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Jones, H. E., K. L. Grieve, W. Wang, and A. M. Sillito. Surround  the effect of contrast on spatial summation in V1 neurons
suppression in primate VI.NeurophysioB6: 2011-2028, 2001. We (Sceniak et al. 1999) would suggest that common mechanisms
investigated the spatial organization of surround suppression in %’ay apply through all cortical layers. Indeed this latter study

mate primary visual cortex (V1). We utilized drifting stimuli, config- ests that surround effects can be explained in terms of a
ured to extend either from within the classical receptive field (CRF) 99 P

surrounding visual space, or from surrounding visual space into tHifference of Gaussians model with overlapping Gaussians for
CRF or subdivided to generate direction contrast, to make a detailé inhibitory and excitatory fields centered on the same point.
examination of the strength, spatial organization, direction depdm this sense, the mechanism underlying surround suppression
dence, mechanisms, and laminar distribution of surround suppressigiould be an integrated component of the classical receptive
Most cells (99/105, 94%) through all cortical layers, exhibited SURfeld, and terms such as center and surround mechanisms

pression (mean reduction 67%) to uniform stimuli exceeding the C ; ; ; ; ~
and 43% exhibited a more than 70% reduction. Testing with anecome rather misleading. However, it seems likely that sev

annulus revealed two different patterns of surround influence. Sor?‘nré"II mec':ha.nl'sms would _have to und?r!'e bOth_ the excitatory
cells (37% of cells), classical surround suppression (CSS) cells &Rd the inhibitory Gaussians, and their interaction may not be
hibited responses to an annulus encroaching on the CRF that were l&¥8ar and may depend on the spatial organization of the
than the plateau in the spatial summation curve. The majority (63%}jmulus. For example, a layer 4 cell would receive direct
center-gated surround suppression (CGSS) cells, showed respons#ésatamic input and horizontally linked intracortical excitatory
annuli that equaled or exceeded the plateau in the spatial summati@mnections together with inputs from cells in the underlying
curve. Analysis suggested the CSS mechanism was implemented ingier 6 (Ahmed et al. 1994; Callaway 1998; Ferster and Lind-
cells while the CGSS mechanism was implemented in varyingrom 1985a,b; Peters et al. 1994). Present evidence suggests

strength across the sample with the extreme reflected in cells that g g synaptic efficacy of these different components of the
larger responses to annuli than to a center stimulus. Reversing the

direction of motion of the portion of the stimulus surrounding the CR XCItatOI’.y input could be quite dlff_eren_t (Ferster and L_Ind_sFrom
revealed four different patterns of effect: no reduction in the degree bP8°a:0; Stratford et al. 1996). Likewise a range of inhibitory

suppression (22% of cells), a reduction in surround suppressiBfPcesses will provide both a direct influence on individual
(41%), a facilitation of the response above the level to the inn6flls and an indirect effect via their influence on the cells

stimulus alone (37%), and a facilitation of the response above thatdgving the intra-cortical facilitation. The potential dynamic
the inner stimulus alone that also exceeded the values associated s@implexity of these interactions is underlined by the work of
an optimal inner stimulus. The facilitatory effects were only seen fi&tapadia et al. (1995, 1999) in primates. Experiments in area
reverse direction interfaces between the central and surrounding SYfif have also reported suppressive surrounds of varying de-
ulus at diameters equal to or more than the CRF size. The zog@es of complexity with an organization that may encompass

drvng the suppressive niuences and e drecton conrat aclfeal o local motion comparisons and the extraction of com-
strong comparison with the class of behavior reported for surrou%&x features of the visual environment (Raiguel et al. 1995;

mechanisms in MT. This suggests a potential role, for example, 40 €t al. 1995, 1997a,b). This raises the possibility of a

extracting information about motion contrast in the representation @Mplexity to the organization of surround mechanisms in V1
the three dimensional structure of moving objects. that go beyond that predicted from an overlapping Gaussians

model. In particular, the feedback from MT to V1 raises the
possibility of complex motion-dependent effects drawing on
the influence of MT. Thus following from our earlier report of
surround driven suppressive and facilitatory effects in primate

A number of studies have identified suppressive influenc¥4 (Sillito et al. 1995), we have utilized drifting stimuli to
that reduce the responses of neurons in primate V1 when areske a detailed examination of the strength, spatial organiza-
of visual space surrounding the classical receptive field afen, direction dependence, and laminar distribution of sur-
stimulated (Born and Tootell 1991; Kapadia et al. 1999pund suppression in an attempt to further characterize the way
Knierim and Van Essen 1992; Nothdurft et al. 1999; Sceniakiet which it is implemented. The stimuli we have used here
al. 1999; Sillito et al. 1995). Some have reported these suvere all effective in driving MT cells (in some of these
round influences to be restricted to cells in the upper layers@fperiments we made simultaneous recordings in MT) (H. E.
V1 only (Born and Tootell 1991), although a recent study afones, W. Wang, T. E. Salt, and A. M. Sillito, unpublistuzda)

INTRODUCTION

Address for reprint requests: H. E. Jones, Dept. of Visual Science, InstituteThe costs of publication of this article were defrayed in part by the payment
of Ophthalmology, University College London, Bath Street, London EC1¥4f page charges. The article must therefore be hereby madeekettisemerit
9EL, UK (E-mail: h.jones@ucl.ac.uk). in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

WWw.jn.org 0022-3077/01 $5.00 Copyright © 2001 The American Physiological Society 2011



2012 H. E. JONES, K. L. GRIEVE, W. WANG, AND A. M. SILLITO

and also enabled comparison with a number of other studiegriede penetrations were angled to avoid recording from locations
MT and cat and primate V1. Our data here suggest a mughderlying the array entry point. Data were collected and visual
stronger influence of surround suppression through all lamingnuli generated using the Cambridge Electronic Design (Cambridge,
than hitherto reported in primate V1, clear dependency on t 5) VS system in conjunction with a Picasso Image Generator (John

: : : : - aughman, USA), presented on a Tektronix 608 tube. For further
re_la_tlve direction of ".‘0“0” for the s_urround stlmulus and tW etails, refer to Sillito et al. (1993). Spikes were stored with a 0.1-ms
distinct patterns of bias to the spatial organization underlyirjgf,,

. . - . al resolution and could subsequently be processed with respect
the suppressive mechanisms. These observations are dlscut%;‘.gf%{/ aspect of the stimulus variables used during data collection. We

in the context of the insight they suggest into the processigt identified and hand mapped receptive fields using an overhead
mechanisms pertaining in V1. projector and the tangent screen of a plotting table. Once the receptive
fields had been characterized in this way, we introduced a 45° front-
surfaced mirror into the light path, deflecting the animal’s plane of
vision to a vertically mounted, 608 Tektronix tube at a distance of
Subjects 0.57 @ 1 m for controlled presentation of visual stimuli. The 608 tube
) ) was mounted on a cradle that could be shifted over a set of floor
The experiments were carried out on 14 addiicaca mulatta mounted tracks and tracks mounted in a slave carrier to roughly center
monkeys. The animals were treated according to the published guigigs display on one of the receptive fields. We utilized the alignment of
lines on the use of animals in research (European Communitigg receptive field on the tangent screen and 45° beam splitter to
Council Directive 86/609/EEC) and the National Institutes of Healthchieve this. We could fine tune the centering of the receptive field on

METHODS

guidelines for the use of laboratory animals. the 608 tube using micrometer adjustments on the carrier mechanisms
and software adjustment of the display center. These adjustments were
Animal preparation checked with reference to the magnitude of the responses generated

either by small flashing spots or small patches of an optimally oriented
Animals were initially premedicated with atropine sulfate (0.O4rifting sinusoidal grating presented in a range of spatial locations
mg/kg im) and acepromazine maleate (0.05 mg/kg im). Anestheséaming a sequential grid over the field. Accurate centering of the
was induced with intramuscular injection of ketamine (10—-15 mg/kglisplayover the receptive fields studied was critical to our experiments,
Surgical procedures were carried out under ketamine anesthesia, amdlso the fine tuning of the centering wastandardized procedure for
a solution of bupivicaine hydrochloride (0.75% wt/vol) was applied tevery cell and was checked throughout data gathering sequences.
all wound margins. After cannulation of the saphenous veins and
trachea, the animal was transferred to a stereotactic frame. The \el‘ar | stimuli
bars of the stereotactic apparatus were coated with lignocaine hyd geua stimuli
chloride gel. The dura overlying V1 was exposed via a craniotomy. gor the preliminary evaluation of cell response properties, we used
Anesthesia was maintained throughout the course of the experimggiple visual stimuli comprising flashing spots, drifting bars, and
either with halothane (0.1-0.4%) or sufentanil (4x@- kg™ -h™)  patches and annuli of drifting sinusoidal gratings. Parameters such as
and a mixture of 70% BD and 30% Q. End-tidal CQ levels, the gpatial frequency, temporal frequency, orientation, and bar length or
electrocardiogram (ECG) waveform, intersystolic interval, and tgot/patch diameter were varied in a randomly interleaved sequence.
frequency of spindles in the electroencephalogram (EEG) wavefopn|ank stimulus was included in each block for the assessment of
were monitored at all times through the experiment. The rate aEHontaneous activity levels. The contrasts,{, — L)/ (Linax +
depth of artificial ventilation was adjusted to maintain end-tida,LCQ_ ) routinely used were in the range 0.1-0.36 with a meandumi
at 3.8—4.2%; after completion of all surgical procedures, the level ghnce of 14 cd m2 To explore the effects of direction contrast on
anesthetic agent was adjusted to give a state of light anesthesia. Qggn suppression, we used concentric bipartite sinusoidal gratings
a stable state was reached, any variation in the monitored paramei@igered over the receptive field. We kept the contrast, spatial fre-
(change in the frequency of spindles, fall or fluctuation in intersystolig,ancy, and drift rate constant in both inner and outer stimuli but
interval, rise in end-tidal C¢) commensurate with a change in the,arieqd the direction of drift of the inner and outer stimuli. The phase
depth of anesthesia was immediately compensated for by an inCregsgr inner and outer displays were locked together with reference to
in the level of anesthetic reagent. Following completion of all surgicgde center of the display so that for concentric stimuli, when the
procedures and after a stable state of anesthesia had been establighigdtion of drift of both components was the same, they appeared as
animals wergllmrrl(ibl!lzed with an infusion of vecuronium bromidg single grating. Central patch size and inner diameter of the outer
(0.1 mg- kg~= - h™7) in glucose-enriched lactated Ringer solutionsie| ranged between 0.3 and 6.0°. Spatial frequency was in the range
Temperature was maintained at 38°C by use of a thermostaticajlys cycies/® (cpd) and drift rate was 1.0—4.0 Hz. All tests were done
controlled electric heating blanket. All wound margins were dust&giih monocular visual stimulation of the cell's dominant eye.
with topical application of Neomycin sulfate and Noricillin [procaine  1¢ examine the spatial location of suppressive zones, we used two
penicillin (15 mg/kg) and benzathine penicillin (11.25 mg/kg)im] wagqyare patches of optimally oriented sinusoidal grating. The gratings
administered daily. Dexamethasone (1 mg/kg iv) was administergflfted within each patch, and spatial frequency, direction of motion,
daily to reduce cerebral edema. ) _ _and drift rate were kept constant in both patches. One grating patch
The pupils were dilated and accommodation paralyzed with topiGghe notional inner stimulus) was centered over the CRF while the
application of atropine methonitrate (2% wt/vol). The eyes weigscond stimulus patch was presented in randomized sequence at a
protected with gas permeable contact lenses, and brought to focug e of locations around the field. Central and outer patch sizes
a semi-opaque tangent screen/front surface mirror at a distance of Q{yed from 0.5 to 2°. For some cells, we also explored the effect of

or 1 m, using supplementary lenses and 2-mm diam artificial pupilgyersing the direction of drift of the grating in the second patch.
The locations of the blind spot and fovea were located and plotted

using a reversible ophthalmoscope. ) )
Experimental protocol and analysis
Apparatus PRELIMINARY EVALUATION OF RECEPTIVE FIELDS. Isolated single
units were classified as simple or complex according to conventional
Single-unit activity was recorded from area V1 using arrays afiteria (Hubel and Wiesel 1962; Skottun et al. 1991). After the
tungsten in glass microelectrodes (Merrill and Ainsworth 1972). Elececeptive field center had been localized as described in the preceding
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text, we quantitatively checked preferred orientation and direction eficited by the optimal and plateau stimuli, respectively. Thus cells

motion using a patch of sinusoidal grating localized over the receptighowing no suppression to large diameter stimuli would have a PSI of
field center with orientation and direction of drift varied in a random@, while those showing total response suppression would have a PSI
ized and interleaved sequence. of 100. To explore the effects of direction contrast on patch suppres-

B fth th sion, we used concentric bipartite sinusoidal gratings centered over
MAPPING THE CLASSICAL RECEPTIVE FIELD. Because of the way the y,q receptive field and varied the direction of drift of the inner and

mechanisms driving center and surround mediated influences OverlaBL'ﬁ'er stimuli. Cells were regarded as showing no direction contrast if
primate V1, it is difficult to define what is precisely meant by the terg, g yoqnonse to the inner stimulus drifting in the preferred direction in
classical receptive field. It might be taken to include the spatial borderstﬁ presence of an outer stimulus drifting in the reverse direction was

the processes driving surround effects, but these are often difficult & gjgnificantly different to the response observed when the inner and
define. Equally the area of visual space from which excitatory responses. - “stimuli both drifted in the same directioR € >0.05, paired

can_be obtained may not define the extent qf _the excitatory_mechanisr’rg_{gst)_ Cells were regarded as showing direction contrast modulation
excitatory field because the underlying inhibitory mechanism may sqgé

X X . e response to the reverse direction configuration was significantly
press the weaker excitatory influences. In this study, we have used g o = g 05) than the response observed when the inner and outer
term classical receptive field, CRF, to indicate the area of visual sp

" hich . iudaed by th ik ity of uli both drifted in the preferred direction [thus “direction contrast
rom which excitatory responses, as judged by the spiking activity of thg, yjation” is analogous to the term “orientation contrast” (Knierim

cell, could be obtained. The_precise measurement is influenced by gﬁ% Van Essen 1992)]. In some cases, the response to the direction
procedure use_d to map the _f'eld' . . trast stimulus configuration exceeded the response to the inner
We determined the precise location and spatial extent of the C%&;ulus presented alone (“direction contrast facilitation”). To quan-
using four procedures and took the value for the CRF size from the s \ve calculated the percentage response increase elicited by the
procedure giving the largest measurement. This avoided the pote verse direction configuration with respect to the response level

danger of underestimating the size of the CRF (Sengpiel et al. 19 toited b : ;

. - e y the inner patch of grating presented alone. Cells were only
?Nalk_er etf al. ZOP?O%' First, we exp(ljorled ghe Spﬁt'al d|str|b#t|(;n Ykgarded as showing direction contrast facilitation if the response to
ocations from which a contrast modulated patch or a patch of opfjig reyerse direction configuration was significantly large+(0.05)
mally oriented drifting grating elicited responses (we termed this tgﬁ

: . o an the responses to the same direction configuration and the inner
XY patch method). A variety of patch sizes from 0.2 t01.0° were usegh, s alone and exceeded that to the inner alone by 10% or more.
for this test. They were presented in a randomized sequence over

A ; 4 f X AW observed one example where the response to the reverse direction
of spatial locations defined in rectangular coordinates. The locati

vina the | d 1o define the CRF nfiguration was significantly smaller than the response to the same
giving the largest response was used to define the center, anqii€ tion configuration. For simplicity, this cell was included in the no
coordinates of our display were adjusted to match CRF center a[i]

o]

displ ter. This involved | iterati ith i ction contrast grouping.)
ISpiay center. [1his involved Several iterations with variations Eontour maps of the CRF were plotted as a function of stimulus

patch size and display coordinates to optimize both centering ition on a ten level iso-response contour plot [where the distance

assessment of CRF dimensions. The data from all the test runs in t %/een contours was defined by the equatp.( — R.)/1 +

procequrefg l\g/erghsto(rje.(?.‘ WE also aslsessed the dir;ensiorég offifber of levels, and the first level was defined Ry, ], using a
receptive field with a drifting bar stimulus to quantify thg coordi- line fitting algorithm for interpolation between recorded positions.

nates defining the width and length of the area from which a bar Wou_slg-l-0 examine the spatial location of suppressive zones, we used two

drive excitatory responses. Next, we examined the effect of increasig, e patches of optimally oriented sinusoidal grating. One grating
the diameter of an optimally oriented patch of grating centered ov&L; 1, was centered over the CRF while the second stimulus patch was
the receptive field center. Th's was foI_Ioweq by_ a S|_m|Iar test but wi esented in randomized sequence at a range of locations around the
an annulus of optimally oriented grating with its virtual center ovege|y “For graphical representation of this data, we constructed three-
the center of the CRF, and the variable was the diameter of the iNgGhosional surface maps documenting the modulatory effect of the
wall of the annulus. This latter test brought an optimally orlentefgecond stimulus on the response to the simultaneously presented

border in toward the receptive field center. The stimulus variables Xntral stimulus at a range &f locations. The data were represented
all the protocols used to assess RF size were randomized and i ar-; o-response surface plots, using a spline fitting algorithm for

leaved and responses assessed from the mean computed from 10 tRdtholation between recorded locations. The central point in these

presentations of the stimulus. The data from the four methods ga\f¢aces always represented the response to the central stimulus
similar values, but those from the XY patch and bars were thg. enied alone. The data were also represented as two-dimensional
smallest. Across the sample { 105), the mean value for CRF sizejg, egnonse contour maps (shown beneath each surface plot). We
derived from the XY patch method was 09 0.08° (meant SE)  5qqnteq the procedures and criteria used in area MT by Xiao et al.
Compafed with 9'7&.0'10 from the bars, 1;,]": O'.14 from the (1997b) to quantify the angular distribution of the suppressive zones.
optimal summation diameter and 1.15 0.17° derived from the First, we computed the strength of suppression (expressed as a per-
annulus paradigm. In all but two cases, the values used for definifigh ;e of the response to the center stimulus alone) for each surround
the CRF borders were drawn from either the optimal summatiQ . ius location, according to the formua= [1 — (R./R.)]*100,
diameter or annulus paradigm, with the two exceptions fOIIOW”'\%heres is the strength of the antagonistic surround elicited by a
from cases where the XY patch test revealed the largest values. naicyiar surround stimulus locatioR, is the response to the cem

To minimize any effects of adaptation by persistent presentation o fhation of the center and surround stimulus ik the response to
stimulus at the cell's optimal orientation and to generate control data Ak center stimulus presented alone. We the;\ computed two selectivity

subsequent tests, the protocols varying patch diameter or annulus ifggf o< (s)s) from the level of surround antagonism generated by each
wall diameter also varied the orientation of the stimulus in a randomlzg the surround stimulus positions using a formula, based on circular

interleaved fashion. The values for the optimal orientation were thg tistics, for calculating the length of the mean vector
extracted from the data sets and used to plot the patch tuning curves. '

QUANTIFYING RESPONSES. Responses were computed from the noo e ' _ ’
mean firing rate averaged over the full number of stimulus presenta- 2, Sisin(ai) | + | 3} i cos(ai)
tions. Typically we presented three to five stimulus cycles of each S| = i-1 i=1

stimulus condition repeated over 5-20 trials. For each cell, we calcu- n

lated a patch suppression index (PSI) according to the formula=PSI E Si

[1 — (RoadRopd]*100, whereR,,, and R,,, denote the responses i-1
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where Si is the magnitude of the surround suppression at each SRECONSTRUCTION OF RECORDING SITES.At the end of each elec-

round locationgi. Following Xiao et al. (1997b), we termed the firsttrode penetration, key recording sites were marked by electrolytic

of the two Sls the unimodal selectivity index (USI), which wadesions (3—5uA for 3-5 s, electrode negative). At the conclusion of

calculated from the actuati values. The USI is a measure of thethe experiment, animals were overdosed with pentobarbital sodium,

degree of unimodality of the surround antagonism, i.e., the tenderfi§sanguinated with phosphate-buffered saline (PBS), and perfused

for the surround antagonism to be concentrated in one location. A Ugth paraformaldehyde followed by sucrose in PBS. Frozen sections

value of 1.0 indicates that only a single surround position was effép€re cut at 40u, and alternate sections were stained by the Nissl

tive in modulating activity, whereas a value of 0.0 denotes a uniform‘ath_Od and an enhanced cyt_ochro_me oxidase method, respectively.

angular distribution of surround antagonism. The second SI, tR&ctions containing electrolytic lesions were drawn at low power.

bimodal selectivity index (BSI), was calculated with eaghvalue Adjacent sections were aligned precisely using blood vessels and

doubled and reflects the degree of bimodal distribution, or the te#£Ction outlines as reference points.

dency for surround antagonism to be concentrated along an axis, on

opposite sides of the CRF. A BSI value of 1.0 indicates that 8l 5| 5

suppression originates along a single axis, whereas a values of 0.0

denotes that the suppression along each axis is equal. _ The results reported here derive from 105 cells recorded in
The Rayleigh test (Batschelet 1981), which tests the hypothesis thjers 2—6 of primate V1 at eccentricities from 2—6°. Our

the data are uniformly distributed, and the USI and BSI values Weé%_mme comprised 61 S type cells and 44 C type cells. All the

employed for classifying the angular distribution of the antagonistlqufeCtS reported applied equally to both S and C types
surround into three classes: uniform or circularly symmetric surroun '

suppression (Rayleigh teBt= 0.05), asymmetric surround suppres-
sion (Rayleigh tesP < 0.05 and USI> BSI) and bilaterally sym- Spatial summation curves and suppression
metric suppression (Rayleigh te3t< 0.05 and BSI> USI).

To quantify the surround location showing most suppression, weFor all the cells in our sample (105), we determined the
computed the optimal angle (OPA) for each cell using the formula fghange in response as the diameter of a patch of optimally
calculating the mean vector angle (Batschelet 1981) oriented drifting grating was varied. The core procedures we

used to center on the CRF, map its size, and examine its spatial

iSi-sin(ai) summation characteristics are illustrated in Fig. 1 for a layer 5

. cell. The histogram (Fig.A) shows the response of the cell to

OPA= arctan| an optimally oriented 0.3° square of drifting grating presented
iSi'COS(ai) in a randomized sequence at a range of locations over and

around the receptive field. The responsive regions are clearly
defined. The contour plot (FigB) provides an overview of the
For cells with a bilaterally symmetric surround, the OPA represerg§ape of the field as determined by this method. The spatial
the angle of the axis through the two optimal surround locations. summation curve (Fig.@) shows the response of the cell to

i=1

A B

Fic. 1. Classical receptive field and spatial
summation properties: the 3-dimensional (3-D)
histogram documents the response to a small patch
of an optimally oriented, drifting sinusoidal grating
presented at a range of spatial locations spanning a
3 X 3° area of visual space encompassing the cell's
receptive field location. Responses (computed from
the mean response rate averaged from the full stim-
ulus cycle over 15 stimulus repeats) were elicited
only from a very circumscribed area of visual space.
[Patch diameter, 0.3°. Spatial frequency (SF), 2
cycles/degree (cpd). Temporal frequency (TF), 3
Hz. Contrast 0.36. Vertical scale denotes response
in imp/s. C type layer 5 cellB: contour plot delin-
eating the shape of the receptive field showr\in

c D The magnitude of the cell's response is shown by
the shading of the contours as denoted by the color
100 4 100 - scale to thdeft. The scale bar shown in red denotes

0.5°. SeeaveTHoDs for further detailsC: the tuning
curve plots the variation in response magnitude for

9\_2.. 75 4 75 4 increasing diameters of an optimally oriented patch
2 of grating centered over the receptive field center.
g 50 = 50 4 Responses were normalized to the response value
2 elicited by the optimal diameter patch (9 imp/s).
D o5 . 25 J Error bars indicate~1 SE. Black line to the right
o denotes spontaneous activity level. The patch sup-
- J —t pression index for this cell (seeTHODS) was 43%.
0. ’ v . . . . 0 P v v . . . SPY " Stimulus details as i but 50 stimulus repeatB:
025 05 075 1 125 15 025 05 075 1 125 15 the tuning curve documents the response to varying

the inner diameter of an annulus of optimally ori-
ented grating. Responses were normalized to the

* - ® o (I' maximal response seen in the patch tuning curve
(©). Stimulus details as €.
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varying the diameter of an optimally oriented patch of drifting A B C
grating. The response rose and then fell as the stimulus reached  Sutoff 25% / 50 % o 70 %
and then exceeded 0.75° in diameter, suggesting a potgnt i’ﬁ 7 4A
suppressive or disfacilitatory influence beyond this point. Thig 4‘(‘5 e Pricd
spatial summation curve was typical of the majority of cells we& g 408 4Cp
saw in primate V1. In addition to quantifying the response to 3 . o

varying the diameter of a circular patch, we also plotted the 0 50 100 o0 50 100 0 50 100
response to varying the diameter of the inner wall of an annulus

f drifting grating. This provi mirror im r
of drift g grating S pro ded a 0 age p obe 1o 3. Laminar distribution of patch-suppressed cells. Cortical layers were

: E
the sequence of paich dlameters_and enabled lfls to as§§§(§ned according to the criteria of Lund (1988). The 3 block histograms show
the response Of_ the cell to S“mUlat'On of outer regions of th&: percentage of patch suppressed cells in each lamina. For the histogram in
receptive field in the absence of stimulation of the central any cell showing 25% or more suppression was regarded as patch sup-
region. Thebottom right curveshows the response to Varying)ressedB: only cells showing 50% or more suppression were regarded as
the diameter of the inner wall of an optimally oriented annull&atch suppressedC: cells were classed as patch suppressed only if the
o, . . . suppression with large diameter patches exceeded 70%. Regardless of the

of drifting grating. This started t‘? exg_rt a small excitatoryyioff value chosen, patch suppressed cells were distributed across all laminae.
effect at 0.75°. For the sake of simplicity, we have used the o i ) . ) o
term CRF here to indicate the area of visual space from whif@sPonse with increasing stimulus diameter was highly signif-
the cell showed clear excitatory responses with the tests usé@nt across the populatior (< 0.001 Wilcoxon test) and
In the case of the example shown in Fig. 1, we defined this ¥flected a potent reduction in the output of V1 cells for
0.75°. optimally oriented stimuli extending beyond the CRF. Indeed it

We show two further examples of spatial summation curvésworth underlining the fact that 80% of the sample exhibited
for a circular patch of drifting grating in Fig. 2 andB. The @ more than 50% suppression and 43% a more than 70%
variation in patch suppression over our cell sample is shown ByPPression in response. We recognize two possible sources of
the histogram in Fig. @. Here we have quantified the degre&€Torin these observations. The first was that in a few cases, we
of suppression in terms of the percentage reduction in ti€re unable to generate stimuli large enough to be sure that we
response observed at the plateau of the spatial summatisg accessed the full extent of the surround suppression and the
curve elicited by larger diameter stimuli in comparison to th&econd that in a few cases, we were unable to generate stimuli
response seen to an optimal diameter patchiseeops). The small enough to be sure we had accessed the cell’s opuma]
percentage reduction in response is represented in steps af§§§onse. However, both these would cause us to underesti-
the abscissa and number of cells in each category on fRate the degree of surround suppression and so would empha-
ordinate. The majority of the cells (99/105, 94%) exhibite8ize rather than diminish the finding that the majority of pri-
response suppression to large diameter stimuli with a me#@te V1 cells are strongly suppressed by stimuli extending

suppression of 67%42.07%; mean- SE). This decrement in Peyond their CRF. _ _
These observations might follow from a sample restricted to

the superficial layers (cf. Born and Tootell 1991), or they might

Percentage of patch suppressed cells

A B
100 100 encompass a substantial laminar variation in the degree of
e:: patch suppression. Given the variation in connectivity of the
£ 50 50 different layers, it might be expected that cells in the different
2 layers would show large variations in the degree of patch
@ . . . .
L —pt o —pt suppression. Interestingly, as shown in Figs. 3 and 4, we were
ST 33 4 % o 5§05 T 15 % 25 unable to demonstrate a laminar variation in the distribution of
Patch diameter Patch diameter Layers 2-3 Layer 4A
6 6
C
25 4 4
©
% 20 3 2
5 15 5 0
@ = 0-9 50-59 >90
_E 10 é
2 5 3 Layer 4C Layers 5-6
0 6
09 50-59 >90

Degree of suppression

FIG. 2. Patch suppression across our V1 cell sampleandB: 2 further
examples of spatial summation curves. Conventions as for EigFar A, the
patch suppression index was 69% and the optimal response 167 imp/s. (3 0 0
stimulus repeats. SF, 2cpd; TF, 3 Hz; contrast, 0.36. C type layer 4B cell.) For 0-9 50-59  >90 0-9 50-59  >90 09 50-58  >90
B, PSl was 64% and optimal response 33 imp/s. (Further detailsAasSitype
layer 4Gx cell.) C: block histogram plotting the distribution of patch suppres-
sion across the V1 cell population & 105). Cells were subdivided into 10 ric. 4. Block histograms plot the distribution of patch suppression for
categories of patch tuning, binned in 10% epochs. Thus cells in category O—8fferent cortical layers (notedboveeach histogram). Cells were subdivided
had little or no patch tuning, cells in category90% showed little or no into ten categories of patch tuning, binned in 10% epochs as described in the
response to large diameter patches (ser+ops for details of quantification). legend to Fig. 2.

Degree of suppression
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cells showing surround suppression. The range of the indid@ssection of the spatial organization of suppressive

of patch suppression was similar through all laminae. Figurer@gchanisms

A-C, shows the laminar distribution of cells showing a more

than 25, 50, and 70% reduction in response with stimulusGenerally, suppression in the receptive fields of cat V1 cells
diameter while Fig. 4 shows the number of cells in each lamit@s been associated with either suppressive end zones, sup-
falling in the groups summarized in FigC2We also compared pressive side bands, or both (DeAngelis et al. 1994; Hubel and
the distribution of optimal summation diameters and the disViesel 1965; Kato et al. 1978; Orban et al. 1979a,b; Walker et
tribution of stimulus diameters eliciting maximal suppressival. 1999). It is important to know how the suppression we
effects across cortical layers. The scatter diagrams in Fige®amined here with patches of varying diameter links to dis-
plot, for each lamina, the magnitude of patch suppressioretely identifiable end zones or side bands. Hence we included
versus optimal summation diametéof) and versus maximal in our tests a protocol examining the influence of a second
suppression diametebodgtton). Again, there is little evidence to discrete patch of grating introduced at a stepped series of
support any obvious differences across layers. In Table 1, Weeations around a patch of rectangular drifting grating over-
summarize, for each layer, the meahSE) values observed lying the CRF. Examples of the data obtained from this are
for patch suppression, optimal summation diameter, maxingdown in Fig. 6 A—J These surface plots show the variation in
suppressive diameter and spatial frequency used. Once moesponse magnitude to the stimulus overlying the CRF induced
there appears to be little laminar variation in the mean valubg the presentation of the second stimulus at any of the
observed for any of these parameters, although, interestindbcations around the CRF (in a randomized interleaved se-
the optimal summation diameter for layer 5 and 6 cells wagience) as indicated by the matrix of points in the icon diagram
nearly double that seen for the other cortical layers. In generahove the records. The plots are all oriented so that the axis of
the mechanism underlying patch suppression would appeathe optimal orientation of the cell lies along the plane indicated
be common to all processing steps within V1 and possibiy the icon diagram. In each case the center point of the records
represents a general algorithm pertaining at this level in thed the color, dark green, indicates the response level associ-
system. The distribution of surround suppression through atied with the inner stimulus alone. All the cells in the examples
layers of V1, plus the numbers of cells showing high levels &-J in Fig. 6 exhibited strong surround suppression with
suppression, underlines the fact that extensive stimuli (4—-@trease in the diameter of a circular patch of drifting grating.
diameter) will tend to minimize the output of a column. FurHowever, the detailed dissection of the zones around the CRF
thermore, for eccentricities in the region of 5° as explored imevealed patterns of influence that bore no relation to the
the present work, even a 2° stimulus will result in substantivieegree of suppression following from an increase in the diam-
attenuation of the output of many cells in a column. eter of a circular patch of grating. The cell in FigA @/as not

TABLE 1. Summary of spatial summation characteristics across cortical layers

Layer 3 4A 4B 4C 5/6
Patch suppression, % 67 (5.31) 67 (6.67) 67 (2.91) 71 (5.23) 66 (4.00)
Summation diameter, deg 0.97 (0.17) 1(0.15) 0.95 (0.14) 1.2 (0.25) 1.9 (0.51)
Maximal suppression diameter, deg 4.2 (0.51) 4.6 (0.31) 3.5(0.26) 4 (0.50) 4.4 (0.76)
Spatial frequency, cpd 2.4(0.10) 2.3(0.22) 2.4(0.09) 2.3(0.17) 2.3(0.17)
n 25 12 34 19 15

Values in parentheses denote SE.
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FIG. 6. Spatial organization of suppressive effects. The surface plots depict the modulatory effect of a 2nd stimulus presented
at a range of spatial locations on the response to a central stimulus for 10 patch suppressed cells recorded in primate V1. The
stimulus configuration comprised an inner stimulus (a square patch centered over the CRF containing an optimally oriented grating
drifting in the cell's preferred direction of motion) and a 2nd stimulus (another square patch of optimally oriented grating drifting
in the same direction of motion) that was positioned at a rangey ddcations around the central stimulus (as depicted by the
schematic diagrarabovg. In each plot, the responses are normalized with respect to the response elicited by the center patch alone
(100% in each case, dark green). Suppressive effects are denoted by blue colors, facilitatory effects by light green to yellow colors
(see color scale baop right). Center patch diameter ranged from 1 to 2° depending on each cell's CRF size. Spatial frequency
ranged from 2 to 3 cpd. Temporal frequency, 3 Hz; contrast, 0.36.

suppressed by the second stimulus at any location around diegram in Fig. 7 compares the amount of suppression ob-
CRF and that in Fig. B showed a slight suppression at onserved at the plateau level of the patch summation curve to that
location only, while the cells in Fig. 6,andJ, were suppressed observed using a discrete patch of grating positioned at the
at all locations around the CRF. The other examples encomest effective surround location. As is clear, there was little
pass patterns that show clear end zones and side bands (Eogrelation between the plateau level large diameter patch
6C) and those where suppressive effects partially surroundagopression and the most effective suppression elicited by a
the field or sat at either corner of the receptive field. The scattéiscrete patch. Indeed, for more than half the sample (58%), we
were unable to detect any significant influence from side bands,

100 end zones or corner zones (ANOVA) in cells showing signif-
e o o] icant patch suppressionP (< 0.05 Wilcoxon test and
§ 804 0© ANOVA). Thus for these cells, a stimulus uniformly surround-
@ % o ing the CRF appeared to recruit otherwise subthreshold effects
5 604 o o] oé)%‘)) o to exert a potent suppressive influence. Where there were
] a © S o clearly defined suppressive foci around the CRF, our data
g 409 og®0 ® @ suggest a wide variety of configurations for their spatial orga-
° 204 o 00?8) ® nization. To quantify the degree of heterogeneity in these cells,
2 oo@ & we have used circular statistics (Batschelet 1981; Xiao et al.
2 0 o 1995, 1997b) to analyze the data. We used the criteria de-
T T T v T scribed by Xiao et al. (1997b) (se&THops) to subdivide the

0 20 40 60 80 100

cells into three groups, those exhibiting spatially uniform sur-
Large diameter patch suppression (%)

round suppression, spatially asymmetric surround suppression,
Fic. 7. Comparison of the amount of suppression observed at the plategud bilaterally symmetric surround suppression. The majority
level of the patch summation curve to that observed using a discrete patcthpf the cells analyzed in this way (81%) exhibited spatial

grating positioned at the most effective surround location. The scatter diagr : : o
plots the degree of suppression (%) elicited by a large diameter patch alongﬁ?&temgenelty of surround locations, althoth 19% showed

x axis vs. the degree of suppression (%) elicited by the most effectively Ioca@@ati_a”y uniform SU”Ol_m_d_ suppression (an example is shown
discrete patch of grating along tlyeaxis. in Fig. 6J). Cells exhibiting heterogenous surrounds were
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divided approximately equally into spatially asymmetric cellsf varying the diameter of the inner wall of an annulus of
(44%) where the surround suppression was biased toward adinifing grating so that we could explore the effect of a stimulus
location (e.g., Fig. B) and bilaterally symmetric cells (37%)encroaching on the field from the surround without optimally
where the surround effect was localized to two opposing raetivating the center mechanism. The data obtained revealed
gions along a single axis (e.g., Fig-)$6 For cells that exhibited some interesting variances in the pattern of integration of
spatially heterogenous surrounds, we asked whether the ssyrround influences and the mechanisms driving responses
pressive effects were localized to the ends, sides, or cornergrofm the center of the CRF.

the field. Interestingly, suppressive effects were nearly equallyWe explored these effects in detail for 54 cells in our sample
distributed in all directions round the CRF; there was nloy comparing the responses obtained in the patch tuning curves
evidence to suggest that suppressive effects were concentradeéffects elicited by annuli encroaching into the CRF but
in end-zone or side-band regions. As previously described, xcluding the very center of the field. We grouped the data
58% of cells showing significant patch suppression to a largétained with the annuli into three categories, those obtained
grating patch, we were unable to detect any significant supith the inner border of the annulus in the outer 25% of the
pressive influence from a discrete second stimulus presentediameter of the CRF, those obtained with the annulus border in
any location around the CRF. Nonetheless, we also checkedtie middle 50%, and those obtained with the annulus border in
degree of heterogeneity in the spatial organization of the stine inner 25%. For the general comparisons, we have taken the
round for this subgroup of cells using the circular statisticgategory giving the largest response. Essentially these data
method described in the preceding text. The results were 8ighlighted the presence of cells with contrasting patterns of
sentially in accord with those for the 42% of cells that did shoW@sponses to the annuli. On the basis that an annulus by
significant suppressive influences to a discrete second stimuiigéinition excludes the receptive field center, but encompasses
located at some position around the CRF. Thus the majorityQJf the surround, it is logical to expect that th.e best response to
cells showed heterogenous surrounds, and these were agg‘ir"f‘n”mus would be less than the plateau in the area summa-

divided approximately equally into spatially asymmetric anfion curve. This indeed was the case for many cells (20/54,
bilaterallypspymmetric ){ypgs. y P y asy 7%). We separated out those cells showing responses lower

than the plateau in the area summation curve using the criterion
that the responses to the most effective annulus had to be
Dissection of surround effects with annuli significantly smaller than the plateau of the area summation
curve P < 0.05 level,t-test). For these cells, the mean re-
The spatial summation curves constructed from a circulgponse to the annulus was 616.55% smaller than the value
patch of varying diameter reflect a situation where the recepf-the plateau in the patch tuning curve. Taking each category
tive field center mechanism is always part of the integratiasf the annulus encroachment within the CRF in turn the re-
driven by the stimulus. For this reason, we examined the effeonses were 76 6.41% smaller for the outer 25%, 64

A
FiIG. 8. Block histograms comparing the
responses elicited by patches of varying diam-
eter to those to annuli of a fixed outer diameter
_____________ and a varying inner wall diameteA: patch
ﬂ responses are denoted by the dark gray stip-

pled bars to theeft of the figure, annulus

0 0 =5 ==

0.5 1 2 4 9 0.5 1 2 4

@ responses by the light gray stippled bars on the
= right. Stimulus configuration is denoted sche-
§ matically aboveeach bar. Patch and annulus
<3 inner wall diameters are indicatdloweach
a e bar. The best response to an annulus (for an
g @ @ []EI[] ' annulus with an inner wall diameter of 0.5°)
was considerably smaller than the response
30 elicited by the largest patch (response level

denoted by dashed line). (50 stimulus repeats,
SF, 2 c/d; TF, 3 Hz; contrast, 0.36. C type

layer 4B cell.)B: stimulus conventions as i.
(Detalils as forA, but patch/annulus inner wall
_____________ diameters are 1, 2, 3, and 9°. TF, 4 Hz; C type
layer 3 cell.)
U —
=spt
0 etz | ==
1 2 3

B Patch diameter (deg.) [ Annulus inner wall diameter (deg.)
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7.95% smaller for the middle category, and 6813.89% CRF in a stimulus extending beyond the borders of the CRF
smaller for the inner category. Examples of the pattern of effeetducedthe response rather than enhanced it. Thus for these
we saw are shown in Fig. 8. It is clear in Fig.8andB, that cells, the surround suppressive mechanism appeared to be
the annulus exerted a small but increasing excitatory effecteshanced by, and in some cases require (as in Fig. 9), activa-
it encroached into the CRF, but one that was smaller than tiien of the CRF center. This pattern of effect is neither simply
plateau in the patch tuning curve (marked by the dashed linpjedicted by the differences of Gaussians model or a surround-
These observations would be consistent with the predictioimg inhibitory field.
either for a suppressive field that surrounded the excitatoryTo simplify the description, we refer to those cells showing
CRF or for those following from the difference of Gaussianannulus responses that were significantly below the plateau in
model with overlapping inhibitory and excitatory fields. the patch tuning curve as classical surround suppression (CSS)
However, for the majority of the cells in our sample (34/54cells and the others as center gated surround suppression
63%), the largest response to an annulus was either not sigf@GSS) cells. The block histogram in Fig.A8ummarizes the
icantly different to (7/34 cells) or was significantly more thaulifferences in the mean relative response levels of the CSS and
(27/34 cells) the plateau in the area summation cuRe<( CGSS category cells to annuli in comparison to the plateau
0.05). Two examples are shown in Fig. 9. In both cases, ttesponse from the patch tuning curve. The distinction between
response to an annulus within the CRF substantially exceedbd two groups is further highlighted if one considers the
that to the plateau in the patch tuning curve (picked up by thesponse magnitudes with respect to the optimal. For the CSS
dashed line) and indeed the response to the optimal patetiegory, the best annulus responses were &22% smaller
diameter (picked up by the dotted line). Thus for both theskan the optimal while for the CGSS group the best annulus
cells, including the very center of the CRF in a stimulus thagsponses were only 3# 7.65% smaller than the optimal, as
extended beyond the CRF reduced the response rather thlaown in Fig. 18. We highlight the CSS and CGSS behavior
enhanced it suggesting an increase in the magnitude of therause it underlines patterns of response that are sufficiently
“suppressive effect.” Interestingly, the example in Figh 9different to suggest distinct roles in the processing of the visual
shows that the response to the annulus decreased as itieput. This point is underlined by the scatter diagram in Fig.
croached further into the central region of the CRF. For the36C that plots the response to a large patch driving plateau-
two examples, one could argue that the optimal stimulus wigvel response against the response to an annulus with the inner
an annulus excluding the very center of the CRF. For the groujfall set at the diameter eliciting the best response. Cells with
as a whole, the mean best response to an annulus driving @&S properties are denoted by circles in the plot and those with
CRF was 195+ 68.10% larger than the response level for thEGSS properties by triangles. The dashed line identifies the
plateau in the patch tuning curve. Taking each category difagonal denoting equal responses to annuli and large patches
annulus encroachment into the CRF in turn, the responses doving plateau-level responses. The broad distinction between
the outer 25% were 106 82.53% larger, middle categorythe two categories is clear, although it remains open to question
83 + 25.21% larger, and inner category 8535.63% larger. as to whether they reflect distinct groupings or two ends of a
It is clear for these cells that including the very center of theontinuum deriving from a varying level implementation of the

S I ﬂﬂﬁﬂb (.
FIG. 9. Block histograms showing that ex-
| citatory response to an annulus falling within
the CRF can exceed the responses to the pla
teau in the patch tuning curvé\: patch re-
- -— il ) R = = = T == -gpt Sponsesare denoted by the dark gray stippled
ﬁ bars to thdeft of the figure, annulus responses
03 05 4 by the light gray stippled bars on théght.

Stimulus configuration is denoted schemati-
cally aboveeach bar. Patch and annulus inner

wall diameters are indicatebdelow each bar
(0.3, 0.5, and 4°, respectively). The best re-
sponse to an annulus exceeded the response
seen in the patch tuning curve at the plateau
B (response level denoted by dashed line) and
the optimal response in the patch tuning curve

(dotted line). (24 stimulus repeats, SF, 2 c/d;

Response {ifs}

—— TF, 3 Hz; contrast, 0.36. layer 4Ccell.) B:
ot stimulus convention as fék. (Details as forA,
but patch/annulus inner wall diameters are 0.5,
1, 6, and 9°. 50 stimulus repeats, SF, 1 cpd;
Layer 6 cell.)
p— - - = —sp(
0.5 1 ]
. Patch diameter (deg.) LJ Annulus inner wall diameter (deg.)
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A B figures of 3.6+ 0.69 (SE) imp/s for CSS cells and 1171.60
imp/s for CGSS cells. These values were statistically signifi-
cantly different at thé®> < 0.001 level (Mann-Whitney test).
The difference was not because CGSS cells had a higher
overall firing rate than CSS cells because the mean optimal
firing rate for CSS cells was if anything slightly higher at29
5.00 imp/s than that for CGSS cells (25 3.56 imp/s), al-
though the differences were not statistically significant. We
01 also quantified the number of excess spikes as a percentage of
e B the optimal patch response. The mean value for CSS cells was
-100 4 -100- 13.6 £ 2.48% and that for CGSS cells was 534 6.56%.
:ssp . CGSS ‘(isg oS08 These values were statistically significantly different atRhe
N ptimum inner fesponse 9,001 level (Mann-Whitney test). These figures show that
both the CSS and CGSS cells drive extra spikes, but there
55 ) seems to be a very robust enhancement of the effect in the

+300 4 +251

+200 4

+1004

Percentage difference in response

O

r . transition to CGSS cells. Overall this supports the concept of a
g @ ; mechanism, potentially present across all cells in the sample
o 30:' A T A but implemented with varying strength, to form two extrema in
s N A’ oCss the pattern of responses to annuli.
g AN ACGSS
(=4 s A d
lg” A 0 Influence of direction of stimulus motion on surround
5 o ‘}',-% o suppression
%’ngg It is clear from previous and current work in our laboratory
o 0 O (Sillito et al. 1995) and that of others (Born and Tootell 1991;
0 10 20 3045 50 55 Knierim and Van Essen 1992; Nothdurft et al. 1999) that
Response to large patch (ie) surround suppression in primate V1 is generally tuned to the

10, A andB: block histograms summarizing the mean relaive Same orientation as a cell's excitatory response. Thus it is
Fic. 10. A and B: . .
sponses of our population of classical surround suppression (CSS) and cer[ ﬁly that th_e con_nectlons b.Etween COI’tIC?\l c_olumns t“”‘?d to
gated surround suppression (CGSS) cells to annuli in comparison to the platE3@ Same 9r|emat|0n (Bringuier et al. 1999; Gilbert and Wiesel
response from the patch tuning curv) (or the optimal response from the 1989; Kisvaday and Eysel 1992; Malach et al. 1993; Ts’o and
patch tuning curveB). In A, the histogram plots the mean difference inGilbert 1988; Ts'o et al. 1986) must provide a significant

response for the most effective annulus tested in comparison to the respaishtribution to the degree of surround suppression However
level seen for the plateau of the patch tuning curve. The response at the plagf)au ’ !

of the patch tuning curve (marked by the arrow head) is set to 0 so that negati S could be either via direct faC|I|tatqry mp"!ts Fhat mlght ten_d
values indicate that the response to the annulus was smaller than that atéhglecrease the degree of suppression or indirect connections
plateau of the patch tuning curve, whereas positive values indicate that tia inhibitory interneurons that would enhance it. Additionally
responses were larger. CSS cells are denoted by the gray bar, CGSS cellg k¥ not clear whether the pattern of influence would be the

the black bar. Error bars indicate 1 SE Bnthe histogram plots the difference : - - .
in response for the most effective annulus tested in comparison to the opti me when the direction of the surround stimulus is reversed.

inner patch response. The optimal patch response (marked by the arrow) i éhQUQh ?ﬁeCFS ha\{e been_ described for a range of stimulus
to 0 so that negative values indicate that the response to the annulus @agfigurations involving motion contrast (Lamme 1995; Orban

smaller than the optimal patch response. Bar conventions as@ndistribu-  1994; Orban et al. 1989), this has not been systematically

tion of plateau vs. annulus responses for CSS and CGSS cell groups. The 9@RE\mined in the context of the mechanisms underlying sur-
plots the response (in imp/s) to a large diameter patch along dlxés vs. the

best response observed to an annulus alongy #eés. CSS cells are denoted round SUPP“?SS'O” in the primate. At least one reason fOI’_thIS ,'S
by circles and CGSS cells by triangles. that the incidence and strength of surround suppression in
primate V1 has not previously been appreciated. We thus
process generating the deviation of CGSS cell response frewamined the effect of reversing the direction of motion of the
that which might be predicted from simpler mechanisms. Thsirround stimulus. These observations were made on 51 cells
essential point though is that the two extremes encompass ceflsur sample. All cells included in the analysis exhibited a PSI
that, on the one hand, respond better to an annulus of driftingre than 20%. We examined the effect of reversing the
grating that excludes the center and, on the other, respatickction of motion of the surround stimulus at range of dif-
better to a patch of drifting grating that excludes the surrouniérent interface diameters for the center surround border. This
We were interested to ascertain whether we could isolatas to enable us to examine the effect of reversing the direc-
another measure of the distinction between these two groupgidh of motion on surround suppression for a border within, on
the suppression derived from the surround, then the annutbie edge of, and outside the CRF. We observed different types
response would be a mirror reflected image of the patch i&-effect from the reverse direction configuration. In the first
sponse. Assuming this to be the case, one can compute ittetance, we have summarized these for the interface diameter
number of excess spikes (if any) that an annulus produced ogenerating the largest effect (where there was an effect of
the prediction. We have thus computed the number of excessersing the direction), and then we examine the influence of
spikes produced by an annulus over the prediction based onftie location of the interface border with respect to the CRF.
shape of the mirror-image patch-tuning curve (but resetting theFor 22% of the cells tested (11/51), reversing the direction of
prediction to O if the prediction was negative). This producedtift of the surround had no effect on the magnitude of sup-
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A reduction from a mean suppression of 704.11% for the
5 ~ iso-direction surrounq to 22 5.31% for the reverse di.rect.ion
% surround, thus reflecting a partial but not total reduction in the
strength of the surround suppression. An example of the re-
sponses of one of these cells is shown in FigB.1The cell
showed no directional selectivity to the inner stimulus, sup-
pression when the outer stimulus moved in the same direction,
and a reduction in surround suppression when the direction of
the outer stimulus was reversed. This would seem to indicate
that the mechanism integrating the suppression in these cells
was only fully enabled when the surrounding and central area
of visual space were engaged by the same direction of motion.
Equally, a significant component of suppression (22%) re-
mained in the reverse direction configuration, suggesting the
possibility of two groups of lateral interactions driving the
surround suppression.
Some of the complexities in the process generating suppres-
sion are underlined by the responses of the cells showing

15

o

w

Response (i/s)

w
o

A

Fic. 11. These histograms document the responses of 2 V1 cells to
direction contrast stimulug\: the 4 columns on thieft plot, respectively, the
response (in imp/s) to an inner patch of grating drifting in the cell's preferred
direction of motion ¢olumn 3, the response to an annulus of grating drifting
in the preferred directioncblumn 3 and then the response to the inner patch
of grating drifting in the preferred direction presented simultaneously with the
annulus of grating drifting in the samegqlumn 3 or opposite ¢olumn 4
direction. The 4 columns to theght plot the response for the opposite
direction of drift of the inner stimulus. Stimulus conditions are summarized
schematically above each record. Error bars derateSE. (Patch/interface
diameter 1°. TF, 3 Hz; SF, 2 cpd; contrast, 0.36. 25 stimulus repeats. S typ
layer 4A cell.)B: convention as irA. (Patch/interface diameter, 0.75°. Further 75
stimulus details as i\, but SF, 3 cpd; S type layet B cell.)

. . . . 504
pression at any interface diameter tested. For this subgroup, tt

mean suppression (with respect to the response to the inni s
stimulus alone) for the iso-direction surround was#498.31% @
compared with a value of 48 8.24% for the reverse direction g o
surround. An example of the tests carried out on one of thes § C
cells is illustrated in Fig. 1A. The icons above the bar chart & as,
indicate the stimulus configurations. The cell exhibited direc-
tional selectivity to the inner stimulus alone but for either 3]
direction introducing an outer stimulus drifting in either the
same or opposite direction reduced the response. For thet 4s]
cells, the mechanism driving the surround suppression woult
appear to integrate both directions of motion equally, ever o
where, as for the example in Fig. Althe excitatory response D
driven from the field center was directionally selective. We
should qualify our comments for this group with the comment
that one of the cells showed a small, but just significant,
increase in suppression when the direction of motion of the
outer stimulus was reversed. This shift is included in the
average change for the group quoted in the preceding tex
These cells were thus not sensitive to direction contrast bu
were sensitive to the size of the stimulus. :
The remaining cells were all sensitive to direction contrast, = spontaneous

showing significant changes in surround suppression when thg; 15 Further examples of the effects of direction contrast between
direction of drift of the outer was opposite to that of the innefso-oriented stimulus components. Conventions as for Fig. A1patch/
These cells fell into two groups, one showing a directiorinterface diameter 1°. TF, 3 Hz; SF, 2 cpd; contrast, 0.36. 15 stimulus repeats.
contrast-dependent modulation of the strength of surroufdype layer 4B cellB: further details as for Fig. ¥2 S type layer 4B cellC:

. ; P A further details as for Fig. #but patch/interface diameter 1.5°. S type layer
suppression and the other a direction-contrast-driven faCIII{ cell. D: further details as for Fig. 2 but 20 stimulus repeats. Patch/

tion_Of responses. The group exhibiting direction-contrast Modertace diameter was 1°. The 1° patch was the optimal single stimulus for this
ulation constituted 41% (21/51) of our sample and showedcéll. C type layer 4B cell.

is

R
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direction contrast facilitation. These constituted 37% (19/5%)as hence already driving a component of surround suppres-
of our sample, and when the direction of the outer stimulus wa®n, see following text). There was no significant difference
opposite to that of the inner, their responses exceeded thafRo> 0.05, Mann-WhitneyJ test) in the absolute degree of
the inner alone. For these cells, the iso-direction surrousdrround suppression derived from the area summation curves
stimulus elicited a suppression of 285.79% of the response for the group of cells showing direction contrast facilitation
to the inner alone at the interface diameter used for the testd those that did not.
while the response in the presence of the reverse directiorFor the cells showing direction contrast facilitation, chang-
surround was a mean facilitation of 7415.69%. Examples of ing the interface diameter could change the response. An
this pattern of response are given in Fig. 22C. Note thatin example is given in Fig. 137 and B, where it is clear that
Fig. 12,A—C the diameter of the central patch used for the tesaslding a surround stimulus to a 1° inner stimulus (the optimal
was larger than the optimal diameter for a single patch. Fdiameter for this cell) caused a strong suppression when it
each of these cells, although the reverse direction configuratinifted in the same direction and a still clear but weaker
evoked a response level higher than that to the inner stimubigppression in the other direction. However, when the stimulus
used in the test, the responses did not exceed the respaliameter was increased to 2°, although adding a surround
elicited by the optimal single stimulus. Thus the reverse diredrifting in the same direction again strongly suppressed the
tion enhancement may reflect a disinhibitory mechanism sepell’'s response to the inner alone, reversing the direction of
ing to reset the lower firing level associated with the particulalrift of the outer resulted in a response level exceeding that to
inner stimulus toward the cell's optimal (seescussionand the 2° inner alone. It is to be noted that the response level
following text). In some cases, as in Fig.[L.2the response to associated with the reverse direction configuration at 2° did not
the direction contrast configuration exceeded that evoked éyceed that to the 1° inner (optimal diameter) alone, but the
the optimal single patch diameter stimulus. Of the cells showeverse direction configuration at 2° resulted in a response that
ing direction-contrast facilitation, 26% (5/19) showed this “suwvas substantially larger than that to the reverse direction con-
pra-optimal” facilitation. For this group in isolation, the mearfiguration at 1°. It is important to emphasize that none of the
response reduction associated with the iso-direction surrowlls placed in the category exhibiting equal suppression to
was 23+ 14.67% at the interface diameter used for the tedither direction of drift of the outer stimulus showed any other
while the mean response increase for the reverse directaffect at any other diameter. Similarly none of the cells placed
configuration was 133 45.87%. This translated into a mearnn the category showing direction contrast modulation of the
increase of 95% above the value for the optimal diametivel of surround suppression with direction of drift exhibited
stimulus alone. The lower degree of iso-direction suppressidinection contrast facilitation at any stimulus interface diameter
reported here for the examples showing reverse direction fand the majority exhibited similar effects at diameters smaller
cilitation and supra-optimal facilitation merely reflects the fad67%) or larger (83%) than that showing the largest direction-
that many of these effects were only observed with interfaedly dependent modulation]. For the cells showing direction
diameters where the inner stimulus exceeded the CRF size (andtrast facilitation, 80% exhibited either equal effects or
simple modulation of surround strength for the reverse direc-
tion configuration at smaller interface diameters than those
revealing the largest facilitation and 89% at larger diameters.
The distribution of effects observed across our sample is
summarized in the scatter diagram in FigAldhat compares
the modulatory effect of a surround stimulus drifting in the
same direction as the center stimulus axis) to that of a
surround stimulus drifting in the opposite directiongxis), on
the response elicited by the center stimulus alone. Suppressive
effects are denoted by negative values, response enhancements
by positive values. In nearly all cases, the iso-direction sur-
round stimulus reduced the response to the center stimulus
alone so that virtually all points fall in the left two quadrants of
the plot. Cells where both directions of the surround elicited
equal suppressive effects, as shown in Fig,1ie along the
diagonal #). We have termed this group “no direction contrast
effects.” Less than a quarter of the cells tested showed this
pattern of effect. The remaining cells all lie above the diagonal,
indicating that an iso-direction surround elicited more suppres-
sion than a reverse direction surround. Cells such as that shown
in Fig. 11B, where both drift directions of the surround stim-
ulus suppress the center response, but where the suppressive
effect elicited by the reverse direction surround is weaker, fall
Fie. 13.  Histograms show the effect of changing the patch/interface diaim the lower left quadrant, above the diagonal)( We have
gterrwofr‘]tigirzzcgg”fofogi”aslt;gfecrtoswfft’;ea:‘e SS JﬁﬁZSCSthﬁiogdﬁﬁhiZ 'agtirh rmed this pattern of effect “direction contrast modulation.”
in(t)erf;ce diameter of %°b0ttor$1 row the resgonse of the cell to the psamec_eIIS .SUCh_ as those shown in Flg. 12, where the re_verse
stimulus configuration but with the patch/interface diameter held at 2°. (Patéirection stimulus enhances the response to the center stimulus
interface diameter 1°. TF, 3 Hz; SF, 2 cpd; contrast, 0.36. 35 stimulus repeali€) in the upper left quadrant)). We termed this pattern of

Response (i/s)
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A sy | elimoamant results are grouped for interface diameters within, on the edge
< > o i dibbsiice coiiensi of, and outside the CRF. The height of the columns indicates
-~ 250 [Odirection contrast modulation the percentage of cells showing each of the four patterns of
£ 2004 | D effect described in the preceding text (no direction contrast,
SE sl o O oniaa: oAt direction contrast modulation, direction contrast facilitation,
;'; § ® and supra-optimal direction contrast facilitation) for the three
g o o groups of interface diameter. The supra-optimal group are
§2 s{ © 8F enhancement represented both as part of the facilitatory group and again as
gL o a separate subset. The main conclusion from this is that reverse
Eg "4 _ direction configuration facilitatory effects (inclusive of the
E g had suppression supra-optimal group) were seen predominantly for interface
g G- 1001 diameters larger than the CRF, although some were seen on the
C 450 edge of the CRF. However, none were observed for interface

-150-100 -50 O 50 100 150 200 250
Iso-direction surround
Response modulation (% of center)

diameters within the CRF. Simple reductions in suppression
for direction contrast were seen at all three groups of interface
diameter. The fact that most of the direction contrast facilita-
tory effects were observed for interface diameters larger than
the CRF suggests that the effect requires the central component
of the stimulus to be driving the surround suppression mech-
anism. It argues for the possibility that the reverse direction
facilitatory effect may involve disinhibition (see preceding
text). Thus the “facilitation” reflected an increase back toward
the value associated with a smaller diameter stimulus optimally
driving the cell. We speculate that the cells showing “supra-
optimal facilitation” may reflect cases where the degree of
suppression implemented within the CRF was stronger (see

w

Within the CRF Edge of CRF

Percentage of cells

. piscussioy and so the influence of disinhibition was greater.
Mino direction contrast In Fig. 15, we show the laminar distribution of cells in the
[direction contrast modulation . . . .
[ direction conrast facilitation different groups of effect characterized in these experiments.
[Wsupra-optimal direction contrast facilitation Those showing no direction contrast effects were only seen in

lamina 2—4@, whereas those showing a reduction in the level
of suppression to direction contrast were seen through all

, o laminae. The cells showing direction contrast facilitation were
FIG. 14. A: comparison of the modulatory effects elicited by surround
stimuli drifting in the same direction and in the opposite direction to the centef\  no direction contrast cells (C direction contrast facilitation
stimulus on the response elicited by the center stimulus alone. The modulatory

Percentage of cells

0

effect of the iso-direction surround stimulus is plotted alongxtbgis and that ~ 2/3 2/3
of the reverse-direction surround stimulus alongytlais. Suppressive effects 4A 4A
are denoted by negative values, response enhancements by positive valJes. 48
Cells where both directions of the surround elicited equal suppressive effect; 4Ca
s : ; L B 4Cp
as shown in Fig. 1A, lie along the diagonale( no direction contrast cells). g 5
Cells where both drift directions of the surround stimulus suppress the center 6
response but where the suppressive effect elicited by the reverse direction 0 o 100
surround is weaker, fall in the lower left quadrant, above the diagamal (
direction contrast modulation cells). Cells where the reverse direction stimulg  direction contrast D supraoptimal direction
enhances the response to the center stimulus lie in the upper left quadrant ( contrast facilitation
direction contrast facilitation). Cells where the magnitude of the respons 3 o3
observed to the reverse direction configuration exceeded the response elici%j 4A
by the optimal single stimulus are marked by #hésupra-optimal direction 45 4B
contrast facilitation) B: summary histograms documenting the prevalence ofscq 4Co,
the various patterns of direction contrast effects with respect to whether theep 4Cg
interface border between the inner and outer stimulus components was withi, 5
on the edge of, or outside the classical receptive field (CRF). The histogram f8r 6
each location documents the proportion of cells tested at that location that 0 0 100

exhibited each of the pattern of effects indicated by the keys to the right. Se

text for further details.

%ic. 15.  Comparison of the laminar distribution of the various patterns of

direction contrast effects across our sample of V1 cells. Each histogram plots
the proportion of cells recorded in each lamina showing the pattern of effect
effect “direction contrast facilitation.” For five cells, the magnotedabove expressed as a percentage of the total number of cells recorded in
nitude of the response observed exceeded the response eli&géfjlaminaA: histogram plots the proportion of cells recorded in each lamina

. . . . . . that showed no direction contrast modulation, expressed as a percentage of the
by the optlmal smgle St'mUIum as illustrated in Flg. 1D. total number of cells recorded in each lamiBahistogram plots the proportion

We have termed this effect “supra-optimal direction contragtcells showing direction contrast effects and includes cells showing direction

facilitation.” contrast modulation of suppression, direction contrast facilitation and direction
We summarize the effect that the interface diameter betw trast supra-optimal facilitatioi€: histogram plots the proportion of cells

. . . . showing direction contrast facilitation (including those that showed supra-

inner and outer stimuli had on the influence of the OUt%E)timaI direction contrast modulationp: histogram plots the proportion of

stimulus on the response to the inner stimulus in Fi@®.TZhe cells showing supra-optimal direction contrast facilitation.
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mainly seen in layers 4B-6 and those showing supra-optin@rner. In each case, the center patch dimensions equate to the
facilitation in layers 4B, 4@, and 5. It is interesting that the CRF size. A further example in Fig. 1B, andE, shows tests
modulation of surround suppression by direction was seearried out on a cell with patches of, respectively, 1 and 2°
through all layers while the cells showing directional specificiameter. In this case, the 1° patch corresponded to the size of
ity (absolute preference for one direction of motion) or diredhe CRF. For the smaller diameter patches, this cell showed
tional selectivity (the response to the preferred direction wasppression from all locations around the field with a bias to
more than 200% more than the response to the nonprefertied upper end of the zone surrounding the central stimulus.
direction) to a single stimulus had a restricted laminar distiirterestingly the strength of this was increased when the di-
bution, being primarily located in layers 4B and 6, broadlyection of motion of the second patch was reversed and the
comparable with previous reports in the literature (Hawken stippression was uniformly distributed around the CRF. With
al. 1988; Orban et al. 1986). the 2° patches, a different pattern emerged. The second patch
The previous characterization of the location of effects witbvoked a strong suppression from the lower end of the zone
respect to the CRF borders (see FigBJL4f course integrates surrounding the central stimulus in the iso-direction of motion
the influence from all location around the CRF. To dissect tlad strong facilitatory effects from the flanks when the direc-
localization of areas that might drive the direction contrasibn of motion was reversed. This underlines the impact of the
effects, we examined the distribution of locations driving resize of both the stimuli overlying the CRF and those outside the
verse direction effects with the duo patch paradigm shown @RF on the pattern of response and shows the complexity of
Fig. 6. In Fig. 16, A—C,we compare for three of the example®ffects that may contribute to the pattern seen with the con-
shown in Fig. 6 the effect of reversing the direction of drift o€entric stimuli of varying dimensions.
the outer patch. For the cell shown in Fig Aléhere is simply ~ We quantified the degree and pattern of spatial heterogeneity
a loss of the inhibitory zones that were characterized by tfar the direction contrast facilitation using the same method-
iso-direction patch while that in Fig. Béretains an area of ology based on circular statistics (Batschelet 1981) described
mild suppression to one side of the field. In contradistinction the preceding text. However, in this case, the tdfim
the cell in Fig. 1& showed both a loss of the suppressive areaspresenting the magnitude of the facilitatory effects observed
and the appearance of facilitatory regions at the outer margatseach location replaced the te®nin each equationfi, the
of the area tested with a particularly potent effect from ormaagnitude of facilitation (expressed as a percentage of the

<83 Il )
@ suppression
o ek e 100 MM inner alone
S e & - - )
s . - facilitation
. - >132 R }

FIG. 16. The surface plots depict the modulatory effects of iso-direction and reverse direction surround stimuli positioned at a
number of locations, on the response to a central patch. The stimulus configuration comprised an inner stimulus (a square patch
centered over the CRF containing an optimally oriented grating drifting in the cell's preferred direction of motion) and a 2nd
stimulus (another square patch of optimally oriented grating) which was positioned at a rangleadtions around the central
stimulus (as depicted by the schematic diagetmvg and which was drifted in either the same direction of motion as the center
patch (op) or the opposite directiorbptton). In each plot, the responses are normalized with respect to the response elicited by
the center patch alone (100% in each case, dark green). Suppressive effects are denoted by blue colors, facilitatory effects by light
green to red colors (see color scale tmp right). See text for further details. Center patch diameter ranged from 1 to 2° depending
on each cell’s CRF size. Spatial frequency ranged from 2 to 3 cpd. Temporal frequency, 3 Hz. Contrast 0.36.
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response to the center stimulus alone) for each surround stiire range of effects was similar in all laminae, suggesting that
ulus location, was computed according to the formila= the mechanism was common to the circuitry in V1. This is the
[(R.4JR) — 1]*100, whereR_. is the response to the combinafirst report that clearly links magnitude of suppression and
tion of the center and surround stimulus dRds the response laminar distribution in primate V1, although there is a refer-
to the center stimulus presented alone. We used the sasnee linking suppression to superficial layer cells (Born and
statistical criteria to subdivide cells into three groups, thodeotell 1991). Another study described surround suppressive
exhibiting spatially uniform surround facilitation, spatiallyeffects from static texture patterns composed of line elements
asymmetric surround facilitation and bilaterally symmetric su(Nothdurft et al. 1999), but the overall magnitude of the sup-
round facilitation. Again, the majority of cells (89%) exhibitedoression for these was lower than that reported here. This may
spatial heterogeneity of surround locations with only 11% d6llow from differences in the pattern of the process engaged
cells showing spatially uniform surround facilitation. Bothy the static line patterns. The prevalence and strength of the
spatially asymmetric facilitatory effects where the surrourslippressive effect reported here is very important because,
facilitation was concentrated in one location (33%) and bilagiven the minute size of the CRF of primate V1 cells, it
erally symmetric facilitatory effects were observed (56%underlines the massive response reduction in the network un-
Direction contrast facilitation was obtained from the endslerlying the retinotopic representation associated with quite
sides, and corners of the visual space surrounding the CRF, anthll patches of coherent oriented moving stimuli even for the
there was no evidence to suggest that the mechanisms undelatively low contrast we used (cf. Vanduffel et al. 2000).
lying the effect were concentrated in either end-zone or side-A further interesting facet of the observations on the sup-
band regions. pression is the fact that we observed a substantive variation in
the response of cells to uniform surround stimuli leading to the
identification of two patterns of behavior embedded in our
sample. The distinction between the two patterns was revealed
These data underline the prevalence and strength of surrobaydthe use of an annulus of drifting grating in which the
suppression in primate V1, reinforcing and extending the otliameter of the inner wall was varied so that we studied the
servations made in earlier reports (Sceniak et al. 1999; Silliffect of a stimulus encroaching on the field from the surround
et al. 1995). In addition, they show a complexity to the pattermather than expanding out of the field from the center. As an
of spatial organization associated with surround suppressimmulus by definition excludes the receptive field center, but
that invoke comparison with work on surround mechanisms @ncompasses all the surround, one would predict the best
area MT (Raiguel et al. 1995; Xiao et al. 1995, 1997b). It iesponse to an annulus to be less than the plateau in the area
clear from our work that suppressive surround effects do neimmation curve. In line with this, we observed that one group
necessarily simply follow from end zones or side bands awd cells (37%) either failed to respond to the annulus as it
that a wide range of patterns of spatial organization can apmsogressively encroached onto the CRF or exhibited a response
with many showing asymmetric patterns. Moreover thinat was less than the plateau in the spatial summation curve
strength and nature of the effects varied with the size of tifier a circular patch of increasing diameter. This behavior is
stimuli used. In particular, we would highlight the fact that foessentially what would be predicted from either the difference
the majority of cells reversing the direction of motion of af Gaussian’s model or a surrounding suppressive field. We
stimulus in the surround strongly modulated its influence witlealled these classical surround suppression cells (CSS). The
in more than a third of the cells, suppressive effects beimgher cells (63%) were characterized by the fact they exhibited
replaced by facilitatory effects. This strong influence of motioresponses to an annulus that were either equal to or more than
contrast, together with the heterogeneity in the spatial orgatiiose of the plateau in the summation curve for a circular patch
zation of the surrounds, again aligns the organization in \df drifting grating. In this sense, these cells encompassed
with properties described in MT (Allman et al. 1985; Lagae @esponses that are not explained by the difference of Gaussians
al. 1989; Raiguel et al. 1995; Tanaka et al. 1986; Xiao et ahodel. These we called center-gated surround suppression
1995, 1997b). It suggests that there is an organization alreayis (CGSS). The significant point here is that for the CGSS
implemented in V1, or following from the feedback from MT cells a stimulus that extended substantially beyond the CRF but
that provides a substrate for complex operations such as éhxeluded the very center could drive them very effectively
extraction of information about three-dimensional structusghile for the CSS group such a stimulus produced little if any
from motion gradients (Xiao et al. 1997a,b). One might suggeasisponse. In both cases, a stimulus restricted to the center of the
that there is a case for considering some facets of the XCRF was highly effective, although in some cases in the CGSS
organization as being very similar to MT but simply scaledroup, activation of the excitatory mechanism from the sur-
down. round (but excluding the very center of the field) evoked a
It is important not to lose sight of the simple observatiolarger excitatory response than any diameter of stimulus over-
regarding the strength of surround suppression for the contriyég the CRF. Thus in the extremes, there were cells that gave
used here (0.36) when a stimulus is extended uniformly beyotietir best responses to a stimulus that excluded the center while
the borders of the CRF. We observed that 94% of the cellstimere were others that only responded to a stimulus that ex-
our sampleirf = 105) exhibited on average a 67% reduction isluded their surround (from those that were 100% patch sup-
output below the level seen with the same stimulus parametpressed).
spatially restricted to the CRF. Moreover, more than 40% of Our analysis suggests that the mechanism underlying the
our sample showed a more than 70% reduction in responesponse of the CGSS cells might be reflected across the entire
levels when the stimulus extended beyond the CRF. Thesmmple but implemented to a higher level in the CGSS cells.
effects were observed to be distributed through all laminae, afide behavior of CGSS cells in the area summation test fol-

DISCUSSION
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lowed what would be predicted from for example the differeat V1 (Jones et al. 2000; Sengpiel et al. 1997; Toth et al. 1996;
ence of Gaussians model. It deviated from this when testé¢hlker et al. 1999) suggests an area of difference in the
with a stimulus that excluded the center but encompassed thectional organization. It is also worth noting that examples
surround. We speculate that the essential characteristics of sbeh as the cell illustrated in Fig. 18,andE, where one size
receptive field of both CSS and CGSS cells involves overlyirgf the duo patch stimuli used to dissect the surround effects
excitatory and inhibitory fields as encapsulated in the differevealed reverse direction enhancement of suppression and the
ence of Gaussians model. Additionally, however, we propokeger size reverse direction facilitation, indicate the way sev-
that the process expressed in CGSS cells includes a laterallgl contrasting mechanisms can be embedded in the surround
driven facilitatory influence from adjacent columns that whemechanism. The nature of the stimulus used determines what is
stimulated by an annulus excluding the field center but acteen.
vating the surround, tips the balance in favor of the excitatory The facilitatory effects to direction contrast configurations
mechanism in the field. When, on the other hand, the centersofggest that more complex interactions may pertain. These
the CRF of these cells is driven, it activates a reciprocal lateraére only observed for interface diameters on the edge of or
inhibitory process that suppresses those surrounding cells geutside the CRF. In particular, they were associated with
erating the facilitatory input leaving the balance of the comiameters of the inner stimulus that were more than the optimal
mechanisms as seen in CSS cells. The final caveat is that #msl thus the inner stimulus alone was driving mechanisms
additional mechanism may exist in all cells but vary in thpushing the response below optimal rates. From this perspec-
magnitude of its expression. tive, they could be argued to reflect a disinhibitory process
It is important to stress that the strong surround suppressi@aucing the gain or space constant of the mechanism gener-
observed here with stimuli extending uniformly beyond thating the inhibitory input. The supra-optimal facilitatory effects
receptive field center should not be considered to be incomight follow from a more potent version of the same interac-
patible with the facilitatory effects reported when line element®n. One simple suggestion is that processes driven by the
or Gabor patches are added in a sequence along an axis pars#lele direction of motion reinforce the inhibitory mechanism
to a cell's optimal orientation (Ito and Gilbert 1999; Kapadia ehfluencing both its gain and space constant and that reversing
al. 1995; Polat et al. 1998). It is clear that variations in thie direction of the outer stimulus reduces this and exposes
spatial extent and contrast of stimuli (Jagadeesh and Ferggailitatory inputs both within the CRF and from laterally
1990; Kapadia et al. 1999; Sceniak et al. 1999) can engage tl&placed iso-orientation columns responding to the reverse
excitatory and inhibitory mechanisms in different ways (segirection. In this sense, there could also be a shift in the gain
also models by Dragoi and Sur 2000; Somers et al. 1998nd space constant of the excitatory mechanism (Sceniak et al.
Many lines of evidence (Bringuier et al. 1999; Gilbert and999) enabled by the reverse direction excitatory inputs. The
Wiesel 1989; Kisveday and Eysel 1992; Malach et al. 1993fact that the facilitatory effects were only drawn from direction
Ts'o et al. 1986, 1988) suggest that there are excitatory linkentrast interfaces at or beyond the border of the CRF implies
between columns of similar orientation selectivity and tha dynamically structured implementation of connections be-
these must provide a basis for facilitatory interactions betweemeen directionally selective mechanisms in hypercolumns
line elements of similar orientation. The outcome must be sedrawing on adjacent areas of visual space. Where the direction
as a balance between the extent to which the stimuli engagmtrast border fell within the CRF, facilitatory effects were
inhibitory interactions which mask the influence of the excitazot obtained, although reductions in suppression were seen,
tory connections. despite the fact that the outer stimulus would clearly engage the
The effect of reversing the direction of motion of the suraterally directed interactions that subserved the facilitatory
round stimulus underlines the subtle nature of the balanceaffects when the border was outside the CRF. This implies that
effects contributing to surround suppression. For some cetee CRF border as defined here, marks a point where there is a
(22%), predominantly in the superficial laminae, the directiamansition in the way laterally directed interactions are enabled.
of drift of the outer stimulus had no effect on the degree &We should also not ignore the influence of feedback from MT
suppression, suggesting an integration of processes drivaised at the beginning of this discussion. As the scale of the
from both directions of motion in the mechanism generatirgfimuli increase it may be that feedback from MT is more
the suppression. For the remainder though, the reverse direffectively driven and this could serve to change the gain and
tion configuration either reduced the degree of suppressiobalance of the elements of the circuitry in V1 or exert direct
(37%) or turned the suppression into a facilitatory effedacilitatory effects for example.
(41%). For the cells showing just a reduction in the suppres-The change in pattern of effect with the spatial scale of the
sion, this could be seen to reflect the possibility that some stimuli, whether concentric or duo patch, suggests a phasing of
the lateral connections mediating surround effects were thethe connections mediating different categories of influence
selves directionally selective (but not all because some suwpith distance from the CRF center. It also seems that the extent
pression remained), i.e., they linked cells in iso-orientatiaof the stimulus overlying the CRF may induce effects that
columns with the same directional selectivity. However, wenable different patterns of convergence from the areas of the
would underline the point that sensitivity to direction contrastetwork driven by the surround. This may be reciprocal and
was seen in cells through all layers and in cells which were naauld involve influences that are mediated by lateral interac-
themselves directionally selective. The virtual absence of cetisns within the network of interactions in V1 and by reflected
in our data showing enhanced suppression when the directiateral interactions deriving from higher level feedback (e.g.,
of the stimulus was reversed contrasts with reports made for d&T). It is pertinent to consider the fact that V1 cells are often
V1 (Gulyas et al. 1987; Sengpiel et al. 1997; Walker et aktudied with elongated contours such as bars and that the
1999). This together with the lower level of suppression seenresults of dissection with these stimuli emphasize flanking
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sidebands and end zones. There are several points to midkesL DH ano WieseL TN. Receptive fields and functional architecture in two
here. The first is that the visual world is not generally com- nonstriate visual areas (18 and 19) of the daXleurophysiok8: 229-289,
posed of single bar stimuli. The second is that circuitry in VL 1965.

: highly int ted i K d that th M anD GiLBERT CD. Attention modulates contextual influences in the
IS a highly Interconnected network an at, as the presencérimary visual cortex of alert monkeyBleuron22: 593—-604, 1999.

study underlines, different classes of stimuli will invoke difg,gapeesiB anp FersTeRD. Receptive field lengths in cat striate cortex can
ferent patterns of spatial convergence on the cell. In this sensencrease with decreasing stimulus contr&sic Neurosci Abstt6: 130.11,
neither the CRF nor any other facet of the behavior determined990.

by particular classes of stimuli can be regarded as an invarig?iesHE, ANDOLINA IM, OAkELY NM, MURPHY PC,AND SiLLiITo AM. Spatial
description of some absolute property of the cell. They al,esummatlon in lateral geniculate nucleus and visual coiiep Brain Res

| d ini £ th m d v t 135: 279-284, 2000.
merely a description of the cell’'s and, more cogently the, ... MK, ITo M, GILBERT CD, AND WESTHEIMER G. Improvement in

r]etWOTk'S, behavior under a certain class of StimU!US Condijvisual sensitivity by changes in local context: parallel studies in human
tions. We suggest that the nature of the surround is dynamiebservers and in V1 of alert monkeyseuron15: 843-856, 1995.
cally determined by the interplay and spatial scale of tHePADIA MK, WESTHEIMER G, AND GILBERT CD. Dynamics of spatial sum-

e - . . T _mation in primary visual cortex of alert monkeyRoc Natl Acad Sci USA
specific configurations of stimuli driving the system. Depend 96: 1207312078, 1999,

ing on contrast, the common default can be §uppressi_on fQFo H, BisHor PO, ap ORBAN GA. Hypercomplex and simple/complex
stimuli that extend uniformly beyond the CRF with a declining cell classifications in cat striate corteX.Neurophysioll4: 1071-1095,

effectiveness as this contrast falls with the consequence that tHe78.
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underlylng excitatory input s mcreasmgly exposed. Equa”% networks in layer Il of cat visual cortex (area 1Mleuroscience46:
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in different ways and enable convergent interactions that Suinerimv JJ anp Van Essen DC. Neuronal responses to static texture
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