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Relationship between Excitation and Inhibition Underlying
Size Tuning and Contextual Response Modulation in the Cat
Primary Visual Cortex
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In the primary visual cortex (V1), the single-neuron response to a grating stimulus placed in the classical receptive field (CRF) is
suppressed by a similar stimulus presented in the CRF surround. To assess the input mechanism underlying the surround suppression,
we tested the effects of iontophoretically administered GABAA-receptor antagonist, bicuculline methiodide (BMI), for the 46 V1 neurons
in anesthetized cats. First, the stimulus-size tuning curves were studied, with or without BMI administration, for each neuron by changing
the size of the grating patch. During the BMI administration, the shape of the normalized size tuning curve did not change considerably.
Second, the dependency of surround suppression on the orientation of the surround grating was examined. In the control, the surround
suppression showed the clear orientation tuning that peaked at an orientation the same as the optimal orientation of the CRF response.
The BMI administration did not change the orientation dependency of surround suppression. We also estimated the relative contribution
of excitation and inhibition to the size and orientation tuning of surround suppression. It was concluded that cortical excitation and
inhibition were well balanced, having similar tuning profiles for both stimulus size and orientation of the surround grating. Furthermore,
surround stimuli used for V1 neurons suppressed the CRF response of neurons in the lateral geniculate nucleus. These results suggest that
surround suppression is not primarily attributable to the intracortical inhibition, but because of a reduction of thalamocortical inputs,
which drive the cortical excitation and inhibition, and a subsequent decrease in the cortical excitatory interactions.
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Introduction
The response of a neuron in the primary visual cortex (V1) to
visual stimulation of its classical receptive field (CRF) is modu-
lated by a second stimulus concurrently presented in the recep-
tive field surround. The often reported effect of surround stimu-
lation is suppression (Blakemore and Tobin, 1972; Nelson and
Frost, 1978; Knierim and Van Essen, 1992; DeAngelis et al., 1994;
Sengpiel et al., 1997; Sceniak et al., 1999; Walker et al., 1999, 2000;
Akasaki et al., 2002) rather than facilitation (Maffei and Fioren-
tini, 1976; Li and Li, 1994; Sillito et al., 1995; Levitt and Lund,
1997; Polat et al., 1998). The strength of the surround suppres-
sion is dependent on the exact relationship of the gratings at the
center and surround of the CRF. Maximal suppression is ob-
tained when the orientation and spatial frequency of the sur-
round grating are identical with those of the center grating
(DeAngelis et al., 1994; Li and Li, 1994; Levitt and Lund, 1997;

Sengpiel et al., 1997; Akasaki et al., 2002). This suggests that sur-
round modulation is generated by both the intracortical connec-
tion among V1 neurons with similar stimulus specificities and the
stimulus-specific convergence of thalamic inputs to V1 (Chap-
man et al., 1991; Reid and Alonso, 1995; Ferster et al., 1996).

The strength of surround suppression in V1 is also dependent
on how large an area beyond the CRF is stimulated. The response
magnitude increases with an increase in the size of a circular
grating centered on the CRF until the size becomes as large as the
CRF and then the response magnitude decreases as the stimulus
becomes larger than the CRF (DeAngelis et al., 1994; Li and Li,
1994; Sengpiel et al., 1997; Sceniak et al., 1999; Walker et al., 2000;
Anderson et al., 2001; Akasaki et al., 2002). There is evidence that
the source of surround suppression is spatially localized at the
end-, side-, or oblique-zones around the CRF (DeAngelis et al.,
1994; Walker et al., 1999, 2002). Therefore, the suppression
might arise from inhibitory interneurons with their receptive
fields outside the CRF of the neuron under study (Anderson et al.,
2001). This type of inhibition differs in function from that re-
ported to be directly involved in the generation of the CRF (Borg-
Graham et al., 1998; Hirsch et al., 1998).

Although the nature of surround modulation has been fairly
well described, its underlying mechanism has not yet been clari-
fied. In the present study, we investigated the contribution of
intracortical inhibition to surround suppression by recording ex-
tracellularly from single neurons in cat V1 while blocking intra-
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cortical inhibition by the iontophoretic administration of bicu-
culline methiodide (BMI). We examined the effects of BMI
administration on size and orientation tuning of the suppressive
surround effect and assessed the relationship between tuning
curves for excitation and inhibition underlying the suppression.
Size tuning of the suppressive effect was also examined in neu-
rons of the lateral geniculate nucleus (LGN) to assess the subcor-
tical mechanisms of the surround effects. Preliminary results of
this study have been reported previously (Ozeki et al., 2002).

Materials and Methods
Preparation. The details of the experimental preparation were as de-
scribed previously (Akasaki et al., 2002). Seventeen adult cats weighing
2.5– 4 kg were anesthetized with ketamine (5 mg/kg, i.m.) followed by a
mixture of isoflurane (2–3%) and N2O:O2 (2:1). The trachea of each
animal was intubated, and a catheter was placed in the femoral vein. The
animals were then placed in a stereotaxic head holder, continuously par-
alyzed with pancuronium bromide (0.1 mg/kg/hr, i.v.) to minimize eye
movements and maintained under artificial ventilation. During the re-
cording of neuronal activity, isoflurane was reduced to 0 – 0.5% (gener-
ally 0.3– 0.5%) in N2O:O2 (2:1), and fentanyl citrate (Fentanest; Sankyo,
Tokyo, Japan; 10 �g/kg/hr, i.v.) was continuously infused. A local anes-
thetic, lidocaine, was administered at pressure points and around surgi-
cal incisions. The rectal temperature and end-tidal CO2 were adjusted to
37–38°C and 3.5– 4%. Electrocardiogram and heart rate were continu-
ously monitored throughout the experiment. All procedures were per-
formed in accordance with National Institutes of Health guidelines for
the care of experimental animals and the regulations of Osaka University
Medical School Animal Care Committee.

Physiological recording. Triple-barreled glass micropipettes were used
for extracellular single-neuron recording and the iontophoretic admin-
istration of BMI (Sigma, St. Louis, MO; 5 mM, pH 4.0) and GABA (Tocris
Cookson, Bristol, UK; 0.5 M, pH 4.0) to the neurons under study (Sato et
al., 1996). For most electrodes, the tip of the recording pipette protruded
by 20 –30 �m from that of the drug pipettes to block primarily the
GABAA receptors located at the soma. For a few electrodes, the recording
pipette protruded 200 –250 �m from the drug pipette to block primarily
the distal GABAA receptors of the recorded neuron. The strength of the
ejection current of BMI was set to antagonize the suppressive effects of
iontophoretic administration of GABA. The GABA ejection was first
adjusted to a level that abolished all visual responses of the recorded
neuron. The BMI ejection was then set to a level high enough to abolish
the effects of GABA, yet not so high as to appreciably increase the spon-
taneous activity of the neuron. This procedure was chosen to prevent
excessive activation by BMI that might lead to the saturation of spike
firing. Generally, the ejecting and retaining currents of BMI were be-
tween �5 and �20 nA and between �5 and �10 nA. During BMI ad-
ministration, using a tip separation of 20 –30 �m, the response to stim-
ulation of the CRF alone increased by a factor of 2.91 � 1.45 (mean � SD;
range, 1.51–9.49; n � 43) relative to the control response.

The recording pipette was filled with 0.5 M sodium acetate containing
4% Pontamine Sky Blue. At the end of each penetration, dye marks were
produced by passing tip-negative DC currents (intensity, 8 –10 �A; du-
ration, 1 sec at 0.5 Hz; 100 pulses) and recovered in histological sections
(see below). After recording, the animals were deeply anesthetized with
sodium pentobarbital (40 mg/kg, i.v.) and perfused transcardially with
buffered saline followed by 4% paraformaldehyde in saline. Thin cortical
sections were sliced at 60 �m thickness in the coronal plane and stained
with cresyl violet, and the locations of the recorded sites were identified
by microscopic observations.

Fifteen cats were used for the recording of V1 neurons. Two cats were
used for recording neurons in laminas A and A1 of the LGN. The exper-
imental protocol for the LGN recordings was the same as that for record-
ing V1 neurons, except that BMI iontophoresis was not performed.

Visual stimulation. When a neuron was encountered, its minimum
response field was manually plotted using a hand-held projector and
then a computer-generated visual stimulus was targeted on the center of
the field. The retinal eccentricity of the receptive fields was within �6° of

the area centralis. The stimulus used was a drifting sinusoidal grating
generated by a visual stimulus generator (VSG 2/3; Cambridge Research
Systems, Rochester, UK), presented monocularly on a display (CPD-
G500J; Sony, Tokyo, Japan; mean luminance, 40 cd/m 2; refresh rate, 100
Hz; screen size, 40 � 30°) placed 57 cm in front of the cat’s eyes. To
analyze the receptive field characteristics of the neuron, the orientation,
spatial frequency, temporal frequency, and size of the grating stimulus
were controlled independently. We performed two types of tuning tests.
(1) The size of the drifting grating was varied while the other stimulus
parameters were kept optimal for the neuron (size tuning test). The
response magnitude continuously increased toward a peak value with
each increase in stimulus size and then either decreased or became as-
ymptotic. The CRF size was defined by the stimulus diameter at which
the response reached a maximum (see Fig. 1 B) or became saturated. In
the latter case, the CRF size was determined as the minimum stimulus
diameter at which the response was within �1 SEM of the response to a
stimulus of the maximal size used (e.g., whole screen of display, 40 �
30°). According to Freeman and colleagues (DeAngelis et al., 1994;
Walker et al., 1999, 2000), the CRF sizes determined by the reverse cor-
relation technique, another way to assess the receptive field structure,
correspond well to the size estimates of the CRF used in the present study.
(2) While displaying an optimal drifting grating confined to the CRF, the
CRF surround was stimulated by the larger drifting grating with the same
spatial and temporal frequency as the CRF grating. The orientation of the
surround grating was then varied (surround-orientation test). The grat-
ing contrast was the same for the stimulation of the CRF and its sur-
round, ranging from 5 to 100% (17 neurons, 5–30%; 18 neurons, 50%;
11 neurons, 80 –100%).

For all tests, the contrast of the surround stimulus was adjusted for
each neuron to elicit a surround suppression strong enough to test the
effect of BMI, although we did not measure the full contrast-response
function for each neuron. Neurons without surround suppression were
excluded from additional tests using BMI. Each stimulus was presented
stationary for 1 sec and then drifted for 2– 4 sec. The stationary period
was introduced to avoid the feature-nonspecific and phasic response to
the appearance of a stimulus patch. Visually evoked responses to the first
2 sec of grating drift were analyzed to reduce the effect of response adap-
tation. Each set of stimuli was presented 2–20 times in a pseudorandom
order to construct a family of peristimulus time histograms (PSTHs),
and each stimulus presentation was interleaved for 1– 4 sec with a blank
screen with the same mean luminance (40 cd/m 2) as the gratings.

Data analysis. For each neuron, the fundamental (F0) and first har-
monic (F1) components of the averaged responses were computed from

Figure 1. A, B, Schematic illustration of stimulus-size tuning curve and explanation of data-
fitting parameters ( A) and indices ( B). See Materials and Methods.
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PSTHs that were compiled during a set of tests. Cell type was classified
into either simple or complex on the basis of the F1/F0 ratio (F1/F0 � 1,
simple cell; F1/F0 � 1, complex cell) (Skottun et al., 1991). As the re-
sponse measures, we used the amplitude of the F1 component for simple
cells and the F0 component for complex cells.

In the size tuning test, to quantitatively describe the tuning curve, the
data were fitted with the following:

R� x	 � � Ke�� x�a	2/b2
� d, x � a

�K � d	e�� x�a	2/c2
, x � a, (1)

where R, x, and a are the firing rate, stimulus diameter, and CRF size (Fig.
1). b and c are the space constants of Gaussian functions fitted to the data
outside (x � a) and within (x � a) the CRF (see Fig. 1A). We did not use
an empirical method of describing the size tuning curve with the
difference-of-Gaussians (DOG) model (DeAngelis et al., 1994; Sceniak et
al., 2001), because our results were not consistent with its assumptions
(see Discussion for details). First, we fitted the descending limb of the size
tuning curve (see Fig. 1A, solid line), because the number of data points
was large enough to estimate the fitting parameters K, b, and d (K and d
represent the amplitude of the Gaussian function and offset of asymp-
totic response from spontaneous activity). Second, using K, d, and the
free parameter c, the ascending limb of the size tuning curve (Fig. 1A,
dotted line) was fitted. To evaluate how well our fitting procedure ex-
plained experimental data, the error between the actual data (data) and
fitted values (fit) was calculated as the mean square error normalized by
the average response across all data points of the fitted curve (Sceniak et
al., 2001) using:

E �
1

N �
j�1

N
� fitj � dataj	

2

� 1

N �
j�1

N

fitj� 2 . (2)

We then calculated two indices, namely suppression index (SI) and half-
width at half suppression (HWHS), using K, b, and d (Fig. 1 B). SI is the
strength of the maximal surround suppression normalized by the activity
of the recorded neuron. It was calculated as K/(K � d) and takes a value
between 0 (no suppression) and 1 (complete suppression). HWHS is the
tuning width outside the CRF, proportional to b, at which the half max-
imal surround suppression is obtained.

In the surround-orientation test, the orientation tuning of the sur-
round effect was fitted with:

R��s	 � R�CRF	 � �Ase
��s

2/�s
2

� rs	 , (3)

where R(�s) is the response at the orientation difference �s between the
center and surround gratings, R(CRF) is the response to the CRF stimu-
lation, As and �s are the amplitude and width of the Gaussian function,
and rs is the difference in magnitude between the CRF response and the
response with the cross-oriented surround. Orientation tuning for the
responses to the CRF grating was fitted with:

R��c	 � Ace
��c

2/�c
2

� rc , (4)

where R(�c) is the response at the orientation difference �c between the
optimal orientation of the recorded neuron and the stimulus orientation
used, Ac and �c are the amplitude and width of the Gaussian function,
and rc is the offset from spontaneous activity. We then calculated the full
width at half amplitude of the fitted Gaussian for comparison of the
orientation selectivity of the CRF response and surround effect using �c

and �s. We also calculated the orientation selectivity index (OSI) using:

OSI �

���i

N

R��i	 sin�2�i	�
2

� ��i

N

R��i	 cos�2�i	�
2

�
i

N

R��i	

, (5)

where R(�i) is the response magnitude at the stimulus orientation �i

(Batschelet, 1965; Sary et al., 1995; Sato et al., 1996). This index takes a
value between 0 (equal response to any orientation) and 1 (complete
selectivity).

Results
For 46 neurons in the primary visual cortex, the recording con-
ditions were stable and lasted long enough (at least 2 hr) so that
we could accomplish a set of tests with BMI iontophoresis. Al-
most all of the tested neurons exhibited strong surround suppres-
sion with 
50% reduction of the response to the CRF stimula-
tion. The neurons were classified into simple cells (n � 24) and
complex cells (n � 22) on the basis of the F1/F0 ratio of visual
responses (Skottun et al., 1991) (see Materials and Methods). In
40 of the 46 neurons, we were able to compare the simple– com-
plex classification on the basis of the F1/F0 ratio with the classi-
fication based on the distribution of ON and OFF subregions
(Hubel and Wiesel, 1962). The classifications matched in 31 of 40
cases. We suspect that the mismatch in classification in the re-
maining nine cases might have been caused by the relatively high
contrast of the stimulus grating used in our experiments. A high-
contrast stimulus modulates the gain of the cortical network
(Ohzawa et al., 1985) and therefore might enhance the F1 com-
ponent in complex cells and the F0 component in simple cells
(Chance et al., 1999). In contrast, BMI administration near the
recording site (see below) very slightly decreased the F1/F0 ratio
in both simple and complex cells (1.62 � 0.16, mean � SD, to
1.50 � 0.26 in 21 simple cells and 0.45 � 0.20 to 0.32 � 0.14 in 16
complex cells; p � 0.0001; paired t test).

Forty-six neurons were studied using one of two different
types of iontophoretic electrodes. Using a tip separation of 20 –30
�m between recording and drug pipettes in 43 neurons, we tar-
geted GABAA receptors close to the soma (proximal administra-
tion). Using a tip separation of 200 –250 �m in 26 neurons, we
targeted apical dendrites (distal administration). The proximal
administration was always effective, whereas the distal adminis-
tration showed significant effects in only three of the 26 neurons
tested. The results from these three neurons were nearly identical
to those of the proximal administration but were excluded from
the following analyses (data not shown).

Size tuning of surround suppression in V1
We examined the effects of BMI administration on the stimulus-
size tuning of surround modulation. The results of the size tuning
test for a layer II/III simple cell are shown in Figure 2. Figure 2A
exemplifies the PSTHs of responses to small (8.9° in diameter)
and large (28.4° in diameter) grating patches before (Control),
during (BMI), and after (Recovery) BMI administration. In the
control, this neuron exhibited a strong and brisk response to a
small grating of which the diameter was the same as the CRF size,
whereas the response to a large grating (28.4°) was strongly re-
duced by surround suppression. When BMI was administered
with �7 nA of ejecting current, the response to the CRF stimula-
tion was 250% of the control response. Although the BMI admin-
istration also increased the response to the large grating patch
that stimulated both the CRF and its surround, the response
magnitude was still appreciably smaller than the response to CRF
stimulation. These effects of BMI administration on surround
suppression are summarized as size tuning curves in Figure 2B.
Because BMI administration (Fig. 2B, dashed line) increased the
response at every stimulus size relative to the control responses
(solid line), the two curves showed very similar tuning patterns,
with only a slight broadening of tuning width that can be seen
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when the two curves are normalized and superimposed in Figure
2C. Previous studies have suggested that surround suppression is
primarily generated by intracortical inhibition (DeAngelis et al.,
1994; Anderson et al., 2001), implying that BMI administration
should significantly counteract the suppression. In the neuron
shown in Figure 2, however, the average effect of a stimulus larger
than 17.8°, which induced the maximal suppression, was an

86.4% reduction in the response to the
CRF stimulation in the control and a
73.3% reduction during the BMI admin-
istration. That is, the BMI administration
eliminated only 15.2% of the surround
suppression. This suggests that surround
suppression is not primarily attributable
to intracortical inhibition.

To quantify the effects of BMI admin-
istration on the size tuning curve for each
neuron, the ascending and descending
limbs of the tuning curve were separately
fitted by two half-Gaussian functions (Eq.
1), and the following indices were calcu-
lated (see Materials and Methods) (Fig. 1):
CRF size, maximal surround suppression
normalized by the activity level of each
neuron (SI), and tuning width eliciting
the half-maximal surround suppression
(HWHS). Equation 1 successfully fitted
the stimulus-size tuning for 38 of the 43
neurons; five neurons were poorly fit be-
cause of the small number of data points
(n � 4) or the asymptotic tuning curve
(n � 1). For the 38 neurons, the fitting
errors of the data outside the CRF calcu-
lated with Equation 2 were 0.04 � 0.04
(mean � SD) in the control and 0.03 �
0.03 with BMI administration, indicating
similar levels of goodness of the fit.

During BMI administration, most of
the neurons did not notably change in
CRF size; the average size changes were

0.11 � 0.76° for 21 simple cells and �0.05 � 1.11° for 17 complex
cells (average CRF size in the control, 4.55 � 2.35°, mean � SD,
for simple cells and 5.10 � 3.73° for complex cells; p 
 0.59; t
test). However, the SI showed a slight decrease under the BMI
effect (Fig. 3). Almost all data points were below the diagonal line,
and the average effect of BMI administration was an 11.6 �
18.0% (mean � SD) reduction in surround suppression. This
BMI effect on SI was highly significant ( p � 0.000001; paired t
test). However, this in turn means that a large proportion
(88.4%) of the suppression remains intact under the BMI effect.
The third parameter of the tuning curve, HWHS, like CRF size,
was mostly unchanged by BMI administration (Fig. 4). Almost all
data points in Figure 4, A (simple cells) and B (complex cells),
were found near the diagonal line, suggesting that the BMI ad-
ministration did not change the tuning width of the surround
suppression appreciably ( p 
 0.37; paired t test). Figure 4C sum-
marizes the distribution of the BMI-induced changes in HWHS
(ratio of BMI HWHS/control HWHS). Most of the neurons did
not change the tuning width of the surround suppression during
the BMI administration (median, 1.07). From these results of the
BMI effects on CRF size, SI, and HWHS, it is concluded that the
spatial tuning of surround suppression is not strongly affected by
the blockade of intracortical inhibition.

From Figure 4C, it can be seen that a few neurons did show
large changes in the tuning width of surround suppression. One
possibility is that these neurons differed in other properties from
the rest of the population. For example, we speculated that a
strong inhibition-mediated component of the suppression might
tend to make the CRF of such neurons smaller than normal.
However, there was no correlation between CRF size and the

Figure 2. Effect of BMI on stimulus-size tuning. An example of the size tuning test in a layer II/III simple cell is shown. Stimuli
of a circular drifting grating with optimal orientation, direction, spatial frequency, and temporal frequency but with varying sizes
were presented at the center of the CRF. The stimulus contrast was 50%. A, PSTHs of responses to stimuli shown at the top before
(Control), during (BMI), and after (Recovery) the BMI administration with an ejecting current of �7 nA. In each PSTH, three
consecutive cycles are shown. Arrows below the illustration of the stimulus indicate the drift direction. B, Tuning curves for the
control response (solid line) and response during BMI administration (dashed line). Data are fitted by Equation 1. Error bars are�1
SEM. Whole screen, 40 � 30° stimulation; SA, spontaneous activity. C, Tuning curves normalized to the response (fitted value) to
the CRF stimulation.

Figure 3. Effect of BMI on SI. A, B, Comparison of SI between with and without BMI admin-
istration for simple ( A) and complex ( B) cells. Recorded layers are indicated by symbols (open
triangle, layer II/III; filled square, layer IV; open circle, layer V; filled triangle, layer VI). In these
graphs, five neurons (one simple and four complex cells) that showed a poor fit by the fitting
function (Eq. 1) are also included. For the 43 neurons, the BMI-induced reduction in surround
suppression was 11.6 � 18.0% (mean � SD; p � 0.000001; paired t test), calculated using
(Control SI � BMI SI)/Control SI.
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BMI-induced change in CRF (r 2 � 0.00002), and only 3 of the 21
neurons with CRFs smaller than the average CRF size of the 38
neurons (4.80°) showed a significant increase in CRF size during
BMI administration. Also, there was no correlation between CRF
size and the BMI-induced change in HWHS (r 2 � 0.072). These
results suggest that the smaller CRF is not attributable to the
stronger operation of the cortical inhibition evoked from the
CRF surround.

Finally, we examined the relative contribution of excitation
and inhibition to the size tuning curve. For this analysis, we as-
sume that the tuning curve of a neuron results from subtractive
interactions between excitation and inhibition, each of which is
separately tuned for stimulus size (see DOG model of Sceniak et
al., 2001). We then used the effects of BMI administration to
assess the shape of tuning curve for inhibition. That is, we took
the tuning curve recorded in the presence of BMI as an estimate
of the excitatory contribution to the control tuning curve. Simi-
larly, we took the difference between tuning curves recorded with
and without BMI as an estimate of the contribution of intracor-
tical inhibition (Sato et al., 1996). Figure 5A shows examples of
this type of analysis for six neurons. In all of the six neurons, the
stimulus size tuning curves of control (solid line), excitation
(dashed line), and inhibition (dotted line) exhibited surround
suppression and are similar to each other in shape. In all of the 38
neurons analyzed, the excitation and inhibition exhibited similar
tuning profiles, suggesting that the inhibitory mechanism is co-
extensive with the excitatory one (Sceniak et al., 2001; Cavanaugh
et al., 2002).

An intracellular study by Anderson et al. (2001) showed that

the length-tuning property of neurons (i.e., end-inhibition) is
generated by a combination of active cortical inhibition and a
decrease in excitation for stimuli longer than the CRF. They also
reported that the inhibitory conductance often exhibits a bipha-
sic response to an increase in stimulus length, that is, the inhibi-
tory conductance is large for short and long stimuli and small for
stimuli of intermediate length. In none of our neurons did we
observe a bimodal shape of the size tuning of inhibition (that is,
the difference between the BMI and control tuning curves). How-
ever, it might be that our use of a single-peaked function (two half
Gaussians, Eq. 1) to fit the tuning curves would allow us to over-
look such bimodality. If bimodality were to occur, we would
expect to find it only in those neurons for which the tuning curve
obtained with BMI was significantly broader than the control
tuning curve. We therefore selected one-third of the neurons for
which BMI broadened the size tuning by 
30% (12 of 37). The
single peaked function fit the tuning curves for such neurons
(goodness of fit as measured by Eq. 2) just as well as it did for
other neurons ( p 
 0.26; t test), once again suggesting that there
was no significant bimodality in the shape of the curves.

A divisive model for inhibition
The normalized and averaged size tuning curve for the 37 neu-
rons is shown in Figure 5B, where the excitation and inhibition
are normalized to the control response obtained by the CRF stim-
ulation. This graph indicates that both the excitation and inhibi-
tion have similar tuning profiles and are well balanced, that is,
strong excitation accompanies strong inhibition and vice versa.
Such a relationship between excitation and inhibition, in turn,
suggests that intracortical inhibition works to control the output
level of the cortical network according to the amount of excita-
tory inputs or contrast level (response- or contrast-gain control
mechanism) (Sengpiel et al., 1998). Recent studies have proposed
a divisive role of inhibition as a mechanism underlying contrast
gain control (Heeger, 1992) and surround suppression (Sengpiel
et al., 1998; Sceniak et al., 2001; Cavanaugh et al., 2002; Walker et
al., 2002), in which response is normalized by a pool of inputs
driven by center and surround stimulation. Our results with ex-
tracellular recordings are not appropriate to directly address the
validity of divisive model, because we do not know the exact
contribution of excitation and inhibition to responses of re-
corded neurons. However, our approximate estimation of inhib-
itory contribution with divisive model did not confirm the result
of intracellular recordings (Anderson et al., 2001). In this model,
the response in the control condition, R(Control), is given by:

R(Control) � � Excitation

1 � Inhibition�
	

, (6)

where excitatory inputs (Excitation) are divided by inhibitory
ones (Inhibition), and 	 is the nonlinear threshold imposed by
the spike-rate-encoding mechanism (Sceniak et al., 2001). Dur-
ing BMI administration, because of the reduction in intracortical
inhibition, the response, R(BMI), is assumed to be:

R�BMI) � (Excitation)	 , (7)

and, from Equations 6 and 7, the inhibitory inputs are taken as:

Inhibition � � R�BMI)

R�Control)�
1/	

� 1 . (8)

Thus, the contribution of inhibition is proportional to R(BMI)/
R(Control) ratio. Therefore, the size tuning curve of inhibition

Figure 4. Effect of BMI on HWHS. A, B, Comparison of HWHS between with and without BMI
administration for simple ( A) and complex ( B) cells. Recorded layers are indicated by symbols
(open triangle, layer II/III; filled square, layer IV; open circle, layer V; filled triangle, layer VI). For
the 38 neurons, there were no consistent changes in HWHS during the BMI administration
( p 
 0.37; paired t test). C, Distributions of BMI-induced changes in HWHS (BMI HWHS/Control
HWHS ratio) for simple (filled bar) and complex (open bar) cells (n � 38). The average ratio
value was 1.25� 0.68 (mean� SD), indicating the increase in HWHS with BMI administration,
but this change was not statistically significant ( p 
 0.37; paired t test). Arrow indicates the
median value, 1.07.
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was calculated from the data in Figure 5B (BMI and Control) with
Equation 8 (	 � 1; �1 was ignored for simplification) and plot-
ted against stimulus size in Figure 5C (BMI/Control). The shape
of this inhibitory tuning for stimulus size is very different from
those estimated from the intracellular recording study (Anderson
et al., 2001). In this curve, calculated with divisive model, a
smaller value of BMI/Control ratio indicates a dominant contri-
bution of excitation relative to inhibition, whereas the larger
value of the ratio indicates a dominant contribution of inhibi-
tion. The highest level of inhibition is indicated in Figure 5C for
very small stimuli (�1°). These high values might be a function of
the cutoff of subthreshold excitation by firing threshold mecha-
nism in the control recordings, which would lead to an overesti-
mation of the inhibition. In contrast, there is a minimum in the
derived level of inhibition when the stimulus diameter is near the
optimal (i.e., CRF) (Fig. 5C, arrow), which means that the relative
contribution of excitation is more dominant than that of inhibi-
tion. This is probably attributable to spike threshold nonlinearity
(Jagadeesh et al., 1993; Carandini and Ferster, 2000), in which
spike-rate coding is amplified for a stronger excitation above the
spike threshold. Thus, the estimation of the size tuning curve of
inhibition with applying the divisive model to the extracellularly
recorded spike responses seems to be inappropriate because of
the threshold mechanisms inherent in spike generation. This
point should be further analyzed with intracellular recordings.

The results in Figure 5, A and B, suggest that the size tuning
property of V1 neurons is determined by the synergistic contri-
bution of excitation and inhibition. These inputs are well bal-
anced throughout a wide range of stimulus sizes. That is, sur-
round suppression is generated by a reduction both in excitation
and inhibition, which occurs with an increase in stimulus size.

Orientation tuning of surround suppression in V1
We examined the effects of BMI administration on the orienta-
tion dependency of surround modulation. Figure 6 shows the
results of the surround-orientation test for the neuron shown in
Figure 2. The neuron was tuned to an orientation of 30° and did
not respond at all to orthogonal gratings. The PSTHs in Figure
6A show the responses to stimulation of the CRF at the preferred
orientation, alone and in combination with surround stimula-
tion at three different orientations in the control (top) and during
BMI administration (bottom). In the control, the response to the
CRF stimulation was maximally suppressed by the iso-
orientation surround grating (Fig. 6A, �0), whereas the suppres-
sive effect by the cross-orientation surround grating was negligi-
ble (Fig. 6A, �90). That is, the strength of surround suppression
was evidently dependent on the orientation difference between
the CRF and surround gratings; the larger the orientation differ-
ence, the smaller the surround suppression (Fig. 6B, solid line).
Although the BMI administration with �7 to �10 nA of ejecting
current increased the responses to any orientation differences (Fig.
6B, dashed line), the shape of the orientation-tuning curve under the
BMI effect was quite similar to that in the control (Fig. 6C).

For all seven neurons tested, the relationship between tuning
widths, with and without BMI administration (derived from
Gaussian fits; Eqs. 3, 4), are plotted for the orientation tuning of
the CRF response (center-orientation tuning) (Fig. 7A) and the

4

274 � 24% (mean � SEM) of the control response. C, The tuning curve of the relative contri-
bution of excitation and inhibition. Because the intracortical inhibition is assumed to work as a
response division shown in Equation 8, the ratio of the response with BMI administration to that
in the control is plotted. Arrow indicates the average CRF size, 4.5°.

Figure 5. Relationship between excitation and inhibition in size tuning. A, Examples of the
size tuning curves of the excitation (dashed line), inhibition (dotted line), and control response
(solid line). The curves of inhibition for each example were derived by subtracting the control
response from the response with BMI administration. Neurons were classified into three groups
on the basis of the BMI HWHS/Control HWHS ratio. When the ratio was �0.7 or 
1.3, the
tuning profile of the excitation was classified into narrow (top row) and broad (bottom row).
The tuning curves of the remaining neurons were classified into same (middle row). One com-
plex cell with an extremely large receptive field (16.0°) was excluded from the analysis. Nine-
teen (51%) of the 37 neurons analyzed were classified into same, 12 neurons (32%) into broad,
and six neurons (16%) into narrow. For these three groups, there was no significant difference
in the shape of the control tuning curves (CRF size, p 
 0.45, ANOVA; SI, p 
 0.49; HWHS, p 

0.26). The BMI-induced increase in the response to the CRF stimulation was also nearly identical
( p 
 0.70). In data fitting (Eq. 1), when the stimulus size eliciting the peak response apprecia-
bly differed between the control and the BMI administration (top right graph), the average size
was used as the CRF size. Error bars indicate �1 SEM. B, Size-tuning curves were normalized
and averaged for the 37 neurons in which these curves were reconstructed on the basis of the
fitted parameters. During the BMI administration, the response to the CRF stimulation was
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orientation tuning of the surround sup-
pression (surround-orientation tuning)
(Fig. 7B). Note that the fitting errors for
the CRF tuning were slightly larger than
those for surround tuning (CRF, 0.05 �
0.04, mean � SD, for control and 0.04 �
0.03 for BMI administration; surround,
0.13 � 0.13 and 0.07 � 0.10).

BMI did not change the orientation
tuning of the CRF response or of surround
suppression. In the control, almost all of
the neurons (six of seven) showed the
maximal surround suppression when the
orientations of the center and surround
gratings were identical and, for one neu-
ron, the maximal suppression was ob-
tained when the orientation of the sur-
round differed by 15° from the optimal
orientation for this neuron. The width of
the surround-orientation tuning (81.1 �
34.7°; mean � SD) was broader than that
of the center-orientation tuning (43.8 �
22.4°; p � 0.04; paired t test). During BMI
administration, the surround orientation
eliciting the maximal suppression did not
change. Also, the widths of the center-
orientation tuning (Fig. 7A) and
surround-orientation tuning (Fig. 7B) did
not change (43.8 � 22.4 to 42.7 � 14.9°
for the center-orientation tuning, p 

0.82, paired t test; 81.1 � 34.7 to 72.8 �
26.7° for the surround-orientation tuning,
p 
 0.36). In contrast, the OSI (Eq. 5) of
the CRF response changed slightly (0.36 �
0.19, mean � SD, to 0.25 � 0.14; p � 0.04;
paired t test), indicating that BMI de-
creased orientation selectivity. This result
is consistent with the BMI effect on the
orientation selectivity of macaque V1
(Sato et al., 1996).

The decrease of OSI during the BMI administration seems to be
attributable to an increase of offset component, that is, the
orientation-nonspecific response rather than a change in the shape
of tuning. The normalized and averaged orientation-tuning curves
from all seven neurons are shown for the center-orientation tuning
(Fig. 8A) and surround-orientation tuning (Fig. 8B), in which the
curves with BMI administration are normalized to the control re-
sponse to the optimally oriented CRF grating. During BMI admin-
istration, the orientation selectivity of neurons decreased in the sense
that the neurons started responding to the stimulus with a grating
orientation orthogonal to the optimal (Fig. 8A, dashed line). How-
ever, the BMI administration did not significantly change the
orientation-tuning width defined as the full width at half height (Fig.
7A) (see above).

With the subtraction method, we also examined the relative
contribution of excitation and inhibition to the orientation-
tuning curve. The inhibitory orientation-tuning curves of the
CRF response and surround suppression are indicated with dot-
ted lines in Figure 8, A and B. In these graphs, the excitation
(dashed line) and inhibition (dotted line) were tuned to the op-
timal orientation in Figure 8A or to the orientation difference of
0° in Figure 8B; the tuning profiles of excitation and inhibition
were quite similar in the shape to the control response. This

indicates that the orientation dependency of surround suppres-
sion is produced by excitation and inhibition, which are tuned to
the optimal orientation of the response to the CRF grating.

Together with the results of the size-tuning test (Fig. 5A,B),
these results suggest that V1 responses are regulated by well bal-
anced excitation and inhibition, which have similar tuning pro-
files for size and orientation.

Size tuning of surround suppression in LGN
Because our results in V1 suggest that the cortical excitation and
inhibition underlying the surround suppression have similar
tuning profiles, it is possible that thalamocortical input by itself
exhibits surround suppression with tuning properties similar to
those observed in V1. To check this possibility, we recorded 20
LGN neurons with receptive fields of similar retinal eccentricity
as the recorded V1 neurons (within �6°) and tested the size
tuning of the LGN neurons using the same stimuli as those used
for the V1 neurons.

Two stimulus contrasts, high (80%) and low (10 –15%),
which were in the range used for testing V1 neurons (5–100%),
were used for each LGN neuron. Among the 20 neurons re-
corded, the strength of surround suppression greatly varied, but
only one neuron (5%) lacked any surround suppression. Figure 9
shows three examples of the size tuning curves. At a stimulus

Figure 6. Effect of BMI on orientation dependency of surround effect. An example of the surround-orientation test for the
neuron shown in Figure 2. Patterned stimuli are composed of the CRF grating with optimal parameters and surround grating with
the same parameters as those of the CRF grating, except for orientation. The stimulus contrast was 50%. A, PSTHs of responses
before (Control) and during (BMI) BMI administration. B, Tuning curves for the control response (solid line) and response during
BMI administration (dashed line) plotted against orientation difference between the CRF and surround gratings. Data are fitted by
Equation 3. Error bars indicate �1 SEM. CRF, CRF stimulation. C, Tuning curves normalized to the response to the CRF stimulation.
Other conventions are the same as those in Figure 2.
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contrast of 80% (Fig. 9, filled squares), on average, the CRF size
defined by the same criteria as for V1 neurons was 1.99 � 1.17°
(mean � SD; n � 20), the strength of surround suppression (SI)
was 0.47 � 0.19 (n � 20), and the tuning width eliciting half value
of SI (HWHS) was 1.99 � 1.31° (n � 19). The strength of sup-
pression was remarkably attenuated when the stimulus contrast
was decreased (Fig. 9, open squares), which could be a basis of the
contrast-dependent changes in the CRF size (Sceniak et al., 1999)
and contextual effects observed in V1 neurons (Levitt and Lund,
1997). For V1 neurons, according to Akasaki et al. (2002), the
average strengths of surround suppression, defined as the differ-
ence between response to the CRF stimulation and response to
the large (40 � 30°) grating that was normalized to the response
to the CRF stimulation (stimulus contrast, generally 
80%),
were 0.60 � 0.14 (n � 49) for layer II/III and 0.31 � 0.36 (n � 28)
for layer IV. In the present study, the CRF size and the HWHS of
the 38 V1 neurons were 4.80 � 3.01 and 3.18 � 2.32°. Thus, LGN
neurons showed a smaller CRF and narrower width of suppres-
sive surround than V1 neurons but exhibited a strength of sur-
round suppression comparable with that observed in V1 neu-
rons. Although, as mentioned above, almost all LGN neurons (19
of 20; 95%) did not show the saturation-type tuning, 50% of the
neurons in layer IV of V1 exhibited the saturation-type size tun-
ing to a stimulus larger than the CRF (Akasaki et al., 2002). That

the maximal strength of surround suppression in the LGN seems
to be similar to that observed in layer IV of V1 suggests that the
response reduction in the LGN by a large stimulus could underlie
the surround suppression observed in V1.

Discussion
Mechanisms underlying surround suppression
We studied the cortical mechanisms underlying the stimulus-size
tuning property and orientation-tuned surround suppression of
V1 neurons with the pharmacological blockade of intracortical
GABAergic inhibition. The blockade of the inhibition did not
significantly reduce the surround suppression or change its size
and orientation tuning. Previous results on this issue are mixed.
Sillito and Versiani (1977) reported that the length preference of
neurons in the visual cortex was only partially eliminated by the
administration of bicuculline. However, others have found some
evidence of a possible involvement of an intracortical mechanism
(DeAngelis et al., 1994; Walker et al., 1999, 2002; Anderson et al.,
2001). There are also reports suggesting that surround suppres-
sion arises from intracortical inhibition in V1, which is directly
driven by feedback from higher cortical areas (Bullier et al., 2001;
Angelucci et al., 2002; Cavanaugh et al., 2002; Levitt and Lund,
2002; Bair et al., 2003).

Our estimates of the relationship between the profiles of exci-
tation and inhibition underlying the stimulus-size tuning (Fig.
5B) and orientation-tuned surround suppression (Fig. 8B) sug-
gest that the well balanced excitation and inhibition synergisti-

Figure 7. Effect of BMI on orientation-tuning widths of the CRF response and the surround
suppression. A, B, Left graphs, Orientation-tuning width of response to the CRF grating with
varying orientation ( A) and that of the surround effect ( B) are compared between with and
without BMI administration. Right graphs, Schematic illustration of orientation-tuning curves
of the CRF response ( A) and the surround suppression ( B) are indicated, and full widths at half
heights of fitted Gaussians (Eqs. 3, 4) are shown by arrows. In the data fitting of surround-
orientation tuning (Eq. 3), the difference in magnitude between the CRF response and the
response with the cross-oriented surround grating (rs) was set to 0, when the fitted curve did
not show an asymptotic profile within the range of sampled data (B, left, two points at the
extreme right).

Figure 8. Relationship between excitation and inhibition to the orientation tuning of the
CRF response and the surround suppression. A, B, Orientation tuning curves were normalized
and averaged for the responses to the CRF grating ( A) and the surround effect ( B). The curves of
inhibition were obtained by subtracting the control response from the response with BMI ad-
ministration. Data in A and B are fitted by Equations 4 and 3. Error bars indicate �1 SEM. During
BMI administration, the responses to the CRF grating with the optimal orientation and size were
393 � 82% (mean � SEM; n � 7) of the control response in A and 299 � 42% in B.
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cally produce the size and orientation tuning of the surround
effect. Because the excitation and inhibition have similar tuning
profiles (Figs. 5B, 8B), it appears that the driving source for the
excitation and inhibition is identical (Anderson et al., 2000). This
implies that the primary cause of the surround suppression is the
reduction in the amount of excitatory inputs from the thalamus
to the cortical network responsible for the activity of the recorded
neurons, and the role of the cortical network is the regulation of
output level according to its activity (i.e., response normaliza-
tion). From our LGN experiment (Fig. 9), the most likely origin
of the reduction in the amount of excitatory inputs is the length-
and size-tuning properties of the LGN (Jones and Sillito, 1991;
Sillito et al., 1993; Walker et al., 1999). Because it was reported
that the surround suppression in the cat LGN neurons exhibits
orientation-tuning property (Sillito et al., 1993), a reduction in
the response magnitude of LGN neurons, when stimulated by a
large grating that covers their inhibitory surround, should result
in a substantial reduction in the amount of thalamocortical exci-
tatory inputs to a neuron population in V1, which is tuned to the
grating orientation (Chapman et al., 1991; Reid and Alonso,
1995; Ferster et al., 1996). This, in turn, would result in the
orientation-tuned surround suppression in V1. Moreover, the

major inputs to the cortical neurons are the recurrent excitation
and inhibition from the local network in which the cortical neu-
ron under study is embedded (Douglas et al., 1995). Therefore, a
reduction in the amount of thalamocortical inputs would result
in a subsequent decrease in excitatory interactions in the cortical
network, which enhances the suppressive surround effect in V1.

Comparison with other models for surround suppression
The DOG model has been used often to describe the spatial dis-
tribution of the excitatory and inhibitory subfields underlying the
CRF of V1 neurons (DeAngelis et al., 1994; Sceniak et al., 1999,
2001; Walker et al., 2000). An important assumption of this
model is that the inhibitory summation field is broader than the
excitatory one, and the integrated inputs of the excitation and
inhibition across the respective summation fields become asymp-
totic at the edges of each summation field (Enroth-Cugell and
Robson, 1966; Sceniak et al., 2001). Thus, the integrated differ-
ence between excitation and inhibition is the stimulus-size tun-
ing with surround suppression. In contrast, Cavanaugh et al.
(2002) have shown that cortical inhibition works as a divisive
mechanism rather than a subtractive one, in which the excitatory
and inhibitory subfields are assumed to be identical with those of
the subtractive (DOG) model. There is evidence supporting the
divisive mechanism of intracortical inhibition activated by visual
stimulation (Borg-Graham et al., 1998; Hirsch et al., 1998;
Anderson et al., 2000). Sceniak et al. (2001) compared the divisive
model with the subtractive (DOG) model and showed that both
models exhibited good agreements for the size-tuning property,
indicating overlapping neural mechanisms between them. Ac-
cording to these models, the surround suppression is attributable
to an increase in intracortical inhibition. However, our results
(Fig. 5A,B) are inconsistent with these models, because both the
excitation and inhibition showed size tuning, having a peak at the
CRF size with a clear reduction in the response magnitude to a
stimulus larger than the CRF. This point should be further ana-
lyzed with intracellular recordings that enable estimations of ex-
citatory and inhibitory conductance and also the level of back-
ground synaptic input controlling the gain modulation of
cortical neurons (Chance et al., 2002).

Blockade of inhibitory synapses by iontophoretically
administered bicuculline methiodide
There are at least two technical limitations in the BMI ionto-
phoresis. First, there is a possibility that iontophoretically admin-
istered BMI did not block all of the GABAA receptors on the
neuron under study. Although most of the inhibitory synapses in
the visual cortex are assumed to be distributed near the soma,
including proximal dendritic shaft and initial segment (Somogyi,
1989), inhibitory synapses make contact with the distal dendrites
as well (Kawaguchi and Kubota, 1997). In our experiments, the
intensity of the ejecting current of BMI was determined to antag-
onize the effects of iontophoretically administered GABA, which
effectively abolished the visual responses of the recorded neuron,
but not to elicit a marked increase in spontaneous firing to pre-
vent the saturation of spike firing attributable to excessive activa-
tion. Although it is hard to estimate exactly the extent of a diffu-
sion of BMI, Fox et al. (1989) estimated the effective diffusion
area of D-2-amino-5-phosphonovaleric acid (APV) as 100 –200
�m from the tip of the electrode. This estimate should be appli-
cable to the present experiments, because they used a similar
range of ejecting currents and there are no uptake mechanisms
for either BMI or APV. Therefore, the administered BMI should
have antagonized most of the GABAA receptors responsible for

Figure 9. Size tuning curves of three LGN neurons recorded from lamina A (top and bottom)
or A1 (middle). Drifting gratings with the same parameters as those used for the recording of V1
neurons were presented. Spatial frequency and temporal frequency were 0.1 c/° and 1 c/sec
(top), 0.5 and 2 (middle), and 0.2 and 1 (bottom). Neurons were tested with high (80%) and low
(10 –15%) contrast gratings. Curve fitting with Equation 1 was not performed for responses to
the low-contrast stimuli, because Equation 1 is not relevant to describe the saturation-type
tuning.
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visual responses. Figure 10 shows an example of BMI effects with
different ejecting currents. Although the response to the CRF
stimulation increased depending on the intensity of ejecting cur-
rent, the strengths of surround suppression under different levels
of the BMI effect were similar. We also tested the effects of the
distal BMI administration targeting apical dendrites. The proxi-
mal BMI administration was always effective, whereas the distal
administration did not change the response magnitude, except
for 3 of the 26 neurons tested. This suggests that the distal inhib-
itory synapses do not play an appreciable role in the control of
somatic spikes. We conclude that cortical GABAA inhibition
plays a minor role in the suppressive effect of the CRF surround.
However, there is a report that a blockade of GABAB receptors in
V1 reduces the orientation selectivity of the sustained component
of visual response (Allison et al., 1996). Therefore, the contribu-
tion of slow GABAB inhibition to surround suppression remains
to be clarified.

A second technical limitation of the BMI experiments is that
iontophoretically administered BMI might facilitate the visual
responses of not only the recorded neuron but also its neighbor-
ing neurons that synaptically excite the recorded neuron. How-
ever, our estimates of the relationship of excitation and inhibition
underlying the orientation selectivity of V1 neurons in a BMI
study (Fig. 8A) (see Fig. 9 in Sato et al., 1996) are comparable with
the related observations in an intracellular recording [Anderson
et al., (2000), their Fig. 18] in which the excitation and inhibition
were tuned to similar orientations, although more recent studies
showed a diversity of combinations of excitatory and inhibitory
interactions underlying orientation selectivity (Schummers et al.,
2002; Monier et al., 2003). Taking these results together, we con-
clude that the BMI iontophoresis in the present study is an ap-
propriate method with which we can estimate the mechanisms
underlying the surround suppression.

Surround suppression in LGN
In the present study, the driving sources of the cortical excitation
and inhibition underlying surround suppression are suggested to
have similar tuning characteristics. This, in turn, suggests that the
surround suppression in the LGN is a possible origin of that in
V1. Consistent with this notion, we (Fig. 9) and other researchers
(Walker et al., 1999; Jones et al., 2000), using grating stimuli with
the same parameters as those used for cortical neurons, showed

that LGN neurons exhibit a surround suppression comparable
with that observed in V1. Although the surround suppression in
V1 is orientation dependent, there is a discrepancy between cats
and primates in results of the orientation tuning of the surround
suppression in LGN neurons. That is, it is reported to be orien-
tation dependent in cats (Sillito et al., 1993) but not in primates
(Solomon et al., 2002; Webb et al., 2002). Additional studies are
necessary to clarify the transforming mechanism of thalamocor-
tical projection to generate a great diversity in strength of sur-
round suppression and an orientation tuning of that in V1.
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