7-ms rectangular window for better visibility.

To evaluate the time course of surround effects in V1, weOC cells, responses were also suppressed at response onset, but
computed mean peri-stimulus time histograms (PSTHSs) from aldifferences between single lines and texture patterns increased
cells that had both a significant surround effect and a brisk remore slowly than in GS cells, and reached their maxima 80-90 ms
sponse to the center line (Fig. 8). Initially both texture surroundsafter stimulus onset. General suppression then decayed relatively
produced similar levels of suppression beginning at the onset dfast (up to 150—-200 ms after stimulus onset). In UF cells, general
the excitatory response (&.C/S and @S’ curves; arrow down-  suppression was absent until the onset of differential effects.
ward). Later responses to the two texture surrounds diverged, pro-
ducing a weaker differential response/@vs.C/S’ curves; arrow Differential effects
upward). These two effects can be distinguished best in separate Response differences for texture contrast versus uniform tex-
averages of cells from different categories. Mean responses akgre developed about 60 ms after stimulus onset (arrows upwards
ShOWn in Flg 88, dif‘fel’ences Of these curves are plotted inin F|g SB’ continuous Straight lines in F|g 8(:) They were neg_

Fig. 8C. ligible in GS cells but had a similar time course (though opposite
sign) in OC and UF cells (Fig. 8C, thick curves). Response dif-
Response latencies ferences increased continuously up to about 100 ms after stimulus

According to Fig. 8B, response latencies varied across celbnset, and remained nearly constant thereafter. Note that early
classes. The earliest responses were seen in GS cells, perhaps desponses of OC cells to orientation contrast were suppressed rel-
to a number of layer 4C cells with brisk responses that wereative to the center line response (thigk thin continuous curves
included in this group. Responses of UF cells were only marginallyin Fig. 8B, OC cells) but later exceeded that response. This was not
slower. OC cells, on the other hand, responded later than both G&een in UF cells.
and UF cells. The later response of OC cells was just about sig- We applied the following test to establish the different onset of
nificant when latencies of individual cells are compared (indepengeneral and differential effects on statistical grounds. For each cell,
dentt-test;t = 2.42 for OCvs.GS;t = 2.10 for OCvs.UF; P < responses were taken from small time windows (30 ms) before and
0.05); latency differences between the GS and UF class were naifter the onset of differential effects (based on Figs. 8B and 8C,
significant ¢ = 0.393). Responses to patterns with texture surroundhis value was arbitrarily set to 60 ms). Responses in these win-
were generally delayed compared to responses to the center lineéews were then compared across test conditions and the reliability
alone. These differences were small across the cell sample [490f differences within a cell class was established using paitest
(C) vs.54.5 (¢/S) and 53.3 ms (£S'), respectively] but reliable  analysis. For the GS cells (Fig. 8B, upper graph), response differ-
(pairedt-test;t = 2.64 (Cvs.C/S) andt = 3.63 (Cvs.C/S'), P < ences between the C condition and eith¢S@r C/S" were sig-
0.01). Differential effects occurred with a latency of about 60 msnificant in both time windows (interval 31-60 mis= 4.37 for C
in both OC and UF cells. About 15-25 ms elapsed between thes.C/S,t = 4.56 for Cvs.C/S’; P < 0.0001; interval 61-90 ms:
earliest responses in V1 and the onset of differential effects.  t = 6.21 for Cvs.C/S,t = 6.46 for Cvs.C/S’; P < 0.0001); the

differences between texture conditions were not significariS(C

General suppression vs.C/S': t = 0.927 for 31-60 mg,= —0.868 for 60—90 ms). For

Suppression in GS cells began at response onset (downwattle OC cells (middle graph), response differences between the
arrows in Fig. 8B; short dashed lines in Fig. 8C) and continuedsingle line and the full texture conditions were significant before
throughout the entire response period. General suppression 80 ms (interval 31-60 mg:= 4.15 for Cvs.C/S,t = 3.57 for C
creased quickly and reached its maximum within 70 ms, at or evens.C/S’; P < 0.005) but not the differences between the texture
before the time of the response peak (compare response differencesnditions themselves (S vs. C/S": t = —1.05). After 60 ms,
between conditions C and/S, or ¢S/, thin curves in Fig. 8C). In  however, all differences became significant (interval 61-90tms:
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Fig. 8. Mean responses and response differences to the different texture conditions. (A) Histogram of the mean response of all cells
that showed a significant surround effect and gave a sufficiently brisk response to the center line alone. Responses are smoothed (11-ms
rectangular window) for clarity. (B) Response histograms of cells from different subgroups. Mean responses to optimal center lines
alone (C) or with either texture surround A&, C/S’) are superimposed. Onsets of generally suppressive and differential effects are
marked by downward and upward pointing arrows, respectively. (C) Response differences for the cell groups in (B). Long vertical lines
mark the onset of differential effects from texture surround; short (dashed) lines mark the onset of general suppression in GS cells.
Except for UF cells, general and differential effects have different latencies. All marks (arrows, vertical lines) are adjusted by hand for
best visual fit; in (C) the same line position was used for all graphs.
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6.95 for Cvs.C/S,t = 7.02 for Cvs.C/S’; P < 0.0001t=—2.91 Depth analysis

for C/Svs.C/S; P < 0.01). Among the UF celis (lower graph), tTo permit analysis of responses in terms of cortical layers, we

finally, there were no significant differences between the differen . . .
made long electrode penetrations while recording from as many

test patterns in the time window before 60 ms (interval 31-60 ms:neurons as possible. Unfortunately, tissue sections were not avail-
t = —0.244 for Cvs.C/S,t = —0.144 for Cvs.C/S, t = 0.035 P ; Y,

for C/Svs.C/S') but all differences were significant in the win- able for hlstologlca! analysis, so we related response propertl_es of
. . cells to the recording depth estimated from landmarks obtained

dow thereatter (interval 61-90 m&= 3.01 for Cvs. C/S, P < during electrophysiological recording (depth of first neuronal ac-

0.01;t = 4.99 for Cvs.C/S, P < 0.0005;t = 2.73 for G/Svs. ¢ o9 ° 2o VS0 8 S e den he

C/S. P < 0.05). tivity, depth of first white matter responses, or sudden shifts in RF

We conclude that (1) texture surrounds generally increased th c_)smon). The relative depth of recorded cells was normalized to

B is scale. This normalization was done in order to account for
latency of responses in GS and OC (but not UF) cells, probabl

. ossible variations in the length of different penetrations, either
because of the strong suppression often evoked from texture suf- g P X

rounds, that (2) general suppression and differential effects (in Ggue to variations in cortical thickness or due to possible tilt of the

N . : : recording electrode. lls encountered in penetrations in which
and OC cells) occurred with different latencies, differential effects ecording electrode. Cells e cou tered pe etrations ¢
these landmarks could not reliably be localized and cells encoun-

were significantly delayed, an_d that (3) UF. cells appeared to Iac'%(tered in deeper cortical folds of V1 were not included in the analysis.
any early generally suppressive effects. Fig. 8C also showed tha A sample of 67 cells from eight electrode penetrations through

differential effects were sustained for the duration of the stimuli. . . . o
. the striate cortex were selected for analysis using these criteria.

Though effects were complementary in OC and UF cells, they. . ) . .
seemed to follow the same time course in both cell classes Response properties of this sample are plotted against recording
' depth in Fig. 10. Recording depth between landmarks was divided
into ten slices of equal thickness. Slice 1 corresponds to superficial
The spatial range of contextual effects layers and slice 10 to the deepest layers. The number of cells
encountered within each slice is shown in the top panel of Fig. 10.

. . . he uppermost and lowermost depth slices contain relatively few
spatial range over which texels in the surround can modulate re- P P Y

T 9lls, but the remaining slices contain a sufficient number of cells
sponses. We analyzed the effects of texture scale and spacing in !Tf .
cells, including three OC cells, by varying the spacing of the or analysis. ot
texture grid or the magnification of the whole texture pattern. Both The graphs below show mean values of gen B and

. . . : ﬁiifferential surround effectsGDF) of cells within each depth
manipulations affected the spacing of texels in the surround as well . . .
slllce. (For 13 cells, modulation was only tested for optimal center

as the distance of the nearest texels to the center line. Generral . .
L Lo ines and these values instead of the generalized ones were used.)
surround effects tended to diminish as texel spacing |ncrease££1

(Fig. 9A) and the strength of general suppression usually de eneral suppression was pronounced at all recording depths giving

creased. Also differential effects diminished in strength when ras_mean values that are indistinguishable across layers (ANOVA;

ter width was increased (Fig. 9B) but this trend was less pronounce'c__llg.'57 = 0.5,P = 0.87). GDF data reveal a general preference for
. ) } .~ Orientation contrast in all slices except 5, 6, and 10, where negative
in some cells. The spatial range of surround effects varied widel

. ) . . alues indicate some preference for uniform textures. The prefer-
across cells, both in terms of relative spacings (normalized to R

size) and absolute spacings (in deg) as plotted here. Howev ence for orientation contrast was particularly strong in slice 7.

sample means show a clear trend of decreasing general su rihlese differences are reliables(s; = 2.16,P = 0.039), in partic-
P 99 PP uﬁar when slices 1-4 are pooled and also slices 8F1@4= 4.59;

smr;iwnglljn crleoatt:et(:]:gfg:llzn\?atltg:%;\(;tlldlsffeeJ:thlglse fiztl"lts('i:r:gﬂﬁsC).P = 0.0026). The different distributions in Fig. 10 suggest that all
9. P ,Flyers contribute comparably to general surround effects, but that

mple. ression al iminish ith increasin ing. IT. : ) L
sample _Supp ession always dimi |s_ed with | \creasing spacing differential responses may vary in strength in different subsets of
the spatial extent of texture suppression were fixed, then the curvqgiyers

shouild lie on top of one another. But they do not, even not when To relate this analysis to the categorization of response prop-
line spacing is normalized to the RF size or to the size of the Y 9 P prop

) . erties presented earlier, the proportion of OC and UF cells in each
texture elements. This suggests that the spatial extent of textur N . .

. ) epth slice is plotted in the bottom panels of Fig. 10. Values are
suppression varies from cell to cell.

Fig. 9E shows thaSDF values of the three OC cells of this given as percentages of the number of cells within each slice

sample, plus data from two other cells that were classified as Géupper panel). Although the analysis is based on a small number of

and n.e., respectively, with our standard test but revealed a pre{;-e”S and must be interpreted with care, cell classes were appar-

. ; ; . ently not evenly distributed across slices. OC cells occurred above
erence for orientation contrast with larger texture spacing. The . o S

. e . and below slice 5 but not within it, and were most frequent in slices
GDF values did not always decrease with increased spacing. Hows

: 3 and 7. In contrast, the distribution of UF cells appears to be
ever, when compared with ti@SEvalues from the same sample, = ° . . S
. - . unimodal with a peak at depth slice 6. These distributions were
both differential and general effects disappeared at the largest tex- . . o : .
. . - consistent with the variation d&DF values across cortical slices
ture spacings tested (Fig. 9F), suggesting that both effects have &
L X (third panel).
similar spatial range.
These data clearly show that texture density influences the
magnitude of the modulatory effects of texture surrounds. Inter-_. .
; L . . . Discussion
actions decreased with increased texel spacing and virtually dis-
appeared with spacings larger 2 deg. With the range of line length®ur experiments demonstrated pronounced modulatory effects from
used for these cells (0.4-1.3 deg; mean: 0.6 deg), the spatial rangésually unresponsive areas outside the classical RF in anesthe-
over which surround effects were seen was about 3—4-fold, whichized animals. These effects were primarily, but not exclusively
is on the same order as predictions from psychophysics (Nothsuppressive, and often depended on the relative orientation of lines

durft, 198%). in the center versus the texture surround. Texels at the same ori-

An important aspect of center-surround interactions in V1 is th
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Fig. 9. The spatial range of modulatory effects from texture surround. Data show general suppression@Eer&n@ generalized
differential firing rates GDF) of 17 cells that were tested with multiple raster widths. Values are plotted against the effective spacing
of texture elements (in degree of visual angle) whether that resulted from true variations of the spacing of otherwise identical texture
elements or from scale variations of the whole pattern GSE and (B)GDF data of all 17 cells classified according to their responses

to textures with standard raster widths (inset in B). Data points from the same cell are connected by a line. (C) Cumulative means of
data points in (A) and (B) averaged overadjacent values with increasing raster widths. While the general suppression decreases
continuously with increasing raster width, no net differential effect is seen in this sample. (D—E) Selected plots of subgroups in (A)
and (B); (D) all GS cells and (E) all OC cells plus two cells with differential effects at a larger raster width. For each individual cell

in (D), the general surround effect diminishes with increasing raster width, but the spatial extent and strength of the effect differ
considerably between cells. Differential effects in (E) are less systematic but are also generally reduced with larger raster widths. (F)
Cumulative plots of data points in (E) and the correspon@@Evalues. Curves suggest a similar spatial range of these effects.

entation as the center line generally suppressed the center resporiRelation to earlier studies
more strongly than texels at the orthogonal orientation.

Several properties of the observed modulatory effects sugge€dur data obtained in anesthetized animals are similar to those
that they can be looked at as a combination of two phenomenalescribed for the alert monkey (Knierim & Van Essen, 1992). With
nonspecific general suppression, and specific differential effectssimilar stimuli as ours, these authors reported the same major
First, general suppression had a shorter latency than did differentiaésponse properties, although with a slightly different distribution:
effects (Fig. 8). Second, general suppression was often similar fathey found fewer GS cells (27% compared to 41% in our sample
different center lines, whereas differential effects could vary con-when classification was made according to their scheme), fewer
siderably with center line orientation (Table 1 and Fig. 5). Third, UF cells (6%vs. 11%), and more OC cells (32%s.26%). The
general suppression was observed in all layers, whereas the varioadditional categories they reported were based on response differ-
differential effects tended to be less uniformly distributed (Fig. 10).ences between the two center lines. We did not apply this distinc-
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tion here because of the relative rarity of such cells and because of The general similarity of effects seen in both studies suggests
the difficulty in classifying cells that do not respond to nonoptimal that contextual modulation at V1 is largely preserved under the
center lines. Given the variation of response properties with diflevels of sufentanil anesthesia used in the present study. However,
ferent center lines (cf. Table 1), we doubt that further subdivisionghe number of cells with preference for orientation contrast was
of the major response classes would aid in understanding the ursmaller than in the alert animal, and the number of UF cells was
derlying mechanisms.
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increased. As a consequence, population responses to uniform tex-
tures and popout patterns were less distinct than in the data of
Knierim and Van Essen, but a general preference for orientation
contrast was still significant. Thus, there may be modest effects of
sufentanil anesthesia on quantitative aspects of surround modula-
tion, and even larger effects using different anesthetics or anesthe-
sia levels (Zipser et al., 1997). In this regard, it is relevant that the
percentage of OC cells in our study is similar to that found in cats
under nitrous oxide and pentobarbiturate anesthesia (Kastner, Noth-
durft, & Pigarev, submitted). These authors found 22% OC cells
using our classification scheme, compared to 24% in the present
study. Despite these differences on quantitative ground, however,
it is important to note that the type of effects did not differ between
the studies and that all major properties of contextual modulation
seen in the alert animal were also found in the anesthetized prep-
aration. In particular with regard to temporal properties, we con-
firmed Knierim and Van Essen’s (1992) observation that the onset
of differential effects is significantly delayed relative to general
suppression in OC cells. However, Knierim and Van Essen did not
report the different onset of general suppression in OC and UF
cells that was seen in our cell sample.

Several studies in anesthetized cats have reported contextual
modulation by stimuli outside the classical RF, and many of these
have found specific surround effects qualitatively similar to those
reported here (Blakemore & Tobin 1972; Bishop et al., 1973;
Maffei & Fiorentini, 1976; Fries et al., 1977; Kato et al., 1978;
Nelson & Frost, 1978; Orban et al., 1979; Albus & Fries, 1980).
Taken together these data suggest that there are few if any sys-
tematic differences between the modulatory effects occurring in
cats and monkeys. Gilbert and Wiesel (1990) analyzed the orien-
tation tuning of the surround and reported a predominance of cells
with properties similar to the UF cells in our study, which we
observed predominantly in middle layers and which, among the
whole sample and across all layers, were, in fact, less frequent than
OC cells. Other studies found mainly neurons for which response
suppression was strongest when stimuli in the surround matched
the orientation of stimuli in the RF, consistent with the response
properties of our OC class (De Angelis et al., 1994; Li & Li, 1994;
Kastner et al., 1997). DeAngelis et al. (1994) suggested that non-

Fig. 10. Analysis of response properties of 67 cells with reconstructed
recording sites. In each panel the physical distance between the location of
the first neural activity encountered in a penetration and the first activity
indicating the presence of white matter is divided into ten equal slices.
Slice 1 refers to superficial and slice 10 to deep layers of striate cortex. The
numbers of cells encountered in each slice are plotted on top, the mean
values of two indices within slices belovcSE general surround effect;
GDF, generalized differential firing rate). Preference for orientation con-
trast was greatest in slice 7 but is also seen in most other slices (except 5,
6, and 10). General suppression was observed in all cortical layers. The
bottom panels plot the distribution of cell categories within depth slices
(normalized to the number of cells in each slice). Orientation contrast (OC)
cells appear to be distributed bimodally and to spare the presumed thalamic
input layer (slice 5). The distribution of UF cells, with preference for
uniform texture patterns, was nearly unimodal with a maximum at depth
slice 6.
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specific suppression, in the cat, may arise from stimuli impingingential effects are due to stronger suppression from texels in the
on the classical RF, whereas stimuli outside the RF would alwaysurround at the same orientation as that of the center line (iso-
produce differential effects. Though we cannot rule out this pos-orientation inhibition). But facilitatory effects in some cells and the
sibility completely, it seems unlikely to account fully for our re- observation that late responses to texture contrast could exceed the
sults in the monkey, particularly for cells showing strong generalcenter responses (cf. Fig. 8) suggests that the increased responses
suppression with surround stimuli that elicited no direct responseo orientation contrast might also be caused by specific (cross-
(signifying little or no encroachment on the classical RF) and thatorientational) disinhibition of nonspecific suppression.
consisted of long narrow texels having little Fourier energy in the  Although our experiments suggest two types of texture modu-
orthogonal orientation. Moreover, we found both specific (differ- lation, it is likely that several neural mechanisms contribute to
ential) and nonspecific (general) effects over the same range dhese results. These include subcortical mechanisms like center-
texel spacings. Suppression was maximal at or near the border sfirround interactions in geniculate cells; long-range horizontal or
the RF and continuously decreased with increased texel spacing upcal circuit interactions within area V1; and feedback from higher
to distances of more than 2 deg (Fig. 9), far beyond the boundargortical areas.
of the excitatory RF. Nevertheless, the fact that we used bars, not
gratings in the surround, implies that for any texel orientation the  Subcortical effects
orthogonal component is not zero. In particular for wider texels, = General suppression may arise partly from center-surround in-
therefore, both optimal and orthogonal surrounds could have actiteractions in the retina or the LGN, as we observed in occasional
vated the same neuronal mechanisms. Differential effects could themecordings from LGN fibers in this study. However, subcortical
be hidden in the responses to such stimuli, compared to gratingspechanisms cannot explain the often pronounced differential ef-
and apparent general suppression might have become predominafects with the different texture surrounds. Even when such effects
(Note that this would not account for differences between Knierimwere seen at the geniculate level they appeared to be cortical in
& Van Essen'’s data and ours, since both studies were done on mooxigin (Sillito et al., 1993).
keys and in both studies surrounds with bars, not gratings, were used.)
While these effects might have affected our classification to some Interactions within V1
extent, we doubt that they could account for all the many GS cells Inhibitory effects from regions outside the RF were originally
we have seen. We have generally used rather small texels, with dimked to inhibitory endzones and inhibitory sidebands. Inter-
averaged width of 0.09 deg (less than 6 min of arc). actions were found to be orientation specific, and strongest for
Sillito and colleagues (Sillito et al., 1995) recently reported lines at the cell's preferred orientation (iso-orientation inhibition;
effects in both cat and monkey that were similar to those reporte®rban et al., 1979). Recent studies, however, suggest that these
here. They found differential responses to uniform patterns aneéffects are not restricted to endzones and sidebands but are a
patterns with orientation contrast, and these differential responseageneral property of the surround (De Angelis et al., 1994, Li & Li,
did often not depend on the absolute orientation of the centel994). The differential effects we have observed appear to be
stimulus. They also demonstrated pronounced facilitatory effectgonsistent with this view (see Knierim & Van Essen, 1992).
of the texture surround (also see Maffei & Fiorentini, 1976). We,  Long horizontal connections in the striate cortex may partially
too, have seen facilitation from orientation contrast in some cellsaccount for the spatial extent of texture surround modulation. These
(e.g. Fig. 3a; cf. data points below midline in Fig. 5A). These connections may extend over 6—8 mm of cortex (Gilbert & Wiesel,
effects were, in fact, strong enough to compensate the suppressid®989) and preferentially link neurons with similar orientation pref-
found in other cells (e.g. Fig. 3b) so that the mean response of O@rences (Ts'o et al., 1986; Ts'o & Gilbert, 1988). Although these
cells in the population was unaffected by orientation contrasttonnections themselves are excitatory, they terminate on excitatory
(Fig. 4A). However, strong facilitatory effects from texture sur- cells and inhibitory interneurons (McGuire et al., 1991) and could
round were relatively rare in our cell sample (cf. Fig. 58  thus potentially produce the specific suppression we have seen.
values< 0) and far less frequent than suppressive effects. Thé.ong-range interconnections are found predominantly in layers
predominant modulatory effect of texture surrounds was suppre®2 + 3 in the macaque (Rockland & Lund, 1983) but may also
sion, in agreement with Sillito et al. (1995) and earlier studies inmodulate units in infragranular layevéa local cortical circuitry.
the monkey (e.g. Born & Tootell, 1991). Thus, these connections could potentially account for most of the
Preference for orientation contrast in area V1 was also observeproperties of OC cells that we have seen. However, our data also
by Lamme (1995) and Zipser et al. (1996). They found that texturedemonstrate that surround suppression was partially dependent on
patches embedded in a contrasting surround often evoked largéne actual orientation of the center line. It is not immediately
responses than those same patches embedded in a large unifoolvious how long-range cortical connections between similar ori-
field. As in our experiments, these response differences were onlgntation columns could produce this effect.
apparent after some delay, though latencies were slightly shorter in
our study than in theirs. Interestingly, similar responses were ob- Feedback
served when targets were defined by dimensions other than orien- Also feedback from extrastriate areas into V1 may contribute to
tation (Lamme, 1995; Zipser et al., 1996), supporting the generatontextual modulation, as suggested from a recent lesion study by
importance of contextual modulation in V1 (cf. Allman et al., Lamme et al. (1997). The properties of feedback connections may
1985, 1990; Li & Li, 1994; Kastner et al., 1997). account for several aspects of our results. For example, the latency
differences we found between general and differential suppression
could result from the different latencies of feedback as compared
to feedforward effects. Feedback projections terminate mainly in
While general suppression clearly resembles an inhibitory effectsupragranular and infragranular layers of the preceding area (Maun-
the basis of differential firing is not as obvious. In spite of the sell & Van Essen, 1983; Rockland & Virga, 1989; Felleman & Van
pronounced suppressive effects, it is natural to assume that diffeEssen, 1991) but spare layer 4. So, the preference for orientation

Neuronal mechanisms
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