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Dragoi, Valentin and Mriganka Sur. Dynamic properties of recur- role of recurrent excitation and ignore recurrent inhibitory
rent inhibition in primary visual cortex: contrast and orientatioggnnections (but see Traub et al. 1997; Van Vreeswijk et al.
dependence of contextual effects. Neurophysiol 83: 1019-1030, 1994). Inhibition in the neocortex has been long known to
2000. A fundamental feature of neural circuitry in the primary V'suEglance the effect of excitation (Sillito 1975: Toth et al

cortex (V1) is the existence of recurrent excitatory connections bg- Lo .
tween spiny neurons, recurrent inhibitory connections betwed997). and complete blockade of inhibition with GABA

smooth neurons, and local connections between excitatory and infitagonists leads to runaway excitation and epileptic seizure
itory neurons. We modeled the dynamic behavior of intermixed efe.g., Kamphuis and Lopez da Silva 1990). Theoretical
citatory and inhibitory populations of cells in V1 that receive inpugonsiderations (e.g., Blomfield 1974; Koch and Poggio
from the classical receptive field (the receptive field center) througiygs) have suggested that inhibition could play a crucial

feedforward thalamocortical afferents, as well as input from OUtSi%toing role in the emergence and shaping of receptive field
the classical receptive field (the receptive field surround) via lon

range intracortical connections. A counterintuitive result is that ﬂﬁeropgrtles, such as direction (and possibly orientation) se-
response of oriented cells can be facilitated beyond optimal levé@€tivity. More recently, Tsodyks et al. (1997) have sug-

when the surround stimulus is cross-oriented with respect to the ceri@sted that interneuron-interneuron connections play a role
and suppressed when the surround stimulus is iso-oriented. This effecentraining the theta rhythm of hippocampal cells.

is primarily due to changes in recurrent inhibition within a local \We have attempted to understand the functional role of
circuit. Cross-oriented surround stimulation leads to a reduction gfcrrent excitatory and inhibitory connections by determining
presynaptic inhibition and a supraoptimal response, whereas isqa dynamic properties of cortical networks in V1 that incor-

oriented surround stimulation has the opposite effect. This mechani . A .
is used to explain the orientation and contrast dependence of Com@()?_rate both these types of connections. The motivation for this

tual interactions in primary visual cortex: responses to a center stiﬁﬂalys's comes from specific phenomena in V1 that are likely

ulus can be both strongly suppressed and supraoptimally facilitated@4€ly 0n such connections. Thus, it is well known that visual
a function of surround orientation, and these effects diminish &8rtical neurons have both a center, or classical receptive field,

stimulus contrast decreases. where stimuli elicit spike responses, and a surround, or extra-
classical receptive field, where stimuli modulate responses due
to stimulation of the classical receptive field (Figh)1How-
INTRODUCTION ever, despite the simplicity of this description, the way in

The emergent properties of cortical networks arise fromh'Ch surround stimulation modulates responses elicited by a

specific features of the cortical circuitry. These properties aﬁ;ggrt]zr Csatlqun g:?hse:ng(l:%Rg{eng?“Snuear'rezzugér?itclzgullelsn cthr]lieSSuEe-
well described in the primary visual cortex (V1). A mechanis- bp P

tic description of how specific response properties arise ggndlng on the relative orientation and contrast between the

. : - ¢enter and surround. The presence of a surround stimulus of
networks of V1 neurons is central to understanding cortic Rrientation similar to the cell’s preferred orientation suppresses

g?fg?mségsngr;lwsmn and of information processing by tt} e response to an optimal stimulus within the receptive field
The basic functional architecture of the neocortex is dorﬁ-ﬁguﬁ;és'g’:;;ﬁnfg\évzl?sfgtﬁggg;a?rngg)j e(gﬁl.tﬁgggéhlé?lﬁzwd

inated by local excitatory and inhibitory connections. EXxci-,. . ’ : " T : N
timulating the surround with a stimulus with an orientation

gﬁ? ngs/;”oofntsh g:oéeﬁ;msae'gzréo O%t?ﬁgigﬁg:tatigigrggﬂrrgg at differs significantly from the cell’'s preferred orientation
ynap Y cilitates responses to optimal stimulation within the center

Recent anatomic and immunohistochemical data (e.g., K evitt and Lund 1997; Sillito et al. 1995). In this case, the cell

varday et al. 1993; Sik et al. 1995; Thomson and Deuchg sponds “supraoptimally"—i.e., beyond the level expected

1997) demonstrate that inhibitory interneurons also projec er stimulation with the optimal orientation (FigB)L How-

to excitatory neurons and to other inhibitory interneurongver when the receptive field is presented with a low-contrast
Although this pattern of recurrent excitation and inhibitio ' P P

is ubiquitous in the neocortex and the hippocampus, its rgf grntirﬁsetggu::uhsé nboéhs??;;tmt?]% as'?ﬁ rngnpd“tgt?g nOfl thgumog:lsé S
in cortical function is far from being understood. Indeed, th Y 9 gly supp

e . . esponses at almost all orientations (Fig).1
majority of the models of cortical processing focus on the TF;le key questions that we investiéat%)in the current study

The costs of publication of this article were defrayed in part by the paymeﬂ{e: 1) Why does a surround stimulus at nonprEferred orienta-

of page charges. The article must therefore be hereby maskhaftisemerit  IONS i conjunction with a center stimulus at the preferred
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. ~ orientation actually drive the cell beyond optimal responses
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(obtained by presenting the preferred center stimulus alone¢eptive field surround orientation and center contrast us-
whereas a surround stimulus at the preferred orientation supg a large-scale network model.
presses responses to the same center stimgjudrhy do the
facilitatory effects diminish when the center is stimulated at
low contrast? METHODS

There is no model of cortical function to account for both the model describes the processing of information at two sequen-
orientation and contrast dependence of contextual interagt stages: lateral geniculate nucleus (LGN) and V1. A monocular
tions in V1. Although several studies (e.g., Somers et alatch of the visual field is divided into 2% 11 locations, where each
1998; Stemmler et al. 1995) have investigated the involvcation is represented by one hypercolumn—i.e., a full set of 72
ment of |0ng_range horizontal connections (that link Ce||grier_1tation columns between 0 and 180° (2.5° resolution). The model
with similar orientation preference over large regions cﬁonf'gures 8,712 LGN neurons arranged on the array o111

visual space) as the most likely candidate for explaini Ecations, with 72 cells per each location of the visual patch and

,424 cortical neurons. For computational efficiency, we use equal
contrast-dependent context effects, the exact nature of bers of pyramidal and smooth cells, despite anatomic evidence

interaction between orientation and contrast dependengyt cortical excitatory cells outnumber inhibitory interneurons by a
remains unresolved. factor of 4 (e.g., Gabbot and Somogyi 1986). This simplification
We show here how a model of cortical dynamics in V$peeds up simulations without altering the model’s results.

that relies on local interactions between excitatory andOur strategy is to present input stimuli to LGN cells and then study
inhibitory neurons helps resolve the apparently puzzlirf§e response properties of cortical excitatory and inhibitory neurons.
shift between the context-dependent suppressive and fac]*® m‘?del' (Fig. 2) '{‘)VGhSt'lgates the eflf‘?Ct of t\llv%n?aéorhtypesfof g}p”t

; : cortical neuronsl) thalamocortical input, labeled here “feedfor-
te}tory responses of pyramidal cells. We show first that k%gard” input, and2) intracortical input via lateral connections (short-
directly changing the level of the modulatory (long-rang

. . - : nge intracortical connections and long-range horizontal connec-
intracortical) input we can explain the emergence of bofyng).

supra- and suboptimal context-dependent cortical responsegiodel populations are activated directly by feedforward input
that rely only on the dynamic interaction between inhibitorytimuli that are presented in the classical receptive field and by
neurons. We subsequently explore the combined effect lofig-range inputs from outside the classical receptive field (labeled
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external modulatory drive), applied to both excitatory and inhibitorinput stimuli consist of oriented bars applied to the receptive field

populations. (RF) center (RF size is idealized to 1 location). LGN cells receive
input in a manner that corresponds topographically to the orienta-
LGN cells tion preference of the cortical cell to which it projects. If the input

stimulus is oriented at, R, is maximal when the difference
LGN cells are modeled as single units, with a mean rate of firifgetween6 and 6; is zero @, is the preferred orientation of the
given by: cortical cell that corresponds topographicallylt@N,). R, decays

§ exponentially to zero af, — 6| approaches 20°.

LG
N_ —0.01LGN, + R(1 — LGN) 1) )

dt Cortical cells

whereLGN, represents the lateral geniculate cell. The first term in The spread of geniculate inputs to the cortex ensures that each
the equation £ 0.01LGN;) describes the spontaneous decay in theGN cell synapses on a group of cortical cells with a broad range
absence of any stimulation—i.e., the firing rate decreases to 0 if thieorientations (with a spread of 60°). Cortical cells receive center
total input to celli becomes OR, is the retinal input to each LGN stimulation as an oriented input stimulus applied to the receptive
cell. To ensure that thalamic responses increase linearly with tfield center of LGN cells and surround stimulation as oriented
log of stimulus contrast, the retinal input is set B = a - stimuli applied to the LGN of the surrounding hypercolumns (or
log(%Contrast)+ b, where parametera = 0.91 andb = —0.81 locations).

were chosen to generate realistic contrast response functions foExcitatory and inhibitory cortical neurons are modeled separately
LGN and cortical cells R is constrained between 0 and 1). Theas single units whose mean rate of firing is given by:
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Excitatory cells “cells with orientation preferences up to 40° apart shared common
. excitatory input.”
a5 _ : fer- e me=\(1 _ Y ie| = Consistent with evidence from cross-correlation studies (Hata et
a - O0E AT L NE S DIEA-EB) - SINE @ al. 1988; Michalski et al. 1983; Toyama et al. 1981) and from
: ! : combined imaging and intracellular recording (Tucker and Katz
Inhibitory cells 1998), intracortical inhibitory connections arise from cells with a
gl broader distribution of orientation preferences than do intracortical
ah _ , fir eic mic 1 i | excitatory connections. Recent evidence (Roerig and Katz 1998)
gt~ COLH IR E e+ Z HEL-1) -2 h @ suggests that although the majority of inhibitory inputs that a cell
: receives are from cells that lie within 5@0m, excitatory inputs are
where E; represents excitatory arid represents inhibitory cells. In restricted even closer, to 3Q0m. However, earlier studies (e.qg.,
agreement with experimental evidence (Connors et al. 1982; McCéerster 1988; Hirsch and Gilbert 1991) had suggested that inhib-
mick et al. 1985) we chose= 3 to ensure that inhibitory cells haveitory connections may not spread further than excitatory ones.
a higher firing rate than excitatory cells (by a factor of 2). Taking these data together, we conservatively set the spread of
The first inhibitory term in each equation (i.e0.01E; and inhibitory inputs to an orientation difference of 60° between pre-
—0.01;) describes the spontaneous decay in the absence of amg postsynaptic cells. (The model generates qualitatively similar
stimulation. The stimulus-specific feedforward input to each €gll, predictions if the spread of inhibitory connections is made larger
is given by the summed response of LGN cells centerddwath a than 60°; conversely, reducing the spread of inhibition below 50°
spread of 60°J™ andJ" are the strengths of feedforward connectionerientation difference yields incorrect predictions). Inhibitory con-
and are equal for excitatorye] and inhibitory i) cells (we use the nection strengths decay exponentially with distance, from a max-
value 0.04 for these connection strengths; however, model predictiomsim value at distance 0 to 10% of the peak value at 60° orien-
hold for a larger range of parameter valued)” and J3' are the tation difference between pre- and postsynaptic cells. The strength
strengths of recurrent excitatory connectioeg @nd excitatory pro- of inhibitory connections is 0 beyond 60°.
jections to inhibitory cells €i). .]:‘]9 andJj; are the strengths of the Consistent with the experimental data reporting an asymmetry
inhibitory projections to excitatory cellse) and inhibitory cellsif). between the strength of excitatory and inhibitory synapses in V1
J¢and J{" are the strengths of long-range (modulatory) inputs t@.g., Komatsu et al. 1988; Thomson and Deuchars 1994; Thomson
excitatory cells ifne and inhibitory cells ii). and West 1993), peak inhibitory connection strengths were chosen
Figure B shows the model synaptic connections as described stronger than excitatory ones (we use 0.08 for inhibitory-to-exci-
Eqgs. 2and 3 by presenting an expanded diagram of four interconatory projections and 0.04 for inhibitory-to-inhibitory projec-
nected cortical neurons: two excitatory cells and two inhibitory cellsons). More recent evidence for the bias toward inhibition in
The connectivity pattern includes both intracolumnar (feedforwardeocortical circuits was presented by Galarreta and Hestrin (1998).
J*andJ" and intracortical:J®® J%, J®, andJ') and extracolumnar Their data suggest that over time neuronal activity is able to shift
(external modulatoryd™®andJ™) connections. To simplify Fig.R,  the balance between the strength of excitatory and inhibitory
we do not represent indicésandj from Eqgs 2 and 3. synapses to favor inhibition. For instance, after sustained synaptic
Our approach in constructing the model V1 microcircuits is basexttivation at 20 Hz, the postsynaptic currents (PSC) of excitatory
on implementing the basic circuit infrastructure as revealed by existynapses were much more depressed than inhibitory ones. The
ing anatomic and neurophysiological data. However, although theseerage steady-state PSC levels were 4.2% for connections from
data offer sufficient information regarding, for instance, the spread efcitatory to excitatory neurons and 6.6% for excitatory to inhib-
excitatory and inhibitory connections and the specificity of long-rangery synapses, whereas the steady-state inhibitory PSC (IPSC)
horizontal connections, the lack of complete information on tHevel of connections from inhibitory to excitatory neurons was
strength of the various connections implemented in the model makk&9% (the PSC levels were calculated relative to the current
detailed comparison with anatomic-physiological data difficulamplitudes before stimulation). These values suggest that, at
Therefore, in specific instances (e.g., choosing peak synaptic condsteady state, inhibitory synapses could be at least 5 times more
tances) we had to settle for a set of parameters that were held fixgfkctive than excitatory synapses (similar results were reported
throughout simulations, and the model's robustness was testedumder different stimulation patterns e.g., burst, as well as under a
varying these parameters and comparing the new predictions with vead range of stimulation frequencies). Given that the center-
initial ones (se&ResuLTY. surround stimulation protocol employed in our analysis requires
continuous stimulation for many minutes and that in these condi-
tions the neuronal discharge rates are usually high, we have incor-
porated the steady-state asymmetry between the strength of exci-
Members of the excitatory population are interconnected by rectiatory and inhibitory synapses without specifically modeling
rent excitatory synapses (Martin 1988; Peters and Payne 1993), aydaptic depression.
members of the inhibitory population are interconnected by recurrent
inhibitory synapses (Beaulieu and Somogyi 1990; Kisvarday et Q'ong-range intracortical connections
1995; Sik et al. 1995). In addition, local excitatory cells excite
neighboring inhibitory cells, which in turn inhibit excitatory cells Long-range horizontal connections (Gilbert and Wiesel 1979; Liv-
(Anderson et al. 1994; Beaulieu and Somogyi 1990; McGuire et @hgston and Hubel 1984; Martin and Whitteridge 1984; Rockland and
1991). Lund 1982) link cells across distinct regions of the visual field and
Cortical cells have short-range excitatory and inhibitory connespread across four orientation hypercolumns (or locations) in the
tions within each hypercolumn, with the strength of connectiomaodel. Although the spread of long-range connections is larger in
decreasing as cortical neurons become more widely separategiimates, because our model is designed to explain data across spe-
orientation (Fries et al. 1977; Miller 1992; Nelson and Frost 1981gies, the extent of horizontal connectivity was restricted to four
The strength of excitatory connections decays exponentially fromnientation hypercolumns. Model long-range horizontal connections
0.01 at distance 0 to 75% of the peak value at the 40° orientatiare excitatory and originate from pyramidal cells in the surround (cf.
difference between pre- and postsynaptic cells; the strength isGQbert and Wiesel 1989). These cells contact other pyramidal cells, as
beyond 40°. The spread of excitatory connections that we usewsll as nearby inhibitory cells that are locally interconnected within a
motivated by cross-correlation data: Toyama et al. (1981) state thahge of+60° (Kisvarday et al. 1986; McGuire et al. 1991). Model

i i

Short-range intracortical connections
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activation of horizontal connections evokes direct iso-orientation eRESULTS
citatory and multisynaptic inhibitory responses from local pyramid . .
cells in an orientation-dependent fashion: stronger activation of i o-naIySIS of recurrent inhibition

orientation domains and gradually weaker activation of cross-orien-To explain the contextual modulation of cortical responses,
tation domains. The strengths of model long-range horizontal conngge have examined how neuronal activity is shaped by changes
tions are chosen in agreement with experimental evidence by Weliy the gain of local circuits induced by the concurrent stimu-
et al. (1995) and Weliky and Katz (1994). They showed that theyin, of the classical and extraclassical receptive field. These

amplitude of synaptic inputs onto single cells evoked from distan .
cortical sites is modulated by a cyclical pattern of large- and smali- anges occur through alterations of the balance between local

amplitude responses, with the maximum correlation for neighborigtCitation and inhibition. However, the asymmetry between the
cells and gradual shifts toward minimum correlation with increasirifing rates of inhibitory and excitatory cells and between the
distance (see also Gilbert and Wiesel 1989; Malach et al. 1993). Thi¥naptic strengths of inhibitory and excitatory connections
we set the strengths of model long-range horizontal connectionssaggest that at high center contrast levels this balance is biased
being maximal when they connect cortical cells with the same orieteward inhibition. Therefore, we hypothesize that the mecha-
tation preferenqe; the strengths gradually decrease with increasifigm that explains the emergence of supra- and suboptimal
relative orientation between cells. cortical responses relies heavily on context-dependent modu-

We label the inputs through long-range projections as extemalion of recurrent inhibition. Specifically, when the surround
modulatory inputs (because these inputs are unable to activate cor center stimuli are presented at the same optimal orienta-
cells, their effect is made effective only when the classical recepti - - .
field is stimulated). Long-range connection strengths decay exponéﬁ-n’ cortical responses become suboptimal due tantrease

tially from J™ = 0.03 and)™ = 0.01 at distance 0 to 25% of the peakl local inhibition relative to the center-alone condition. Con-
value at 60° orientation difference between pre- and postsynaghigfily, when the surround and center stimulus orientations are
cells. Figure  represents the spatial spread of the various moderthogonal, cortical responses become supraoptimal because of
connections types—i.e., intracortical excitatory and inhibitory syrthe decreasen local inhibition level.

apses and long-range excitatory synapses. To test this hypothesis we first model the behavior of two

A B

Fic. 3. Analysis of the facilitation-sup-

A‘ A . A‘ A‘ A A‘ A ‘ A‘ /A\‘ A pression effects induced by the external
modulatory drive.A: external drive is ap-

0 M 0 M I | plied only to iso-oriented neurons within the
- —— - -+ —— - range 0= 15°; B: external drive is applied to

orientation orientation cross-oriented neurons with orientation pref-

erences differing by more than 60° counter-

D clockwise from the center stimulus orienta-

— tion. Maximum amplitude of the external
‘ . drive isM. External modulation is applied to

O

% 16 T ¢ M=100% -~ both excitatory and inhibitory neurons ac-
T 14+t 8 optimal response cording to their orientation difference with
5 124 s respect to the horizontaC: total inhibitory
§ .l 5 ¥ 40 input to oriented cells in the same hypercol-
o . = o umn. External modulation is applied to iso-
& 087 M= 0% g ) oriented cells within an orientation range of
2 087 £ g5 | Suboptimal responses 0° = 15°. Bold line represents the center-
5 o4y . alone condition ! = 0), and thin lines rep-
£ o2 ' ' resent centert external modulation. Thin
g ol 30 | | | f ! lines (from top to botton) correspond to
- .30 5 0 15 30 45 0 20 40 60 80 100 M = 100, 80, 60, 40, and 20%. Below the
% modulation level (M) x-axis is the geometric shape of the modu-
I l M latory input (as a function of orientatiori):
"Iso-orientation” average firing rate of the cell tuned to 0° as
extemal modulation a function of the external modulation level

(M). Dashed line: response level to the 0°
center stimulus; thin line: response to cen-
ter + modulatory input.E: total inhibitory

m
M

% 14+ : X 50 — ) input to oriented cells in the same hypercol-

T 4ol ‘ : " Supraoptimal responses umn. External modulation is applied to

< A . cross-oriented cells with orientation prefer-

5 17 g 0 ences in the range 66 15°. Bold line:

= osr 3 2 sl center-alone conditionM = 0); thin lines:

£ o6+ = = center + external modulation. Thin lines

5 o4 1 L% (from top to botton) correspond td/1 = 100,

2 M = 100% optimal response 80, 60, 40, and 20%:: average firing rate of

£ 025 NN e the cell tuned to 0° as a function of the

g ol S 40 ’ ’ ’ ’ ’ external modulation levelM). Dashed line:

a 3 45 o 15 30 45 e & 40 60 B0 100 response level to the 0° center stimulus; thin
I—M—— % modulation level (M) line: response to center modulatory input.

"Cross-ofientation”
external modulation
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intermixed populations of excitatory and inhibitory cells exalone level (bold line). Thus as a consequence of increasing the
posed to a fixed feedforward input and a variable modulatolgcal inhibition level, the responses of cells that prefer the 0°
input. The rationale for using such a configuration is that thaientation are strongly suppressed (FidR)3responses be-
fixed feedforward input is similar to a fixed oriented stimulusome suboptimal.
presented in the receptive field center, whereas the variablén contrast, when the modulatory stimulus is applied to
modulatory input is similar to the long-range effect of a stimeross-oriented neurons that prefer orientations differing by
ulus of variable orientation presented outside the receptimere than 60° counterclockwise from the center stimulus
field. The most interesting aspect of this analysis emergesentation, the more distant inhibitory cells located in the
when comparing the influence of a modulatory input applied tacinity of cross-orientation domains are activated strongly
iso-oriented excitatory and inhibitory neurons (Fig\)3with- by the modulatory drive (see the increase in inhibition for
out affecting other parts of the network, with the effect of the cross-oriented cells in FigE}. At the same time, the
modulatory input applied only to cross-oriented neurons (Fimhibitory cells near the iso-orientation domains fire at a
3B). These types of external modulation resemble the effectlofver rate because they do not actually receive the modu-
different kinds of long-range inputs to cortical cells. latory input (see the curves below the bold line in Fi§).3

The population of 72 excitatory and 72 inhibitory neurons iBecause of this asymmetry in the firing rates of iso- and
externally activated by two types of input) a fixed feedfor- cross-oriented inhibitory cell populations, inhibitory cells
ward input stimulus that is always presented in the center of thear the iso-orientation domains are suppressed by the in-
receptive field at 0°, an@) a variable modulatory input that hibitory cells near the cross-orientation domains. This effect
selectively activates excitatory and inhibitory subpopulations quantified in Fig. &, which shows that wherM is
of neurons (Fig. 3,A and B). Each neuron from the two increased from 0 (no external modulation) to 100%, the total
subpopulations can either be modulated by a signal of amplhhibitory input to iso-oriented cells decreases in magnitude
tudeM or 0, according to the profile of the modulatory inputbelow the center-alone level (suppression of inhibition), and
We examine the consequences of increadihgrom 0 to the tuning of suppression becomes narrower. This interac-
maximum (100%) and applying it td) iso-oriented excitatory tion further removes tonic inhibition from pyramidal cells in
and inhibitory neurons within the range B8 15° centered the vicinity of local iso-orientation inhibitory neurons, and
around the cell that prefers the 0° orientation (Fig),3nd2) thus the disinhibited target pyramidal cells fire supraopti-
cross-oriented excitatory and inhibitory neurons with orientamally in response to the 0° stimulus (Figk)3
tion preferences differing by 60° counterclockwise from the Figure 3,C-F, also shows that the strength of facilitatory
center stimulus orientation. In this case, the modulatory inpanhd suppressive effects depends on the magnitude of the ex-
was applied to neurons within the orientation preference rangenal driveM. If M is decreased in amplitude, the modulatory
60 = 15° (Fig. B). (Because network connectivity is symmeteffect on local inhibitory cells diminishes because these neu-
ric we use only a counterclockwise stimulation; clockwiseons suppress only weakly the inhibitory interneurons to which
stimulation yields similar results). they project. Thus, the normal receptive field balance between

Figure 3,C—F, illustrates quantitatively the effect of addinglocal excitation and inhibition is restored (Fig. 3,andF).
iso-oriented (Fig. 3C andD) and cross-oriented (Fig. & and We conclude from our analysis of recurrent inhibition that
F) external modulatory inputs. We investigate how the totéthe response of oriented cells can be supraoptimally facilitated
inhibitory inputs to different oriented cells from the populationvhen the external modulation is applied to cross-orientation
of 72 excitatory neurons varies as a function of the strength@dmains and suppressed when the external modulation is ap-
external modulation, with the feedforward input fixed anglied to iso-orientation domains. These effects are due to
oriented at 0°. We show that the iso-oriented external modchanges in the gain of the local circuitry that selectively reg-
latory driveincreaseghe total inhibitory input to cortical cells ulates the local inhibition level depending on whether the
that respond to the center stimulus (FigC, ¥acilitation of modulatory inputs are applied to iso-orientation or cross-ori-
inhibition), whereas the cross-oriented external modulatoentation subpopulations. We next use large-scale model simu-
drive decreaseshe total inhibitory input to cortical cells thatlations to explain the orientation and contrast dependence of
respond to the same center stimulus (Fig, 8uppression of contextual interactions in V1.
inhibition). The maximum facilitation and suppression of in-
_hibition are obtained for maximum strength of the mOdU|at°rl¥arge-scale model simulations
input (M = 100%).

Explanation for this behavior follows from the dynamic gain We have performed simulations to evaluate neuronal re-
change at the local circuit level that results from the interacti@ponses to oriented stimuli that coverBdhe classical recep-
of local inhibitory neurons modulated by the external driveive field alone (center stimulus), @) the classical and extra-
Thus, when the modulatory stimulus is applied to iso-orientetassical receptive fields (centersurround stimuli). When the
neurons, within the range & 15°, both local iso-orientation center stimulus is presented alone at the optimal orientation,
excitatory and inhibitory cell populations receive strong exckig. 4A shows the model contrast response function. The
tation. However, because inhibitory cells typically fire at sesponse increases rapidly with increasing contrast and then
higher rate than excitatory cells (McCormick et al. 1985), theaturates at high-contrast levels. The shape of this function is
net effect of the iso-orientation modulatory drive is biasedseful because it allows us to define the low- and high-contrast
toward inhibition. Figure @ illustrates this effect (facilitation stimulus levels used in the center-surround simulations. Thus,
of inhibition) showing that when the amplitude of the moduwe chose the low-contrast level at 15% because it produces
latory drive M) is varied from O to 100% the total inhibitory cortical responses near the middle of the cell’'s dynamic range
input to oriented cells increases in magnitude above the cent@n-agreement with Levitt and Lund 1997), whereas the high-
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mechanism that we propose. Figure ghows that responses to
the center stimulus are suppressed by an iso-oriented surround.
However, responses to the same center stimulus become su-
praoptimal in the presence of an orthogonal or oblique sur-
round. These results should be compared with the experimental
data obtained in similar conditions (Levitt and Lund 1997) (our
Fig. 1B). When the center stimulus is presented at low contrast,
the facilitatory effects induced by cross-oriented surround
stimuli disappear or become very small (FigB)5and this
determines a broader tuning of the suppressive effects (Levitt
and Lund 1997) (Fig. @).
1 10 100 To quantify the tuning strength of the modulatory effects
o induced by the surround we calculated an orientation suppres-
Contrast (%) sion index. For this analysis we considered the response sup-
pression valueR(6;) obtained at surround orientatiofsn the
B o range (-90° to +90°), calculated by subtracting the response
45 T C=100% during center+ surround conditions from the response when

Response (Hz)

A High-contrast center plus surround

60 —
| Center alone
50 :

- AP VU SR AU N
40

Response (Hz)

30

20
10 Surround alone

Orientation (°)

Response (Hz)

Fic. 4. Model responses to center stimulation alofecontrast response
function obtained by center stimulation at the optimal orientati&intuning
curves of a cell that prefers the 0° orientation as a function of contrast. The

selectivity remains constant at center contrast levels of 100, 20, and 9%. -90 60 -30 0 30 60 90
contrast level was chosen at 100% because it elicits the max- Surround orientation (°)

imum response from the cell. As shown in previous models

using recurrent excitation (e.g., Ben-Yishai et al. 1995; SomerB Low-contrast center plus surround
et al. 1995), the orientation tuning of the receptive field center

remains invariant with stimulus contrast. FigurB displays 60

typical model orientation response curves at three different |
contrasts. As stimulus contrast is increased from 9 to 100%, 50 T
cortical responses increase without losing their orientation N |
selectivity—i.e., the model generates sharp orientation tuning ~
curves across a broad range of stimulus contrasts. This contras 30 -
invariance of orientation tuning is consistent with experimental § 5
data (e.g., Sclar and Freeman 1982). S 20 oo I T
Our goal in the subsequent simulations was to understand @ ‘
how neuronal responses are modulated by changes in th

Center alone

! Surround alone

balance between local excitation and inhibition as a result of 0 - —- ——
surround stimulation. Therefore, we repeated the same exper- 90 60 30 0 30 60 90
imental manipulations used by Sillito et al. (1995) and Levitt

and Lund (1997). The receptive field center was always stim- Surround orientation (0)

ulated at the optimal orientation, whereas surround orientation

was varied systematically from 0 to 180° to fully investigate Fic. 5. Orientation- and contrast-dependent suppression and facilitAtion.
th ientati d d f textual effects. Th responses to high-contrast optimal center stimulus (contrast 100%) paired with
€ orientation depenaence or contextual errects. e Cenﬁ -contrast surround of varying orientation) (and to surround stimulus

stimulus was either presented at high (;I-OO%) or low (15%jbne @). Center contrast and surround orientation values are identical with
contrast levels, whereas surround stimuli were presented othlyse used by Levitt and Lund (199B).responses to the low-contrast optimal
at high contrast (100%). The results mainly show the firing ragenter stimulus (contrast 15%) paired with a high-contrast surround of varying

s - : ; ientation ¢) and to the surround stimulus alone).( Center contrast and
of cells receiving optlmal center stimulation when the Cent§ rround orientation values are identical with those used by Levitt and Lund

contrast and surround orientation covary. .. (1997). Dashed lines: response to the optimal stimulus alone (high center
Figure 5,A andB, illustrates the effect of the disinhibitory contrast value is 100% iA; low center contrast value is 15% B).
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the center is presented alone (surround orientation st is contrast level is fixed either at 100% or 15%. We explain first
15°). The suppression index is calculated using Fourier anabw responses become supraoptimal when the surround is
ysis, where the second harmonic is extracted from the setafented at 60° and suboptimal when the surround is oriented at
response suppression values and then normalized by dividgtg We then show that the facilitatory effect of the cross-
by the): mean response suppression values in the rar@@°(to oriented surround disappeared at low-contrast center stimula-
+90°). tion.

Suppression Index \/a + b¥(MeanResponse HIGH-CONTRAST CENTER STIMULATION. When the surround is
oriented at 60° it yields a stronger activation of inhibitory cells

where in the vicinity of iso-orientation domains (e.g., 60°) and weaker
N activation of inhibitory cells in the vicinity of non—iso-orien-

a= > R(6) cos (¥) tation domains (e.g., 0°; iso and non—iso-orientation are con-

i-1 sidered with respect to surround orientation). For example, Fig.

and 6 represents key intermixed populations of excitatory and

inhibitory cells that receive long-range inputs from one pyra-

N midal cell in the surround. Although the projection from the
b= > R(6)sin (29, surround targets both excitatory and inhibitory neurons (e.qg.,
i-1 Gilbert and Wiesel 1989; Weliky and Katz 1994; Weliky et al.

1995), the strength of long-range connections is orientation-

: - _dependentl) stronger projections to iso-orientation domains
For the data displayed in Fig. B,andB, when the suppres Ig(_a.g., the projection to the pyramidal cell on tle& in Fig. 6)

sion index is calculated for both high- and low-contrast ce d to the inhibitory cells in the vicinity of iso-orientation
ter + surround conditions we found a 78% decrease when taasg y Y

center stimulus is presented at low contrast (high-contr mqarrnas"zz gncfrzewper%ngtiFgr?Jt%C:lhoen;;?arr;oiggllscoe_l(l)gﬁrgggf% do-
index = 3.01; low-contrast index- 0.67). Thus, changing the lEi_g. 6 that is tuned to horizontal orientation) and to the inhib-

(Worgotter and Eysel, 1991).

contrast of the center stimulus modulates not only the amp . S . : / ;
tude of the suppressive effects but also the tuning of surrouhgfY, CellS in the vicinity of non—iso-orientation domains.
e have calculated the changes in activity level for inhibi-

suppression. tory and excitatory cells relative to the center-alone condition
. (Fig. 7,A andB). Because of their higher firing rates, inhibitory
Analysis of contrast effects cells with orientation preference close to that of the surround

To further investigate the mechanism that produces tkee: the cells with orientation preferences near 60°) are able to
results shown in Fig. 53 andB, we have analyzed numericallyfire continuously in response to the center and surround stimuli
the changes in the response of excitatory and inhibitory nedf2d thus exert tonic inhibition on their postsynaptic targets
rons in a representative population of cells with orientatiokk€-, inhibitory and excitatory cells with orientation prefer-
preferences in the range-80 to +75°), with the surround €nces near 0°). The effect of this interaction can be seen in Fig.
stimulus being presented either at 0° or 60° (Fig. 5). The$@. Where the activity of inhibitory cells is represented for the
values for surround orientation are representative for our stuggPulation with orientation preference range betwees0°
because they are exactly the conditions in which cortical réd 75°. This figure shows that the activity of inhibitory cells
sponses are maximally suppressed (0° surround orientati@fignted away from the surround orientation (e.g., the 0° cells)
and maximally facilitated (60° surround orientation). In alfiiminishes below the center-alone condition. The net effect of
simulations, the center stimulus is presented at 0°, and s removal of tonic inhibition, or disinhibition, from pyrami-

dal cells in the vicinity of the 0° domain is an increase in the

R R LR LR . strength of excitation relative to the center-alone condition

: LOCAL CIRCUIT : (Fig. 7B). This explains the supraoptimal responses obtained

i : when the surround is cross-oriented with respect to the center
stimulus (Fig. 2.

However, when the surround is iso-oriented at 0°, there is an
overall increase in the activity of inhibitory cells above the
center-alone condition (FigAjJ. The effect of this increase of
tonic inhibition is a decrease in the strength of excitation
relative to the center-alone condition (FidB)7thus explaining
the suboptimal responses obtained when the surround is iso-
oriented (Fig. 3.

LOW-CONTRAST CENTER STIMULATION. Although the mecha-
nism that relies on the local interaction between inhibitory
interneurons is reliably strong when the receptive field is
stimulated at high contrast, it breaks down when the center
FIG. 6. Interactions between representative cells in the superficial la ersiS presented with a low-contrast stimulus. We consider the
V1 embedded in their local circuitp(dashed rectangle). Pyranaidal cellsyin t(?é‘:’e in which the surround .Onent.atlo.n |s°ma|nta|ned fixed at
surround project to both excitatory (triangles) and inhibitory (filled circles 0°, whereas the center orientation is 0° at a contrast level

neuronso, excitatory connectionss, inhibitory connections. of 15%. In this case, the response of inhibitory cells that are

PYRAMIDAL CELL
IN THE SURROUND
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FIG. 7. Analysis of contrast-dependent center-surround interactfria. high-contrast center stimulatio, D: low-contrast
center stimulationA: response of inhibitory cortical cells with orientation preferences betwe0f and 75°. When the surround
is cross oriented at 60%), cells oriented away from the surround orientation are released from local inhibition relative to the
center-alone condition (solid line). When the surround is iso-oriented at)Ghére is an overall increase in the local inhibition
level. B: response of excitatory cortical cells with orientation preferences betwe®0f and 75°. When the surround is
cross-oriented, the net effect of the removal of tonic inhibition from pyramidal cells in the vicinity of the 0° domain is an increase
in the strength of excitation relative to the center-alone condition. When the surround is iso-oriented, there is a decrease in the
response of excitatory cells relative to the center-alone condition. Center stimulus: 100% contrast level, orientation is fixed at 0°
(A, B). C: response of inhibitory cortical cells with orientation preferences betwe8@° and 75°. When the surround is
cross-oriented, inhibitory responses are suppressed to a lesser extent than in the high-contrastresgense of excitatory
cortical cells with orientation preferences betweeB0° and 75°. When the surround is cross-oriented, the total excitatory input
to cortical cells does not differ substantially from the center-alone condition. Center stimulus: 15% contrast level, orientation is
fixed at 0° C, D).

iso-oriented with respect to the surround (i.e., the inhibitomyill become ineffective at low contrast. Thus, Fid3 Shows
cells tuned to 60°) diminishes relative to the center-aloribat for a large range of surround orientations, the response
condition, and these cells therefore suppress only wealttythe low-contrast center stimulus is suppressed.

their postsynaptic targets, including other inhibitory cells. The model therefore demonstrates that orientation-depen-
Figure TC shows that, relative to the center-alone conditiomlent long- and short-range connections can have bi-phasic
inhibitory responses are suppressed to a lesser extent thamodulatory effects, depending on the relative orientation and
the high-contrast case. Thus, at low contrast, the iso-ogientrast between center and surround.

ented inhibitory cells are no longer capable of sustaining the
release from inhibition of the non-iso-oriented excitatoryqel
cells. This results in a total excitatory input to cortical cells
which does not differ substantially from the center-alone To demonstrate that the effects investigated in our model are
condition (Fig. D). The net effect of this interaction is thatnot caused by particular arrangements of parameters but con-
the facilitatory effects induced by cross-oriented surrourslitute emergent properties of the basic principles implemented
stimuli disappear or became very small (Fig. 5B). This aldwere, we varied selected parameter values that control the
determines a broader tuning of the suppressive effects (stengths of key synaptic connections involved in the center-
the suppression index analysis). Indeed, FigC7and D, surround interactions. Thus, Fig. 8 illustrates the parametric
predicts that the disinhibitory effect from Fig. A andB, effects of varying the amount of local (short-range) inhibition,

parameters
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A —— 100% local inhibition (short-range parameteds’ andJj; are decreased; sdgs 2
""" 51%// '?Ca’l'_"m%ﬂ?" and3). In this case, as the response of inhibitory interneurons
localinhibition 5 reduced by a factor of 10, the magnitude of both suppressive

and facilitatory effects diminishes. FigureB8llustrates the
change in response when the strength of local excitatory input
is reduced (short-range parametfSandJ;; were decreased).

0 1 = ‘ x ‘ Similar to the effect of reducing local inhibition level, both
facilitatory and suppressive surround effects diminished in
strength when the short-range excitatory input to both excita-
o5 4 tory and inhibitory cells varies from 100 to 10%. Finally, a
similar effect can be seen in FigC8which shows the response
change when the strength of long-range input is reduced (con-
nection strengthd;j“andJ;" are decreased; ség|s 2 and3).

25

-50 R . ot ..
90 60 30 0 30 60 % All simulations are performed under conditions similar to those
in which the basic surround effects were investigated (Figs. 5
B — 100% local excitation and 7).

""" 50% local excitation Two conclusions can be drawn from Fig. 8. First, large
— 10% local excitation - . S .
variations in the strength of local inhibition and excitation
(from 100 to 10%), and long-range input (from 100 to 50%) do
not abolish the shift between supra- and suboptimal responses
of cortical cells. This demonstrates that the effects illustrated in
Fig. 5 constitute emergent properties that result from the mod-
el's principles. Second, the strengths of short-range inhibition
and long-range input to cortical cells are critical for producing
the shift between supraoptimal and suboptimal cortical re-
sponses. As Fig. 8 shows, reducing the strength of local
inhibition by a factor of 10 reduces the magnitude of both
supra- and suboptimal responses, but the reduction is much
weaker if the strength of local excitation is reduced by the same
C — 100% long-range input  amount. However, decreasing the total long-range input by a
50% long-range input  factor of 10 (Fig. &) completely abolishes the modulatory
— 10%long-rangeinput  effects due to the surround. These results confirm our initial
25 hypothesis: the local interaction between inhibitory interneu-
rons modulated by the presence of surround stimuli constitutes
_________________________ the key requirement for explaining orientation and contrast
0 L ) : - — dependence of contextual effects.

30 60 920

Response change relative to center alone condition (%)

DISCUSSION

25 +
The context-dependent removal of inhibition through local
disinhibition that we propose here is an intricate process that
-50 yields an orientation-dependent dynamic gain control mecha-

-90 -60 -30 0 30 60 90 nism: an oriented surround increases the responsiveness of
cross-oriented pyramidal cells via a disinhibitory mechanism,
whereas iso-oriented pyramidal cells are strongly suppressed.
Thus, our model incorporates principles that depend strongly
Fic. 8. Comparison of orientation-dependent suppression and facilitatigm interneuron-interneuron interactions, a ubiquitous feature of
e e e s s . Sresg- o oo ey, feUral connectiy i the mammalian brain. Disinhibiory in-
reduced (short-range parameté{sandJj; are decreased (s&s 2 and3). ltserac_tlons’ alth,OUQh undermvesugate_d mOdels of Vlsual pro-
B: response change relative to center-alone condition when the strengtfc66Sing, were first hypothesized to be involved in the excitation
local excitation is reduced (short-range parameléfandJf are decreased). induced in Deiters neurons when presynaptic cerebellar Pur-
C: response change relative to center-alone condition when the strengtfkitje cells are inhibited (Ito et al. 1968). Disinhibitory circuits
long-range input is reduced [connection strengiff§ andJT" are decreased have been observed in the pericruciate cortex of the cat (Kelly
(seeEqs 2and3). and Renaud 1974) and have been implicated in the initiation
local (short-range) excitation, and long-range input to corticéBetting and Dekin 1985) and generation (Hultborn et al. 1971)
neurons, by comparing the magnitude of orientation-dependeftrhythmic activities in neuronal populations. More recently,
suppression and facilitation effects when the optimal cent€oth et al. (1997) have suggested that the septal projection to
stimulus (contrast 100% and orientation 0°) is paired with the hippocampus mediates the disinhibition of hippocampal
surround orientation varying betweerf0° and+90°. Figure pyramidal cells. However, despite their role in other brain
8A shows the change in response relative to the center-al@ystems, the function of disinhibitory mechanisms in the visual
condition when the strength of local inhibition is reducedortex has always been neglected in favor of recurrent excita-

Surround orientation (deg)
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tion (Ben-Yishai et al. 1996; Douglas et al. 1995; Somers et &edback, the orientation-dependent facilitatory (or disinhibi-
1995). This omission may be one of the reasons why thary) effect of the surround is able to bring pyramidal cells to
assumptions of other models of extraclassical receptive figtnost three-fold supraoptimal response levels (cf. Levitt and
effects in V1 (e.g., Somers et al. 1998; Stemmler et al. 1995)nd 1997; Sillito et al. 1995).
were insufficient to explain the emergence of orientation-de-
pen_dent supraoptlmal cortical responses and t_he contrast r€Q7e thank D. Fitzpatrick, M. Weliky, L. White, and J. Schummers for
ulation of the shift between supra- and suboptimal responsgsightful discussions on previous versions of this manuscript.
These models of cortical function were only able to explain theThis work was supported in part by National Eye Institute Grant EY-07023.
influence of center contrast on the sign of contextual effects.Address for reprint requests: V. Dragoi, Dept. of Brain and Cognitive
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